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ABSTRACT

The kinetics of protein synthesis inhibition was studied in the chorio-
carcinoma-derived Be Wo cell line treated with ricin and an immunotoxin

(IT) constructed by linking a specific antibody to the A chain of ricin.
The IT was specifically cytotoxic to BeWo and other Choriocarcinoma
cells. The multistep process underlying this kinetics was explored using
two mathematical models where the protein synthesis-inactivation step
is preceded by one or two processing rate-limiting steps. Theoretical

curves were computed for different concentrations of toxic reagents. Two
processing steps were found necessary to predict the duration of the
observed latent period before initiation of protein synthesis inhibition.
With this model, a satisfactory fit was obtained. A mathematical modeling
of the intoxication induced by ricin or ricin A chain IT thus requires two
processing steps to account for the data observed. In addition, the data
suggest that the cytoplasmic intemalization of ricin is a slow process
compensated by an extremely fast enzymatic inactivation of ribosomal
activity. This implies that in this and similar systems, endocytosis might
not be involved in the cytoplasmic intemalization of the few molecules of
ricin A chain responsible for cell intoxication.

INTRODUCTION

The increasing number of monoclonal antibodies raised to or
reacting with malignant cells makes it possible to envision
therapeutic utilizations of these reagents. One potent approach
appears to be the construction of conjugates linking monoclonal
antibodies to toxic structures such as the ricin toxin, thus adding
up the specificity conferred by the antibody of choice to the
intrinsic cytotoxic potency of the toxin. We and others have
constructed ricin A chain IT1where the B binding chain of ricin
is replaced by a selected monoclonal antibody (1-4).

Because the intoxication induced by such IT resides in the
inactivation of protein synthesis (5), most studies approach the
overall multistep process by measuring the level of protein
synthesis observed in various situations (6-8). Different factors
will bear an influence on the end result of the intoxication
mechanism, from the binding and cytoplasmic intemalization
of the toxic reagent to the catalytic action of the A chain at the
ribosomal level (8-10).

To understand the biology of the phenomenon, it appears
important to characterize the various steps which control the
kinetics of action of IT, especially with regard to the limitations
for potential clinical applications suggested by the slowness of
the intoxication induced in some biological systems. In all
kinetics analyses performed so far, with ricin as with IT, a lag
period has been observed before initiation of protein synthesis
inhibition (7-9). The duration of this latency has been shown
to depend upon several variables (toxin dose, temperature, pH,
etc.) (8, 9). Mathematical models of kinetics are useful because
they can allow the identification of the number and of the
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nature of the rate-limiting steps which in turn can be compared
to those involved in better-described internalization processes.
In the case of ricin and RTA-IT whose intracellular traffic is
not well understood, a mathematical model which fits the data
might shed light on the fate of the toxic molecules after they
bind their membrane receptors. We here report a kinetics
analysis of the toxicity observed when human Choriocarcinoma
cells were treated with a RTA-IT constructed with the anticho-
riocarcinoma monoclonal antibody 162-25.3 (11).

MATERIALS AND METHODS

Cell Lines. Choriocarcinoma-derived Be Wo cell line (11) was pro

vided by Dr. H. Sussumi) of Stanford University (Stanford, CA).
Ewing's sarcoma-derived cell line IARC-EW1 (12) was initiated by Dr.

G. Lenoir of the International Agency for Research on Cancer (Lyon,
France). Both lines grew as adherent monolayers in KI'M I 1640 sup

plemented with 10% heat-inactivated fetal calf serum. They were split
two or three times a week by resuspension using trypsin ( 1:250.0.05',)/

EDTA (0.02%) (Flow Laboratories, UK).
Monoclonal Antibody. The 162-2S.3 hybridoma used in this study

was raised as described (11). Briefly, spleen cells from BALB/cN mice
immunized with the Be Wo cell line were fused to NS1 myeloma cells.
The reactivity of the hybridomas obtained was screened on BeWo and
other choriocarcinoma-derived cell lines, other human tumor cell lines
as well as normal blood cells, and nonhematopoietic tissues. The 162-
25.3 monoclonal antibody was shown to specifically react with chorio-

carcinoma cell lines and normal trophoblast (11).
Approximately 1.5 x 10" antigenic sites were accessible on each

Bewo cell, as determined by a radioimmunoassay. Scatchard analysis
indicated that the antibody affinity was approximately 1.8 x 10s M '.

