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Abstract. 109Cd uptake was studied using the highly
differentiated TC7 clone of Caco-2 cells as a model of
human enterocyte function. Intracellular accumulation
of 0.3 mM

109Cd involved a rapid and a slow uptake
phase, which resulted in complete equilibration (t1/2 4
17.3 ± 1.3 min) with an apparent in-to-out distribution
ratio (ae) of 11.6 ± 0.8. The amplitude of the rapid phase
(U0) and the rate of the slow phase (V) were similarly
reduced in the less differentiated PF11 clone, but com-
parableae values were observed at equilibrium. In both
clones, thet1/2 and ae values increased and decreased,
respectively, upon addition of unlabeled Cd to the uptake
media. In TC7 cells,109Cd uptake at 1 min (U1) was
unaffected by Ca concentrations four order of magnitude
in excess, but bothU0 andV demonstrated similar sen-
sitivities to unlabeled Cd, Zn and sulfhydryl-reactive
agents. OnlyU0 disappeared when EDTA was present in
the wash solutions.U1 showed saturation kinetics and
the data were found compatible with a model assuming
rapid initial Cd binding and transport through a unique
transport protein (Km 4 3.8 ± 0.7mM). Cd efflux kinet-
ics demonstrated partial reversibility in EDTA-
containing solutions, suggesting that the taken up Cd
might be both tightly and loosely bound to intracellular
binding sites. However, the displacement of109Cd mea-
sured at 65 min failed to reveal this heterogeneity: the
data were found compatible with a model equation as-
suming the presence of one class of high-capacity high-
affinity binding sites. We conclude that a slow-transport
fast-intracellular binding mechanism of Cd uptake best
accounts for these results and that Cd transport most

likely involves a carrier-type of protein unrelated to Ca
absorption.
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Introduction

Cadmium (Cd) is a highly toxic metal with many indus-
trial uses. Although attempts have been made to reduce
Cd emissions during processing, the ubiquity of this
metal as an environmental contaminant is well docu-
mented [33]. Cadmium enters the food chain, and both
plants and animals can be contaminated. Following oral
exposure, Cd is absorbed in mammals through the gas-
trointestinal tract and transported via the blood circula-
tion to various tissues. The liver and kidneys are the
major sites of Cd accumulation, and studies on Cd uptake
and toxic effects have focused on these tissues [6, 16,
18]. Intestinal Cd absorption has been mainly investi-
gated in terms of metabolism in humans [40] and rodents
[20], but little is known about how Cd permeates the
intestinal epithelial cells.

The most common hypothesis in the literature is that
intestinal Cd uptake involves competition with essential
elements such as Ca or Zn for specific transport systems,
and mostin vivo studies aimed at assessing Cd absorp-
tion have measured Cd body retention and Cd, Ca or Zn
tissue distribution following oral Cd administration un-
der different dietary Ca or Zn status [22, 27, 49]. Results
obtained from such studies on Cd/Ca interactions in in-
testinal transport are however inconclusive: oral Cd ad-
ministration was found either to inhibit Ca absorption
[22, 43] or to be without significant effect [51]. Simi-Correspondence to:F. Denizeau
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larly, Cd was reported to decrease Zn absorption [42],
but also to have the opposite effect [41]. Althoughin
vivo studies certainly yield useful information about Cd
metabolism and toxicity, they do not allow investigation
of the membrane and cellular mechanisms responsible
for Cd uptake and transport through the intestinal epi-
thelium.

In parallel,in vitro approaches using perfused intes-
tinal segments or everted gut sacs have provided mecha-
nistic insights. Some studies have suggested that Cd
may decrease basal and vitamin D-stimulated intestinal
Ca absorption [4, 46], and both noncompetitive and com-
petitive inhibitions have been proposed [23, 46]. Cad-
mium was shown to be a strong competitor of the intes-
tinal Ca2+-pumping ATPase responsible for ATP-driven
Ca efflux across the basolateral membrane [48], but pos-
sible competition between Ca and Cd for intestinal up-
take from the lumen through an apical transport system is
still unclear. Similarly, the involvement of voltage-gated
Ca channels in intestinal Cd uptake remains questionable
since the existence of such channels in the enterocyte is
not clearly established [47]. Moreover, Cd permeability
throughL-type Ca channels was reported to be extremely
low relative to that of Ca [45], although some studies
have shown that Cd may permeate membranes in part
through these channels in liver [8] and kidney [12] cells.
Techniques involving perfused intestinal segments have
also provided data supporting the assumption that Cd
competes with Zn for intestinal transport. Cadmium was
shown to decrease Zn transport, but Cd transport to the
vascular effluent was also found to increase upon Zn
addition in the luminal perfusate [24]. Because of the
heterogeneity of intestinal tissue itself, the nature of pos-
sible interactions remains unclear from these data. How-
ever, although Cd/Zn interactions were shown to be non-
competitive in suchin vitro systems [15], strong compe-
tition was evident in brush border membrane vesicles
isolated from the pig small intestine [44].

