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By osmetic lysis of pinocytic vesicles we were able to inject ricin or ricin A chain directly into the cytosol of
Chinese hamster ovary cells. The lag time of 1 to 2 h before the onset of the inhibition of protein synthesis by ri-
cin in intact cells was reduced to 15 to 30 min by this method. Preincubation of cells with a low concentration of
nigericin, which was shown earlier to enhance the cytotoxicity of ricin, had no effect under this condition.
Direct transfer of either intact ricin or the ricin A subunit by osmetic lysis of pinocytic vesicles into the cytosol
of the ricin-resistant CHO mutant cell line 4-10 rendered the mutant 4-10 cells as sensitive to ricin as the CHO
pro wild-type cells. Both the lag time and the rate of inhibition of protein synthesis in the wild-type and mutant
cell lines after the introduction of ricin by osmetic lysis of pinocytic vesicles were the same. These results
indicate that injection of ricin into the cytosol by osmotic lysis of pinosomes bypasses the internalization defect

in the mutant cell line.

Ricin inhibits protein synthesis in eucaryotic cells. The
mechanism of action of ricin involves three steps: (i) binding
of the toxin to the cell surfaces through p-galactose- or N-
acetylgalactosamine-terminal membrane oligosaccharide
residues, (ii) delivery of the toxin moiety into the cell
cytoplasm, and (iii) inactivation of the 60S subunit of the
ribosome, resulting in the inhibition of protein synthesis (11).
Very little is known about how ricin is internalized into the
cytosol. Earlier we showed that nigericin pretreatment at
low ionophore concentration enhances the internalization of
ricin into Chinese hamster ovary cells (14, 15). To under-
stand the molecular events involved in ricin internalization,
several somatic cell mutants have been isolated that are
resistant to the toxic action of ricin (3, S, 6, 17, 18). Some of
these mutant cells are toxin resistant due to reduced binding
of ricin, whereas other mutants are resistant due to defects in
steps subsequent to ricin binding. Earlier we reported the
isolation of the CHO mutant strain 4-10, which is resistant to
both ricin and Pseudomonas toxin (16). Interestingly, this
mutant can bind similar amounts of both toxins as compared
with the wild-type CHO pro cells, suggesting that the
resistance phenotype is due to a failure to deliver surface-
bound toxin to the cytosol, where it exerts its biological
effect (16). Direct evidence for this possibility has come from
biochemical and electron microscopic autoradiographic
studies of ['%I]ricin internalization (16).

Recently, Okada et al. have shown that macromolecules
can be injected into the cytosol of mammalian cells by
osmotic lysis of pinocytic vesicles (10). In this paper, we
report that this method can be used to introduce ricin and
ricin A chain directly into the cytoplasm of CHO cells. In
addition, we compared the kinetics and efficiency of the
introduction of ricin into the cytosol by osmotic lysis of
pinocytic vesicles with those of the normal, receptor-mediat-
ed process in both the wild-type cell line and the ricin-
resistant mutant 4-10 cell line. Our results suggest that the
introduction of ricin into the cytosol of CHO cells by
osmotic lysis of pinosomes bypasses the normal receptor-
mediated pathway of ricin uptake.
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MATERIALS AND METHODS

Materials. Sucrose was purchased from Bio-Rad Labora-
tories. Polyethylene glycol (PEG)-1000 was obtained from J.
T. Baker Chemical Co. Galactose was obtained from Sigma
Chemical Company. Ricin was a product of Miles Labora-
tories, Inc. Ricin A and ricin B chains were obtained from E-
Y Laboratories, Inc. [PH]Leucine (110 Ci/mmol) was ob-
tained from ICN Chemical and Radioisotope Division. Fetal
bovine serum was obtained from Dutchland, Inc. Powdered
o-minimal essential medium (MEM) and a-MEM suspension
culture media were obtained from Flow Laboratories, Inc.