Immune ascites was produced by i.p. injection of hybridoma cells
into pristane-treated BALB/c mice. The antibody was purified by
chromatography on a Protein A-Sepharose CL-B column (Pharmacia,

Sweden).
Immunotoxin Preparation. Ricin was extracted from seeds of Ricinus

communis and purified according to Lugnier and Dirheimer (13). A
and B chain separation was performed according to the method of
Jansen et al. (3). The biological activity of intact ricin and of purified
A chain was checked by measurement of protein synthesis inhibition in
reticulocyte lysates (14).

Ricin A chain was conjugated to the 162-25.3 IgG2a antibody using
the heterobifunctional cross-linker A/-succinimydyl 3-(2-pyridyldithio)

propionate (Pharmacia, Sweden) as previously described (15).
Protein Synthesis Inhibition Assay. Freshly split cells were incubated

overnight in flat-bottomed 96-well plates (Becton-Dickinson, France)
in leucine-free RPMI 1640 (Eurobio, France) supplemented with 10%
decomplemented fetal calf serum (1-2 x 10' cells/100 *<!)to allow cell

adherence to plastic. The medium was then replaced by 100 /il of the
same incubation medium containing the appropriate amount of ricin A
chain, intact ricin, IT, or antibody. After incubation (37Â°C, 5% CO2)
for the desired time, 50 /il of medium containing 1 Â¿i('i of tritiated

leucine (NEN, France) were added to each well for 2 h. After two
washes in serum free medium, the cells were then resuspended with
trypsin/EDTA (20 min, 37Â°C)and harvested with a Skatron cell har

vester (Titertek, UK). Incorporated radioactivity was measured by
soaking filter papers in scintillating fluid (Instafluor, Packard, USA)
and counting cpm in a beta counter (LKB, Sweden). All tests included
controls with cells incubated in medium alone and were done in
triplicate. Results are expressed as a percentage of protein synthesis as
compared to controls.
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KINETICS OF RICIN-INDUCED CELL INTOXICATION

Immunofluorescence Assay. The reactivity of the IT prepared was
checked by indirect immunofluorescence analyzed with a fluorescence-
activated cell sorter (FACS IV; Becton-Dickinson, Mountain View,
CA) as described (1).

Modeling of Kinetics of Action of Ricin and RTA-IT. Model 1 is

identical to that already described by Esworthy and Neville Jr. (7):

or

TV ^ TM
Cell membrane

R
(Model 1)

TVis the toxin concentration free in the medium, A, the toxin concen
tration bound to external membrane receptors, and l'< the toxin con

centration inside the cells. Both TMand T, aie reported to cell volume.
K and R* are the cellular ribosome concentrations in the active and

inactivated states, respectively. In this model, the internali/ut i:m of the
toxin follows a first-order reaction the constant of which is kÂ¡.The
toxin, once internalized, inactivates the ribosomes by an enzymatic
process with a rate constant, *2. The rate of protein synthesis is
proportional to the active ribosome concentration K. One gets:

dTM/dt = -k,TM

dTc/dt = k,TM- k2Tc

dR/dt = -k2TcR

(A)

(B)

(Q

Equations A, B, and C can be easily integrated, since both TMand /',

are reported to cell volume. In agreement with Esworthy and Neville
Jr., one finds:

R = RÂ«exp[-(*2/*,) TMâ€ž(klt+ e-*\' - 1)] (D)

For a given toxin concentration, the apparent pseudo-first-order con
stant is:

(E)

with TM,the value of TMat time 0.

If one assumes that the rate of equilibration of the toxin at its
membrane receptors with the toxin free in the medium is not rate
limiting, then '/Mllcan be computed from the binding constant of nein
to its receptor at the cell surface, K,. To do so, however, 7'\ must be

expressed in relation with the volume of the external medium and no
longer to that of the cell. Let TMtbe that concentration:

Vibeing the mean volume of one cell, N, the number of cell per liter of
medium.