Because intestinal epithelial cells represent the first
barrier to be crossed by Cd following oral administration,
the mechanism of Cd absorption through these cells is of
prime interest. In this context, human cell culture mod-
els are potentially useful for identifying cellular mecha-
nisms. In the absence of differentiated normal intestinal
cell lines, Caco-2 cells offer a valuable alternative. In
fact, although derived from a human colon adenocarci-
noma [13], these cells exhibit spontaneous enterocytic
differentiation at confluency [35] and represent a par-
ticularly relevantin vitro model for studying human in-
testinal functions [7, 26, 38]. Moreover, the Caco-2 cell
line has often been used as a model for studies of intes-
tinal permeability to Ca [19] and to trace elements such
as Fe [1] and Zn [36]. Finally, the recent isolation of
Caco-2 cell clones showing either high or low levels of

enterocytic differentiation [10] allows the study of intes-
tinal functions in relation to differentiation status.

The aim of the present study was thus to characterize
the kinetics of Cd uptake in the Caco-2 cell line used as
a human enterocyte model under experimental condi-
tions where Cd concentrations were comparable to what
might be found in the bolus following the ingestion of
contaminated foodstuffs [37]. The kinetic studies were
performed in a minimal transport medium of defined
composition, which allowed us to define and control Cd
speciation in the extracellular environment. Our results
clearly demonstrate that Cd uptake is a complex phe-
nomenon to which contribute both specific and nonspe-
cific transport and binding processes. The involvement
of a Ca route is unlikely under our experimental condi-
tions, but Cd uptake is highly sensitive to Zn inhibition
and may involve a carrier-type of protein.

Materials and Methods

CELL CULTURES

Caco-2 cells were obtained from the late Dr. J. Fogh (Sloan Kettering
Institute for Cancer Research, Rye, NY) and were used between pas-
sages 80 and 90 (C#80–90). The PF11 and TC7 clones, which have
been isolated from early and late passages of the Caco-2 cell line,
respectively [10], were kindly supplied by Dr. A. Zweibaum (INSERM
U178, Villejuif, France). Both clones were used between the 38th and
45th passages. Stock cultures were grown in 75 cm2 plastic flasks in
Dulbecco’s Modified Eagle essential minimum medium (DMEM) con-
taining 25 mM glucose and supplemented with 15% (C#80–90) or 20%
(PF11 and TC7) inactivated fetal bovine serum (FBS), 0.1 mM non-
essential amino acids and 50 units/ml penicillin +50mg/ml streptomy-
cin. Cultures were maintained at 37°C in a 5% CO2—95% air atmo-
sphere and were passaged weekly by trypsinization (0.05% trypsin/0.53
mM EDTA). For all experiments, cells were seeded in 35 × 10 mm
Petri dishes at 40 × 103 (C#80–90), 20 × 103 (PF11) or 12 × 103

cells/cm2 (TC7). With these specific seeding densities, cell confluence
was achieved on day 6 in all cases. The medium was changed every 2
days, and the cultures were maintained for 18 days to reach the sta-
tionary growth phase and to allow maximal functional differentiation
[10, 26].

SUCRASE AND PROTEIN ASSAYS

Cells from 6- or 18-day old cultures were collected from three Petri
dishes and pooled for sucrase and protein assays. The culture plates
were washed three times with 2 ml of ice-cold phosphate-buffered
saline (PBS), pH 7.4. The cells were then carefully scraped off the
plates with a rubber policeman and homogenized in cold PBS (3
plates/2 ml) by 1-min sonication (2.5 watts) using a Vibra Cell high
intensity ultrasonic processor (Sonics & Materials). Samples were kept
at −20°C for no longer than one week before analysis.