Cell culture. A CHO cell line auxotrophic for proline
(CHO pro) was obtained from L. Siminovitch, Toronto,
Canada. The mutant 4-10 was isolated from CHO pro by
selection for simultaneous resistance to ricin and Pseudomo-
nas toxin (16). Cells were grown either on plates containing
a-MEM supplemented with 10% fetal bovine serum and 10
g each of adenosine, guanosine, cytidine, and thymidine
per ml or in suspension culture in a-MEM supplemented
with 10% fetal bovine serum, 40 pg of proline per ml, and 10
g of each of the above nucleosides per ml. Penicillin (100
pg/ml) and streptomycin (100 pg/ml) were routinely used in
cell culture media. The cells were incubated in a humidified
5% CO, atmosphere at 37°C.

Preparation of osmotic lysis medium. PEG-1000 was dis-
solved in a-MEM containing 10 mM HEPES (N-2-hydrox-
yethylpiperazine-N'-2-ethanesulfonic acid), 0.1 M galactose,
and 0.5 M sucrose to a final concentration of 10%. The pH
was adjusted to 6.8, and the mixture was filter sterilized.

Osmotic lysis of pinocytic vesicles. This procedure has been
previously described (10). Cells (5 X 10°) were seeded in 35-
mm plastic dishes. Twenty-four hours later cells were
washed twice with phosphate-buffered saline (Ca** and
Mg* ™" free) and incubated in osmotic lysis medium or in
HEPES-buffered «-MEM containing ricin or ricin A chain
for 10 min at 37°C. Ten minutes later cells were exposed to
hypotonic HEPES-buffered a-MEM (six parts a-MEM to
four parts water) and incubated in the same medium for 2
min at room temperature. The cells were then rinsed with
normal culture medium three times.
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Cytotoxicity assay. The cytotoxicity of ricin was measured
by the determination of plating efficiency and by in vivo
protein synthesis of cells after treatment with various con-
centrations of ricin in osmotic lysis medium or in HEPES-
buffered a-MEM. For the experiment concerning the en-
hancement of cytotoxicity by 8pretreatment with nigericin,
cells were pretreated with 107° M nigericin for 72 h before
the cytotoxicity assay.

(i) Plating efficiency. Four hours after a 10-min exposure of
cells to ricin either in osmotic lysis medium or in HEPES-
buffered a-MEM, cells were removed from the plate by
trypsinization and replated on 100-mm dishes. After incuba-
tion at 37°C, distinct and visible colonies were counted after
staining with 0.2% methylene blue in 50% methanol.

(i) In vivo protein synthesis. After treatment with various
concentrations of ricin, ricin A, or ricin B chains, either in
osmotic lysis medium or in HEPES-buffered a-MEM, cells
were incubated in a-MEM containing 1% fetal calf serum
for 20 h at 37°C. After the incubation the cells were washed
and incubated in serum-free, leucine-free medium with
[*H]leucine (0.5 pCi/ml) for 2 h at 37°C. The monolayers
were fixed with two washes of 10% (wt/vol) perchloric acid—-
2% (wt/vol) phosphotungstic acid. The fixed monolayer was
washed with phosphate-buffered saline and dissolved in 0.5
N NaOH. An 0.1-ml sample of the dissolved cells was added
to the scintillation vial, neutralized with 0.1 N HCl, mixed
with 4 ml of Ready-Solv EP scintillation solution (Beckman
Instruments, Inc.), and counted in a Beckman LS7500 liquid
scintillation counter.

RESULTS

Cytotoxicity of ricin in CHO pro cells. The cytotoxicity of
ricin was assessed by the determination of plating efficien-
cies of cells treated with various concentrations of ricin in
osmotic lysis medium or in HEPES-buffered medium, with
or without 0.1 M galactose. When the CHO pro cells were
incubated in the presence of various concentrations of ricin
in HEPES-buffered medium without galactose (receptor-
mediated pathway), the plating efficiency of CHO pro cells
was reduced to half that of the control (50% lethal dose
[LDso)) at a ricin concentration of 275 ng/ml; under the same
conditions, nigericin pretreatment enhanced the cytotoxicity
of ricin slightly more than fivefold by reducing the LDsq to 50
ng/ml (Fig. 1A). When 0.1 M galactose was added to block