With A the free toxin receptor concentration (reported to external
volume), one gets:

K. = Tâ€žJATF (G)

When membrane receptors are far from saturation, the following
approximation holds:

T â€”A -i T Ã•H)

.â€¢(,and T, are the total receptor and toxin concentrations in the medium,
respectively. A, can be expressed as a function of a, the number of
receptors per cell:

A, = oN,/N. (D

(N.: Avogadro's number). From (F), (H), and (I), the equation becomes:

(J)

and Equation D becomes:

- 1)] (K)

i - (Ã„/Ã„O)= i - exp[-(*2/*,)(/:.ar,/viAy<*,f+ <rV- i)] (L)

This model first considered by Esworthy and Neville Jr. can be extended
to include a second processing step as illustrated in Model 2:

Cell membrane

^2 â€ž k3 /" R
, - . Te - Â»( R. ...,-,

(Model 2)

with '/', being the concentration of toxin in an intermediate compart

ment (for example, endosomes).
In that case, the kinetic scheme is identical to that previously described
by Segal and Le Pecq for c/.v-platinum reaction with DNA (15). In this
second model, one considers that the translocation of the toxin into
the cytosol is rate limited by both of two consecutive steps with first-
order rate constants k, and A., respectively. The inactivation of ribo
somes is then described by the following equation:

S(t) = - k,)](K.aTJviN.)[(ko -

(M)

For a given concentration of toxin, the apparent first-order rate con
stant:

and

or

R,/Ro = e~

1 - (R,/Ro) = 1 -

(N)

(O)

(P)

It can be easily verified that when A, Â»A,, Equation M is simplified
and becomes identical to Equation K.

Best fits of the data to Equations L and P were calculated using the
Marquardt algorithm (16). A Fortran program was adapted from that
kindly provided by Dr. Rigler and Dr. Nilsson (Karolinska Institute!,
Stockholm), and run on a Mine Digital PDP 11/23 computer. Best fits
were statistically compared using the F test for an additional parameter
(17). In the nonlinear fit, the standard deviation <?*,on the various
parameters is estimated from the variation of x2 with respect to each

parameter with:

ff*,2= 2/(62 xVÂ«*j2) (Q)

In the cases studied here this formula cannot be used because the
variation of x2 with the parameter is strongly asymmetric. A value of

rrt| on the left and right sides can be computed as discussed by Blobel
(18) by computing the smallest value of a^ on the left and right sides
of k, such that:

x2(*Â¿ (R)

RESULTS

Monoclonal antibody 162-25.3 which specifically reacts with
a cell surface structure present on trophoblast cells and tumors
(11) was coupled to ricin A chain. We first verified that the
conjugation procedure had not affected the binding specificity
of the antibody molecules. As shown in Fig. 1, flow cytometry
immunofluorescence profiles were undistinguishable when pos
itive BeWo cells (Fig. ÃŒA)and negative IARC-EW1 cells (Fig.
IB) were stained with the native antibody and the constructed
IT.

To allow a maximum effect of IT on positive targets and to
check that negative cells remained unaffected by the IT, toxicity
experiments were carried for periods up to 40 h. A typical
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Fluorescence intensity

cu
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II

Fluorescence intensity
Fig. 1. Indirect immunofluorescence analysis of positive Bewo cells (top) and

negative IARC-EW-1 cells (bottom). Cells were incubated on ice. Tirsi with
antibody 162.25-3 ( ), IT I62.25-3-RTA ( ), or medium as negative
control ( ) and, after three washes, with fluorescent goat anti-mouse
antiserum. After three more washes, cells were rcsuspended in PBS and analyzed
with a fluorescence-activated cell sorter (FACS).

experiment is reported in Fig. 2 where it can be seen that native
antibody alone had no effect on either cell line, while intact
ricin produced a protein synthesis inhibition similar on both
lines. Ricin A chain had no toxic effect on either line at
concentrations lower than 10~" M. With the latter concentra

tion, protein synthesis was affected in both lines. The crucial
point, however, was that the IT was selectively cytotoxic for
BeWo cells with 50% inhibition of protein synthesis reached
with approximately 1.5 x 10 ' ' M, as compared with approxi
mately 3 x 10~" M with intact ricin. Virtually no effect was

observed in IARC-EW1 cells incubated in the presence of IT,
except at the highest concentration of io" Mwhich was slightly

toxic, but no more than the same concentration of ricin A chain
alone.