Sucrase activity (EC 3.2.1.48) was used as a marker of entero-
cytic differentiation and assayed at 37°C on cell homogenates accord-
ing to the method of Kunst et al. [30] using a 28 mM sucrose concen-
tration as described previously [25]. Protein content was determined
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according to Bradford [9] using bovine serum albumin as the calibra-
tion standard.

Sucrase activity is expressed as milliunits per mg of protein
(mU.mg protein−1), one unit being defined as the activity which hy-
drolyses onemmol of substrate per min under the experimental condi-
tions.

Cd UPTAKE MEASUREMENTS

Cadmium uptake measurements were performed on 18-day-old cell
cultures in a serum-free transport medium containing (in mM): 137
NaCl, 4.7 KCl, 1.2 KH2PO4, 1.2 MgSO4, 2.5 CaCl2, 4 D-glucose and
10 HEPES, buffered to pH 7.3 with 5 NaOH. Monolayers were washed
four times with the Cd-free transport medium before incubation in 1 ml
uptake medium containing 0.2mCi (0.3 mM) of 109Cd (sp. act. 0.665
mCi/mmol). Experimental media were always prepared in advance and
allowed to equilibrate overnight at room temperature. The chemical
forms of Cd at equilibrium in the transport medium were calculated
using the MINEQL+ chemical equilibrium program (Schecher, W.,
Westall. J., Environmental Research Software, copyright © 1994) and
those species representing more than 1% of the total dissolved metal
are listed in Table 1. In some cases, experiments were conducted in the
presence of other metals or inhibitors. In all such examples, MINEQL+

calculations were performed to verify that modifications to the trans-
port medium did not induce any change in Cd speciation. Moreover, in
inhibition experiments using 100mM unlabeled Cd or different con-
centrations of Zn, each metal concentration was verified by atomic
absorption spectrophotometric analysis [2], using a flame spectropho-
tometer (Varian, model Spectra-20). In all cases, metal concentration
fell within the 90% confidence interval of the expected concentration.

All experiments were performed at room temperature (20°C–
23°C) without agitation since uptake measurements performed on
swirled or unswirled Petri dishes gave similar results (data not shown).
Uptake was stopped by removing the transport medium and the mono-
layers were rapidly rinsed four times with 2 ml of ice-cold Cd-free
transport medium to remove the excess radioactivity. In some experi-
ments, these rinses were performed in Ca-, Mg-free medium containing
2 mM EDTA in order to extract the external labile metal fraction from
the cell surface. Cells were then solubilized in 1N NaOH (0.5 ml) and
aliquots of 300ml were used for radioactivity determinations using a
gamma counter (Compugamma CS, model 1282, Fisher Scientific Ltd.)
whereas 50ml of the remaining suspension was kept for protein assay.

Cd EFFLUX MEASUREMENTS

Cadmium efflux measurements were performed at room temperature
on 18-day-old cell monolayers. The cells were first exposed to 0.3mM

109Cd for 65 min, at which time uptake was stopped as described in the
previous section, but using room temperature stop solution, before
subsequent incubation in Cd-free medium for specific times. Efflux
assays were stopped by removing the medium and the monolayers were
rinsed four times with ice-cold stop solution. Cells were processed for
radioactivity and protein determinations. In some experiments, both
the washing procedures and the efflux measurements were performed
in the presence of 2 mM EDTA (Ca-, Mg-free medium).

DATA ANALYSES

Uptake Studies

The following notations consistently apply throughout the text.
U0* (pmol.mg protein−1): zero-time intercept in time-course studies.
Ue* (pmol.mg protein−1): equilibrium Cd uptake estimated by nonlinear
regression analyses of uptake data (U*) obtained over the 0–65 min
time range using Eq. (1),

U* 4 Ue* (1 − e−kt) + U0* (1)

or by the 65 min uptake values in Fig. 8.
k (min−1): first-order rate constant of the uptake process estimated from
Eq. (1).
V* (pmol.min−1.mg protein−1): initial rate of Cd uptake measured by
the slope of the linear regression analysis to uptake data obtained over
the 0–60 sec or 0–3 min time ranges using Eq. (2).