the receptor-mediated uptake, the LDso of ricin was in-'

creased 24-fold to 7 ng/ml (Fig. 1A). When CHO pro cells
were incubated in the presence of different concentrations of
ricin in osmotic lysis medium before a 2-min hypotonic
shock, the LDsy was reduced to 100 ng/ml (Fig. 1A). Under
this condition, the enhancement of cytotoxicity by pretreat-
ment with nigericin was not observed (Fig. 1A). These
results indicate that nigericin pretreatment enhances the
rate-limiting step in the normal receptor-mediated endocyto-
sis of ricin but does not change the rate of uptake by the
nonspecific fluid phase endocytic pathway. The entry of
ricin via osmotically induced lysis of pinocytic vesicles was
more efficient (2.75-fold) than that by the normal receptor-
mediated pathway. These results suggest that in osmotic
lysis medium, the normal transport mechanism of ricin by
receptor-mediated endocytosis is bypassed.

Further evidence that osmiotic shock treatment bypassed
the normal receptor-mediated transport mechanism was
obtained by comiparing the efficiencies of inhibition of cellu-
lar protein synthesis by ricin that was introduced by these
different pathways. Figure 2 shows that the 50% inhibitory
dose for ricin via the receptor-mediated pathway was 325 ng/
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FIG. 1. Cytotoxicity of ricin in CHO pro and 4-10 cells based on
a plating efficiency assay. Cells (5 X 10°) were seeded into 35-mm
dishes 24 h before the experiment. The CHO pro and 4-10 cells were
exposed to HEPES-buffered medium with or without galactose or
osmotic lysis medium containing different concentrations of ricin for
10 min. Cells that were exposed to osmotic lysis medium were then
incubated in hypotonic medium for 2 min and washed with normal
medium three times. After 4 h, cells were collected from plate by
trypsinization and plated into 100-mm dishes; after incubation at
37°C, distinct and visible colonies were counted after stainirig with
0.2% methylene blie in 50% methanol. (A) CHO pro cells. Symbols:
A, control cells plus ricin in HEPES-buffered medium; @, cells that
were pretreated with nigericin (1078 M) for 72 i and washed, with
cytotoxicity of ricin then measured in the absence of nigericin in
HEPES-buffered medium; O, control cells plus ricin in osmotic lysis
medium; A, cells thdt were pretreated with nigericin (107® M) for 72
h and washed, with cytotoxicity of ricin then measured in the
absence of nigericin in osmotic lysis medium; O, control cells plus
ricin in HEPES-buffered medium + 0.1 M galactose. (B) 4-10 cells.
Symbols: A, cells plus ricin in osmotic lysis mediuni; O, cells plus
ricin in HEPES-buffered medium; O, cells plus ricin in HEPES-
buffered medium plus 0.1 M galactose. Values for 100% of control
were 175 colonies for CHO pro cells and 140 colonies for 4-10 cells
in normal medium and 168 colonies for CHO pro cells and 131
colonies for 4-10 cells in osmotic lysis medium.