The specificity of this IT was further assessed by the absence
of toxicity induced in Priess, a nonadherent lymphoblastoid cell
line not recognized by the antibody, which was not affected by
the IT at concentrations up to 10 M. In addition, protein
synthesis was inhibited to the same extent in JEG, another

Â«f" Â»'" iff"

Protein Concentration

Fig. 2. Inhibition of protein synthesis on Bewo and IARC-EWI cells. Bewo
(closed symbols) and IARC-EW1 (open symbols) cells were exposed for 40 h to
various concentrations (10 " M to Hi " M) of native antibody 162.2S-3 alone
(* *), RTA (â€¢ â€¢)ricin (A A), and IT I62.25-3-RTA (â€¢ â€¢).Ten
).n of ('Hjleucine were then added for 2 h. Cells were washed two times,
resuspended using trypsin-EDTA, harvested, and the incorporated radioactivity
was measured. As a control, cells were incubated with medium in the same
conditions. Points, means of triplicates. Uptake % - CPM test x IOO/CPM
control.

choriocarcinoma-derived cell line recognized by antibody 162-
25.3 as in BeWo cells (data not shown).

To determine the kinetics of the intoxication, BeWo cells
were incubated for increasing times with H) KM of antibody,

ricin A chain, intact ricin, and IT. Approximately 130 min were
sufficient for intact ricin to inhibit 50% of protein synthesis.
With the IT, 50% protein synthesis inhibition were reached in
approximately 220 min, and virtually all the tritiated leucine
incorporation was abrogated after 24 h of incubation (data not
shown).

The kinetics of intoxication induced by ricin and IT was
analyzed by measuring protein synthesis in BeWo cells incu
bated with various concentrations of toxic agents (ricin between
IO"13and 10"' M, IT between 10"" and 10~" M). At the lowest

concentrations used, the measurements of the inhibition of
protein synthesis were hampered by interference with a residual
cell growth. Therefore, we chose to analyze the data obtained
using intermediate concentrations.

A complex process such as the internalization of ricin in
volves many undefined steps. We attempted to approach this
question using analysis of mathematical models of toxicity
kinetics. TM, the toxin bound to specific membrane receptors,
is processed through n steps into '/',, '/'.,... '/'â€žwith first-order
rate constants A,, A..... A,,. 7',,is then translocated to the cytosol
('/; ) with the first-order rate constant, Anl,, then /, inactivates
the ribosomes (R â€”Â»R*) through a second-order reaction (rate
constant, A,,,.). Thus, the general scheme is:

(Model 3)

r,â€”-*r.

R and K* representing the ribosomes in active and inactive

states, respectively.
The different kÂ¡values of this multistep process can vary by

several orders of magnitude. Thus, from a kinetics point of
view, the only relevant steps are those with the smallest rate
constants, which are therefore limiting.

In most cases, this general scheme can be well-approximated
using only a few rate-limiting steps. It is classical to envision
successive models with 1.2.... n limiting steps and to confront
them to experimental data. Of course, when additional param
eters are included, a better fit is always obtained. However, the
addition of a parameter is meaningful only if the improvement
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KINETICS OF RICIN-INDUCED CELL INTOXICATION

in the fit is statistically significant. Therefore, one can add a
parameter to a model with n steps only if the fit with the n + I
model is improved in a statistically significant way. This can be
tested using the F test as described (17). The simplest model
with just one limiting step does not predict the lag period that
has been noted in all experiments of ricin intoxication prior to
the beginning of the decrease in protein synthesis. Thus, a
minimum of two rate-limiting steps must be considered (see
Model 1, "Materials and Methods").

Model 2 included an additional processing step (see "Mate
rials and Methods" for mathematical details).

The experimental data at concentrations of ricin of 10~" and
10~12M are presented in Fig. 3. For both concentrations, data

were fitted to Equation E for Model 1 and Equation N for
Model 2. All four curves are coplotted in the Fig. 3.

The existence of an additional processing step in Model 2
provokes a clear lengthening of the latent period. In addition,
a mere examination shows that the fit is better when Model 2
is used. Indeed one can see in Fig. 3 that all points fell on the
same side of each half of the curves when Model 1 was used, in
contrast with Model 2 curves where the experimental points
are randomly distributed on both sides. To test if the improve
ment in the fit was statistically significant when Model 2 was
used, x2 values were calculated using the Model 1 equation with

two parameters and the Model 2 equation with three parame
ters. At all concentrations between 10~8 and 10~13M of toxin,
Model 2 x2 values were found significantly (P < 0.001) lower

using the F test (17).
We thus fitted all experimental data to the Model 2 equation.

The different parameters were calculated along with their upper
and lower standard deviations. Best-fit curves and experimental
points are shown for concentrations of ricin between 10~" and
10~8 M (Fig. 4/1) and for IT between 10~" and 10~8 M (Fig.

4Ã„). For each concentration, kÂ¡,k2, and k,m are reported in
Tables 1 and 2 where it can be seen that no significant variation
of k, and A2were detected, as expected from the model, espe
cially when the relatively large uncertainties associated with
such a biological measurement are taken into consideration. It
is also of note that k, and k2 are very similar in both the ricin
and the IT-induced toxicity. This is in sharp contrast with the
values of fcappthat vary with concentrations of toxic agents. In

Â«Otra

Fig. 3. Comparison between fits obtained using Model I and Model 2 equa
tions. The kinetics of protein synthesis inhibition induced in Bewo cells by ricinat HI"12 M and 10'" M was fitted to Equation E (Model 1, two parameters;

) or to Equation M (Model 2, three parameters; ) using the
nonlinear regression with Marquardt's algorithm. Data, means of triplicates and
are plotted for 10~12M (A A) and 10~" M (â€¢ â€¢)of ricin.
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Fig. 4. Kinetics of protein synthesis inhibition induced in Bewo cells by ricin
and IT at various concentrations. Curves were calculated for different concentra
tions of ricin (tup) and IT (bottom) using the Mine computer and Model 2equation. Data, means of triplicates plotted for concentrations of 10 IJ (O), 10' "
(Y), 10-" (O), IO'10 (A), 10~9(â€¢),and 10-' (â€¢)M (top) or IO'" (D), IO"10(A),
10 v(A), and 10 " (â€¢)M (bottom).

Fig. 5, tapp is plotted as a function of the concentration of ricin
and IT. It appears that at low concentrations, k,m,tends to vary
proportionally to the toxin concentration, whereas at high
concentrations, a plateau is reached and A',,,,,,does not increase

any longer.

DISCUSSION

In the past few years, holoricin and RTA-IT have been
intensively used as models for studying the cell biology of
protein synthesis inhibition, and as potential therapeutic re
agents (see Ref. 19 for a review). Numerous studies indicate
that the induced intoxication is a complex phenomenon inau
gurated by the specific membrane binding and cytoplasmic
internalization of the toxic structures followed, after an ill-
defined journey, by the translocation of an unknown proportion
of toxic chains to the cytosol compartment of the cell where
inactivation of ribosomal protein synthesis will finally be cata
lyzed by as little as one molecule of ricin A chain (10).
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KINETICS OF RICIN-INDUCED CELL INTOXICATION

Table 1 Rate constants calculated for different concentrations of ricin according
to Model 2

k, and A are tirsi order inactivation rate constants. A.,,,,is the apparent pseudo-
first-order rate constant for ribosomal inactivation as defined in "Materials and
Methods" and Equation N. A,. A...and A,,,,,are deduced from data fitted by the

Marquardt algorithm.

Ricin concen
tration(M)10-'10-'io-Â°io-"io-12IO"13k,0.08(0.05-0.11)Â°0.09(0.05-0.17)0.04(0.03-0.06)0.04(0.03-0.05)0.04(0.03-0.05)0.33(0.20-0.58)k>0.08(0.05-0.11)0.12(0.07-0.23)0.06(0.04-0.09)0.06(0.04-0.08)0.16(0.14-0.20)0.36(0.22-0.70)km327(223-396)72(41-140)131(90-192)32(23-42)2(1.6-2.4)0.08(0.06-0.09)

" Numbers in parentheses, confidence limits.