10,000

ml, and nigericin pretreatment enhanced this pathway, as
judged by the reduction in the 50% inhibitory dose to 80 ng/
ml (Fig. 2A). Ricin that was internalized by osmotic lysis
showed a more efficient inhibition of protein synthesis as
compared with the receptor-mediated pathway in the pres-
ence of 0.1 M galactose (Fig. 2B). Under this condition
nigericin pretreatment had no effect in enhancing the inhibi-
tion of protein synthesis by ricin. The efficiency of this
method depended on the presence of both sucrose and PEG-
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FIG. 2. Effect of ricin on cellular protein synthesis in CHO pro
and 4-10 cells. The cells were exposed to different concentrations of
ricin for 10 min as described in the legend to Fig. 1. After 20 h, the
cells were washed and incubated in serum-free, leucine-free e-MEM
and labeled with [*H]leucine (0.5 wCi/ml) for 2 h at 37°C. After 2 h,
the cell monolayers were fixed with two washes of 10% perchloric
acid-2% phosphotungstic atid and washed twice with phosphate-
buffered saline. The monolayers were dissolved in 0.5 N NaOH, and
samples of 0.1 ml were taken for *H-radioactivity deterniihations.
(A) In HEPES-buffered medium. Symbols: A, control CHO pro
cells plu$ ricin; O, CHO pro cells that were pretreated with nigericin
(1078 M) for 72 h and washed plus ricin in the absence of nigericin.
(B) In osmotic lysis medium eontaining both PEG-1000 and sucrose.
Symbols: O, control CHO pro cells plus ricin; A, CHO pro cells that
were pretreated with nigericin (10~2 M) for 72 h and washed plus
ricin in the absence of nigericin; @, control CHO pro cells plus ricin
in osmotic lysis medium lacking PEG-1000; A, control CHO pro
cells plus ricin in osmotic lysis medium lacking sucrose; [J, control
CHO pro cells plus ricin in osmotic lysis medium lacking PEG-1000
and sucrose. (C) 4-10 cells. Symbols: [, 4-10 cells plus ricin in
HEPES-buffered medium; @, 4-10 cells plus ricin in HEPES-

MoL. CELL. BioL.

1000. When either of these compounds was absent, the
cytotoxicity of ricin was significantly reduced (Fig. 2B).

Kinetics of inhibition of protein synthesis. When the kinet-
ics of inhibition of cellular protein synthesis by ricin were
studied in wild-type CHO pro cells, 10 ug of ricin per ml was
found to inhibit 90% of the cellular protein synthesis after an
initial lag of ca. 1 to 2 h (Fig. 3A). However, incubation of
CHO pro cells with ricin in osmotic lysis medium reduced
the initial lag period to 15 to 30 min (Fig. 3A). This rapid
inhibition of protein synthesis by toxin that was introduced
by osmotic lysis suggests that toxin introduced by osmotic
lysis reaches the cytosol (the site of ricin action) more
rapidly than the toxin internalized through a normal se-
quence of events involved in the receptor-mediated endocy-
tosis.

Effect of introduction of ricin into 4-10 cells by osmotic lysis
of pinocytic dvesicles. We previously reported the isolation
and characterization of a CHO pro mutant 4-10 cell line
defective in ricin internalization. Figure 1B shows the effect
of ricin internalized by either the receptor-mediated pathway
or osmotic lysis of pinocytic vesicles. A comparison of Fig.
1A and B shows that the mutant 4-10 cell line was 24 times
more resistant to receptor-mediated ricin cytotoxicity (LDso,
6 pg/ml) than the wild-type strain (275 ng/ml). Figure 1B also
shows that 0.1 M galactose greatly reduced ricin cytotoxicity
under these conditions. On the other hand, the LDs of ricin
that was internalized via the osmotic lysis mechanism into
the mutant cells was indistinguishable from that for the wild-
type cells (Fig. 1B). These results indicate that the introduc-
tion of ricin into the mutant cells by osmotic lysis bypasses
the internalization defect in the CHO pro 4-10 mutant.

Evidence that ricin internalized by osmotic lysis bypasses
the internalization defect in 4-10 cells was also obtained by
comparing the efficiencies of inhibition of protein synthesis
by ricin when the toxin was introduced by either pathway.
When the 4-10 cells were exposed to different concentrations
of ricin in HEPES-buffered medium with or without galac-
tose, there was no inhibition of protein synthesis up to a ricin
concentration of 5 pg/ml (Fig. 2C). When the ricin was
introduced into 4-10 cells by osmotic lysis, however, the
ricin concentration required to reduce the protein synthesis
of 4-10 cells to half that of the control (50% inhibitory dose)
was found to be the same as that of the CHO pro cells (Fig.
2B and C). These results show that, as in the case of ricin
cytotoxicities determined by plating efficiencies, the mutant
and wild-type cells were equally sensitive to ricin introduced
by osmotic lysis. These results also indicate that the resist-
ance of 4-10 cells does not reside in the protein synthesis
machinery.