Table 2 Kate constants calculated according to Model 2for different
concentrations of immunotoxin 162-25.3-RTA

k, and A.,are first-order inactivation rate constants. A,H,is the apparent pseudo-
first-order rate constant for ribosomal inactivation as defined in "Materials and
Methods" and Equation N. A,, A,, and A,,,,,are deduced from data fitted by the

Marquardt algorithm.

Immunotoxin
concentration(M)io-'

io-'

io-Â°
io-"k,0.14

(0.12-0.17)Â°

0.17
(0.12-0.28)

0.24
(0.12-0.52)

0.64
(0.20-8869)ki0.64

(0.48-0.85)
0.08

(0.05-0.11)
0.26

(0.14-0.57)
0.59

(0.20-8182)Â¿TP1.66

(1.37-2.00)
2.15

(1.62-2.87)
0.19

(0.13-0.29)
0.06

(0.04-0.08)
1Numbers in parentheses, confidence limits.

1000

o.o

Protein Concentration

Fig. 5. Variation of A.,,,,,the apparent rate constant of ribosomal inactivation,
in relation with toxin concentration. A,,,pwas calculated for different concentra
tions of ricin (â€¢ â€¢)and IT (â€¢ â€¢)using the Mine computer and Model 2
equation.

Many molecules or particles such as growth factors or low
density lipoproteins (10, 20) are specifically taken up by cells
through processes involving a minimum of two steps: specific
binding to membrane receptors and cytoplasmic internaliza-
tion. These processes have been analyzed in detail in various
biological systems and have led to the conclusion that endocy-
tosis via coated pits was the general receptor-mediated pathway
for internalization of a specific ligand (9, 10). The receptor-
ligand complex is processed through endocytotic vesicles, then
each structure follows a different path that leads to the recycling

of the receptor at the cell surface and to the eventual degrada
tion of the ligand. The internalization process appears relatively
fast as it occurs with a rate constant of 0.2 min"1 (20).

The process leading to internalization of ricin and IT are
poorly understood. Several observations are in apparent con
flict. Thus, direct observation of ricin or IT labeled with 125Ior

colloidal gold (8) indicates that ricin and IT are rapidly inter
nalized by endocytosis, but the time required for ITs to induce
protein synthesis inhibition is usually much longer and varies
dramatically from one system to another, from 2 h (1) to as
much as 30 h (3, 21). In addition, it has been recently shown
that one could prevent the endocytosis of ricin by inhibition of
coated pit formation without reducing its cytotoxicity (9).

As the inhibition of cell protein synthesis, which results from
ribosome inactivation, requires the entry in the cytoplasm of
only a few, perhaps one, ricin A chain (22), studies dealing with
the bulk processing of ricin through coated pits (9, 10) might
be totally misleading as far as intoxication is concerned. There
fore one can wonder whether endocytosis through coated pits
is involved at all in the events leading to the entrance in the
cytoplasmic compartment of the very few toxin molecules which
are sufficient to induce cell death (10). This has prompted us
to use a new model of RTA-IT to reexamine the kinetics of
ricin intoxication and to compare it to the better characterized
kinetics of endocytosis (20).

Analyzing kinetics which involve several reactions requires
use of mathematical models. Esworthy and Neville first at
tempted to analyze the kinetics of action of ricin using the
simplest possible model which is identical to Model 1 in this
report (7). According to that model, the ribosomal inactivation
would be preceded by a single limiting step. Such a model
appears clearly unsatisfactory as the lag period it predicts is
always much shorter than that experimentally observed by us
and others (1, 6, 7, 23). In addition, Esworthy and Neville
showed that the model leads to a paradoxical dependency of
the pseudo-first-order constant A.,,,,,with the square root of
toxin concentration. If this dependency were real, it would bear
obvious consequences on the potential clinical use of IT, as
cells would be susceptible to the IT in proportion to the square
root of antigen density and not in direct relationship with the
surface antigen concentration. This would drastically reduce
the apparent specificity of the IT, and therefore its potential
clinical use.

In this report, this simple model has been modified into a
second model with two rate-limiting steps preceding the ribo
somal inactivation. Using this newly proposed model, the fit of
the experimental data was improved in a statistically significant
way, thus arguing in favor of a second processing rate-limiting
step. A longer latent period is now predicted before initiation
of inhibition of protein synthesis, as indeed observed here and
in other reported kinetics, than with the previously proposed
simpler model (7). As the lengthening of the latent period
implied by the model is sufficient to account for the observed
data, the addition of other steps prior to ribosomal inactivation
is not necessary.