Kinetics of inhibition of protein synthesis in 4-10 cells.
Figure 3B shows the kinetics of inhibition of protein synthe-
sis in 4-10 cells by ricin at 10 pg/ml. No inhibition of cellular
proteinn synthesis occurred in 4-10 cells when ricin was
introduced via the receptor-mediated pathway. Introduction
of ricin by osmotic lysis, however, resulted in a rapid
inhibition of protein synthesis in the 4-10 cell line. More
importantly, the lag period of 15 to 30 min before the onset of
inhibitiori of protein synthesis in 4-10 cells was indistinguish-
able from that in CHO pro wild-type cells under the same
conditions (Fig. 3A).

Increasing ricin concentrations reduced the initial lag

buffered medium plus 0.1 M galactose; A, 4-10 cells plus ricin in
osmotic lysis medium. Values for 100% of control were 45,243 dpm
for CHO pro cells and 42,257 dpm for 4-10 cells.
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FIG. 3. Kinetics of inhibition of protein synthesis in CHO pro
and 4-10 cells by ricin (10 pg/ml). The CHO pro and 4-10 cells in 35-
mm dishes were exposed to 10 ug of ricin per ml in HEPES-buffered
medium or osmotic lysis medium for 10 min as described in the
legend to Fig. 1. After 10 min, cells were labeled with [*H]leucine,
and at various times the cell monolayers were fixed with two washes
of 10% perchloric acid-2% phosphotungstic acid, and *H-radioactiv-
ity was determined as described in the legend to Fig. 2. (A) Symbols:
A, CHO pro cells plus ricin in HEPES-buffered medium; @, CHO
pro cells plus ricin in osmotic lysis medium; O, CHO pro cells plus
ricin in HEPES-buffered medium + 0.1 M galactose. (B) Symbols:
0, 4-10 cells plus ricin in HEPES-buffered medium; @, 4-10 cells
plus ricin in HEPES-buffered medium plus 0.1 M galactose; A, 4-10
cells plus ricin in osmotic lysis medium. Values for 100% of control
for CHO pro cells were 3,844 dpm (15 min), 8,608 dpm (30 min),
15,100 dpm (60 min), 28,470 dpm (2 h), and 31,084 dpm (4 h) for 4-10
cells; the 100% control values were 4,345 dpm (15 min), 8,465 dpm
;30 min), 15,268 dpm (60 min), 31,035 dpm (2 h), and 31,084 dpm (4
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before the onset of inhibition of cellular protein synthesis in
mutant 4-10 cells. This same effect was not observed in wild-
type CHO pro cells (Fig. 4A and B). The longer lag in the
inhibition of cellular protein synthesis by ricin in 4-10 cells
probably reflects a slower delivery of ricin into the cytosol of
the mutant cell line as compared with that occurring in the
wild-type cells.

Introduction of ricin A and B chains into CHO cells by
osmotically induced microinjection. Ricin is composed of two
subunits, the A chain (or effectomer) and the B chain (or
haptomer) (11). Although only the intact ricin is a potent
inhibitor of protein synthesis in intact cells, the isolated A
chain is an enzyme which inhibits protein synthesis in vitro
(11). The function of the B chain is to mediate specific
binding of ricin to cell surface receptors. As expected, when
CHO pro and resistant 4-10 cells were exposed to either the
A chain or the B chain in HEPES-buffered medium (the
receptor-mediated pathway), no toxicity was observed even
at 5 pg/ml (Fig. 5). However, when either cell line was
subjected to microipjection of the ricin A chain by osmotic
lysis, significant cytotoxicity was observed (Fig. 5). Microin-
jection of the B chain alope under the same conditions had
no effect (Fig. 5). These results indicate that the ricin A chain
introduced into the cytosol by osmotic lysis of pinocytic
vesicles bypasses the need for receptor-mediated uptake,
which normally involves binding of the intact toxin to the
cell via the B chain.

To ascertain whether introduction of free B chain into the
cytosol could have a synergistic effect on the cytotoxicity of
the A chain, CHO pro cells and resistant 4-10 cells were
subjected to microinjection of a mixture of free A and B
chains by osmotic lysis. The addition of the ricin B chain
under these conditions did not affect the efficiency of inhibi-
tion of cellular protein synthesis that was produced by the
ricin A chajn alone (Fig. 5). These results indicate that there
is no synergistic effect when both chains are directly intro-
duced into the cytosol.

DISCUSSION

Microinjection of ricin into cultured mammalian cells by
osmotic lysis of pinocytic vesicles offers a new and simple
method for inducing toxin uptake in a manner which bypass-
es the normal, receptor-mediated pathway. A comparison of
these methods of cellular intoxication by ricin provides
valuable information about the normal uptake pathway of
ricin. The microinjection technique used here was developed
by Okada and Rechsteiner (10) as a method of introducing
macromolecules directly into cytosol of mammalian cells
under conditions in which cell viability is retained. The
cellular viability after the osmotic lysis treatment, as mea-
sured by plating efficiency and by [*H]leucine incorporation,
was found to be 85 to 90% of that of the control cells for both
CHO pro and 4-10 cells. Based on the original description by
Okada and Rechsteiner of this technique, the microinjec-
tion of ricin into CHO cells may be accomplished by the
uptake and hypotonic rupture of ricin-containing pinocytic
vesicles, releasing the toxin directly into the cytosol. The
receptor-mediated uptake of ricin is blocked by the presence
of galactose in the incubation medium, and ricin uptake thus
occurs by the fluid phase pinocytosis. The pinocytic vesi-
cles, formed in the presence of 0.5 M sucrose and 10% PEG-
1000, have a high internal osmotic pressure and break when
the cells are placed in a hypotonic medium. The efficiency of
cellular intoxication by this method requires the presence of
both sucrose and PEG-1000; an omission of either sucrose or
PEG-1000 greatly reduced the cytotoxicity of ricin. The
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FIG. 4. Effect of varying ricin concentration on the kinetics of
inhibition of cellular protein synthesis in HEPES-buffered medium.
The CHO pro and 4-10 cells in 35-mm dishes were exposed to
different ricin concentrations in HEPES-buffered medium without
galactose for 10 min. After 10 min, cells were labeled with [*H]leu-
cine, and at various times the cells monolayers were fixed with two
washes of 10% percholoric acid—2% phosphotungstic acid, and *H-
radioactivity was determined as described in the legend to Fig. 2.
(A) CHO pro cells. Symbols: A, 2 pg; A, 10 pg. (B) 4-10 cells.
Symbols: A, 2 pg; B, 10 ug; O, 50 pg; A, 100 pg.