If the simpler model were applied to the biological system
presented here, the only limiting step, i.e., internalization of
the toxic ligand, would require approximately 2 h, a time too
long for an endocytotic process; furthermore, this duration
cannot be related to the much longer time required for cell
intoxication in this, as well as numerous other, ricin-induced
intoxication systems. By contrast, when the equations of the
second mathematical model were used, the calculated values of
k, and A... the rate constants in the first and second limiting
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steps, were found very small. The first limiting step thus require
approximately 5-10 h and 10-20 h for ricin and RTA-IT,
respectively, to be completed. Such a long time cannot be related
to the binding event, nor to the internalization of the bound
complex by endocytosis (20).

Despite the small values of k, and A:2,it remains possible to
achieve a relatively rapid intoxication provided that these small
values be compensated by large Ai values (the rate constant in
the final inactivation reaction) thus resulting in large values for
Ã„app,the apparent rate constant of the whole process. A large
Ai value is quite compatible with the well-known fact that a
single ricin A chain is able to rapidly kill a cell (10). It is of
note that cell intoxication could be observed in a similar range
of time using a totally different scheme, i.e.. a rapid cytoplasmic
internalization of a relatively large quantity of toxin which
would slowly kill the cells. However, a toxin using endocytosis
for cytoplasmic internalization prior to cell intoxication would
have to inactivate ribosomal protein synthesis very slowly, in
contrast to the known properties of ricin.

For concentrations of external toxin inferior to 10~'Â°M in
the case of ricin and to 10~9 M for the IT, kapl>was shown to

vary proportionally to the toxin concentration, as expected from
the model (Equation N), whereas at higher concentrations, a
plateau was reached and A,,,,,,did not increase any longer. The
intoxication increased with the toxin concentration up to a
limit above which the kinetics of intoxication remained virtually
unchanged. Formally, this behavior could be explained by the
saturation of membrane receptors by toxic ligands, or rather by
the saturation of one of the later steps in the toxic process. All
together these data make very questionable the hypothesis that
coated pits, the known main internalization process for the bulk
of ricin (10), be involved in the cytoplasmic internalization of
the very few molecules which will eventually inactivate the
ribosomes and kill the cell. That inhibition of coated pit for
mation does prevent endocytosis of ricin but not its toxicity (9)
rather argues in favor of another way of ricin translocation to
the cytoplasm. It is therefore possible that (at least) two classes
of ricin receptors exist, one associated with endocytosis and the
other with the intoxication process. The density of the latter is
likely to be small enough to be saturable, in contrast with the
endocytosis receptors. Recent results implicating the modifi
cation of a specific galactose carrying structure in the resistance
to ricin (24) support this interpretation.

One should remember that ribosomes are thought to be
inactivated by isolated ricin A chains, but not by whole ricin.
Therefore at least one metabolic event (i.e., ricin Â»ricin
A chain + ricin B chain) is necessary prior to ribosomal inac
tivation. The data available, however, do not allow to relate the
second limiting step in the model to this or to another biological
event in the process.

It has been shown that the effect of lysosomotropic agents
on the kinetics of intoxication of cells strikingly differs from
one IT to another. For IT with slow kinetics, a major acceler
ation has been reported in the presence of agents such as
ammonium chloride or chloroquine that are known to modify
the intralysosomal pH and therefore influence the translocation
of transported ligands outside the endosomal vesicles (8, 10).
For others, ammonium chloride had no effect (1). It is therefore
possible that different ITs and toxins follow routes leading to
intoxication that differ depending upon the recognized antigen
(10). Generalization of the present results to other systems can
therefore not be made without careful comparative studies of
the corresponding kinetics of intoxication.

Further analysis of similar and different systems are clearly
required to identify the various limiting steps involved in ricin
cell intoxication. New experiments need to be designed to test
the hypothesis that ricin-mediated cytotoxicity does not involve
an endocytotic process. If this proves true, new strategies for
coupling toxins and carriers such as antibodies will possibly be
imagined to produce more efficient therapeutic reagents.
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