function of PEG-1000 is not clear, but it has been reported
that treatment of cells with PEG-1000 for a short period of
time enhances the fluidity of the membrane, which may
affect the susceptibility of pinosomes to ruptures by hypo-
tonic treatment (9). The introduction of ricin into the cytosol
of ricin-resistant cells has also been accomplished by fusing
cells with ricin-containing liposomes (1, 2, 8). One of the
disadvantages of using liposomes as carriers is the fact that
there is no defined lipid composition which favors fusion
rather than endocytosis. Consequently, results obtained
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with liposome transfer experiments are ambiguous, due to
the possibility of endocytosis of the small liposomes (12).
Direct access of ricin, introduced by the osmotic lysis of
pinocytic vesicles, to the protein synthesis machinery in the
cytosol is suggested by the following findings: rapid onset of
inhibition of cellular protein synthesis by ricin and the
inhibition of protein synthesis in intact cells by the ricin A
chain, which is capable of inhibiting protein synthesis only in
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FIG. 5. Effect of ricin A chain or A and B chains jointly on the
inhibition of cellular protein synthesis. The CHO pro and 4-10 cells
were grown in 35-mm dishes and were exposed to different concen-
trations of ricin A chain or ricin A and B chains jointly in HEPES-
buffered medium or in osmotic lysis medium as described in the
legend to Figure 1. After 20 h, the inhibition of protein synthesis was
measured as described in the legend to Fig. 2. (A) CHO pro cells.
Symbols: A, ricin A chain in HEPES-buffered medium plus 0.1 M
galactose; O, ricin A chain in osmotic lysis medium; A, ricin A and
B chains in osmotic lysis medium; @, ricin A and B chains in
HEPES-buffered medium plus 0.1 M galactose; 0J, ricin B chain in
osmotic lysis medium. (B) 4-10 cells. Symbols: A, ricin A and B
chains in HEPES-buffered medium plus 0.1 M galactose; O, ricin A
chain in osmotic lysis medium; A, ricin A and B chains in osmotic
lysis medium; @, ricin A chain in HEPES-buffered medium plus 0.1
M galactose; O, ricin B chain in osmotic lysis medium. Values for
100% control were 72,837 dpm and 42,257 dpm for CHO pro and 4-
10 cells, respectively.
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cell-free systems (11). The evidence provided by these
studies indicates that the normal uptake mechanism of ricin
in mammalian cells can be bypassed by the osmotic lysis
method.

We previously reported the isolation of the CHO pro
mutant cell line 4-10, which is resistant to ricin and Pseudo-
monas toxin (16). Based on biochemical and electron micro-
scopic autoradiographic studies, this mutant binds normal
amount of both toxins but is defective in the transport of
surface-bound ricin and, presumably, Pseudomonas toxin to
the cytosol, where they exert their cytotoxic effects. Kinetic
studies reported here show that a lag period occurring before
the onset of inhibition of protein synthesis is longer in the
mutant cell line than in the wild-type cell line. This defect in
the mutant cell line was not seen when ricin was introduced
by the microinjection technique, however, since both the
mutant and the wild-type cell lines shdwed the same Kinetics
of inhibition of cellular protein synthesis by ricin and since
both cell lines were equally sensitive to the toxin. These
results show that the microinjection technique bypasses the
internalization defect in the normal, receptor-mediated path-
way of the mutant cells. Furthermore, these results confirm
that the ricin resistance in mutant 4-10 is not due to an
alteration in the protein-synthesizing machinery, the target
of ricin action.

Our results also show that both intact ricin molecules and
ricin A chains introduced by osmotic lysis of pinocytic
vesicles cause rapid and marked inhibition of protein synthe-
sis. This observation is consistent with the report (8) that
intact ricin molecules encapsulated in lipid vesicles cause
rapid inhibition of protein synthesis and does not support the
proposal that intoxication of cultured cells by ricin requires
the separation of cell surface-bound toxin into its constituent
subunits before the transport of effectomer into the cell (13).
Earlier it was reported that the ricin A chain and B chain act
synergistically to inhibit protein synthesis in intact cells (4,
7, 19). The precise molecular events underlying the synergy
are not clear. Our results show that introduction of ricin A
and B chains directly into the cytosol of both CHO pro wild-
type and resistant 4-10 cells by osmotic lysis of pinocytic
vesicles does not cause any synergistic effect. This finding is
not surprising since it has been postulated that the B chain
may facilitate the translocation of the A chain across the
endocytic membrane into the cytoplasm (4, 7, 19).

ACKNOWLEDGMENTS
This investigation was supported by Public Health Service grant
GM-28810 from the National Institutes of Health and by grant
CO7317 from the Uniformed Services University of the Health
Sciences.
We thank Christina Ching-Chou Yang for her competent assist-
ance.

LITERATURE CITED
1. Dimitriadis, G. J., and T. D. Butters. 1979. Liposome-mediated
ricin toxicity in ricin-resistant cells. FEBS Lett. 98:33-36.

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

RICIN INTERNALIZATION IN CHO CELLS 1325

. Gardas, A., and 1. Macpherson. 1979. Microinjection of ricin

entrapped in unilamellar liposomes into a ricin resistant mutant
of baby hamster kidney cells. Biochim. Biophys. Acta 584:538-
541.

. Gottlieb, C., J. Baenziger, and S. Kornfeld. 1975. Deficient

uridine diphosphate-N-acetylglucosamine: glycoprotein N-ace-
tylglucosaminyl activity in a clone of Chinese hamster ovary cell
with altered surface glycoproteins. J. Biol. Chem. 250:3303-
3309.

. Houston, L. L. 1982. Transport of ricin A chain after prior

treatment of mouse leukemia cells with ricin B chain. J. Biol.
Chem. 257:1532-1539.

. Hyman, R., M. Lacorbiere, S. Stavarek, and G. L. Nicolson.

1974. Derivation of lymphoma variants with reduced sensitivity
to plant lectins. J. Natl. Cancer Inst. 52:963-969.

. Meager, A., A. Ungkitchanukit, R. Nairn, and R. C. Hughes.

1975. Ricin resistance in baby hamster kidney cells. Nature
(London) 257:137-139.

. Neville, D. M., Jr., and R. J. Youle. 1982. Monoclonal antibody-

ricin or ricin A chain hybrids: kinetic analysis of cell killing for
tumor therapy. Immunol. Rev. 62:75-91.

. Nicolson, G. L., and G. Poste. 1978. Mechanism of resistance to

ricin toxin in selected mouse lymphoma cell line. J. Supramol.
Struct. 8:235-245.

. Ohno, H., T. Sakai, E. Tsuchida, K. Handa, and S. Sasakawa.

1981. Interaction of human erythrocyte ghosts or liposomes
with polyethylene glycol detected by fluorescence polarisation.
Biochem. Biophys. Res. Commun. 102:426-431.

Okada, C. Y., and M. Rechsteiner. 1982. Introduction of macro-
molecules into cultured mammalian cells by osmotic lysis of
pinosomes. Cell 29:33-41.

Olsnes, S., and A. Phil. 1982. Toxic lectins and related proteins,
p. 51-105. In P. Cohen and S. van Heyningen (ed.), Molecu-
lar action of toxins and viruses. Elsevier/North Holland Bio-
medical Press, Amsterdam.

Pagano, R. E., and J. N. Weinstein. 1978. Interactions of
phospholipid vesicles with mammalian cells. Annu. Rev.
Biophys. Bioeng. 7:435-468.

Papenheimer, A. M., and D. M. Gill. 1973. Diphteria. Science
182:353-358.

Ray, B., and H. C. Wu. 1981. Enhancement of cytotoxicities of
ricin and Pseudomonas toxin in Chinese hamster ovary cells by
nigericin. Mol. Cell. Biol. 1:552-559.

Ray, B., and H. C. Wu. 1981. Enhanced internalization of ricin
in nigericin-pretreated Chinese hamster ovary cells. Mol. Cell.
Biol. 1:560-567.

Ray, B., and H. C. Wu. 1982. Chinese hamster ovary cell
mutants defective in the internalization of ricin. Mol. Cell. Biol.
2:535-544.

Robbins, J. C., R. Hyman, V. Stallings, and G. L. Nicolson.
1977. Cell surface changes in a Ricinus communis toxin (ricin)
resistant variant of a murine lymphoma. J. Natl. Cancer Inst.
58:1027-1033.

Stanley, P., V. Caillibot, and L. Siminovitch. 1975. Selection and
characterization of eight phenotypically distinct lines of lectin-
resistant Chinese hamster ovary cells. Cell 6:121-128.

Vitetta, E. S., W. Cushley, and J. W. Uhr. 1983. Synergy of ricin
A chain containing immunotoxins and ricin B chain containing
immunotoxins in in vitro Killing of neoplastic human B cells.
Proc. Natl. Acad. Sci. U.S.A. 80:6332-6335.