U* 4 V* t + U0* (2)

U1* (pmol.mg protein−1): initial Cd uptake measured at a 1-min time
point.
V1* (pmol.mg protein−1): contribution of the slow uptake process during
the initial phase to total uptake measured at 1 min. The numerical
values ofV1* and V* are obviously similar when the latter are reported
relative to a time scale in units of 1 min. The distinction betweenV1*
andV* was required to maintain a consistent set of units when assess-
ing the contribution ofV1* and U0* to U1*.
U*1s, U*0s, Vs*, V*1s, U*es: specific fractions of the parameters defined
above, respectively, which are inhibited by high concentrations of un-
labeled Cd. Note that, in the above definitions, the superscript (*)
indicates that Cd uptake values are expressed relative to pure concen-
trations of 109Cd (this concentration was 0.3mM in all experiments
except those described in Fig. 6 where it was varied from 0.1 to 30mM).
The added unlabeled CdCl2 thus acts as a pure competitive inhibitor of
tracer Cd in these experiments.
S, T(mM): refer to unlabeled Cd and pure tracer109Cd concentrations,
respectively. Indices (o) and (i) stand for the outside (incubation me-
dium) and intracellular compartments, respectively.

All other notations are described in the text as necessary.

Cd Efflux Studies

Nonlinear regression analyses of the efflux (E*) time-course data were
performed using the first-order decay Eq. (3).

E* 4 (E*0 − E*e) e−k8t + E*e (3)

in which E*0 represents the amount of109Cd present in the cells at time
t 4 0 of efflux (and is thus equal to the sum of theU*0 and U*e
parameters defined in Eq. (1)) andE*e stands for the plateau of efflux
reached with the first-order rate constantk8.

Table 1. Cd speciation in the transport medium

Name % Total

CdCl+ 61.4
Cd2+ 14.0
CdCl2 20.9
CdCl−3 1.8

The composition of the transport medium is described in the text. Cd
speciation was calculated using the MINEQL+ chemical equilibrium
program. Species listed are those representing more than 1% of the total
dissolved metal.
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Kinetic Parameter Determinations

For the data reported in Figs. 6 and 8, the kinetic parameters were
evaluated by nonlinear regression analyses as justified in the Results
section. The maximum number of acceptable Michaelis-Menten terms
in the equations used was determined through statistical evaluation of
the successive curve-fittings according to the usual criteria [11].

The t1/2 values reported in this paper represent the time for which
tracer uptake or efflux was half-completed. Their numerical values
were calculated using Eq. (4).

t1/2 4
ln 2

k or k8
(4)

in which thek andk8 values were those estimated from Eqs. (1) and (3),
respectively.

Both linear and nonlinear regression analyses were performed
using the Enzfitter software (Robin J. Leatherbarrow, Copyright ©
1987) and the robust weighting routine. The errors associated with the
kinetic parameter values given in the text represent the standard errors
of regression (SER). Where appropriate, the 95% confidence interval of
the regressions was determined using Fig. P software (Biosoft Corpo-
ration, copyright © 1990).

MATERIALS

All culture ware (Falcon) was obtained from VWR Scientific (Toronto,
Ont.) whereas DMEM, penicillin, streptomycin and trypsin were pur-
chased from Gibco Laboratories (Grand Island, NY). FBS was ob-
tained from Immunocorp (Montre´al, Qué.) and was inactivated at 52°C
for 30 min. Labeled109CdCl2 was obtained from Dupont Canada (Mis-
sissauga, Ont.) and cold CdCl2 from Sigma Chemical (St-Louis, MO).
ZnCl2 was purchased from Anachemia (Lachine, Que´.) and HgCl2 from
Fisher Scientific Ltd. (Whitby, Ont.). Ouabain andN-ethylmaleimide
(NEM) were obtained from Sigma Chemical, whereas parachloromer-
curibenzenesulfonate (pCMBS) was purchased from Aldrich Chemical
(Milwaukee, WI). All salts and chemicals used for buffer preparation
were of the highest purity available.

Results

KINETIC CHARACTERISTICS OFCd UPTAKE IN CACO-2
CELLS IN RELATION TO THE CELL FUNCTIONAL

DIFFERENTIATION STATUS

As shown in Fig. 1 from sucrase activity measurements
in cell homogenates, confluent but undifferentiated
6-day-old cultures (open columns), all presented low lev-
els of the specific brush border enzyme marker, and the
lowest level was recorded in the PF11 clone. In contrast,
sucrase activity was markedly increased in 18-day-old
monolayers (dotted columns) originating from C#80–90
(54.6 ± 9.7 mU.mg protein−1) and TC7 cells (117.4 ±
11.3 mU.mg protein−1), but remained very low in the
PF11 clone (21.6 ± 5.0 mU.mg protein−1). These results
agree quite closely with those of previous reports dem-
onstrating that the enterocytic differentiation status of
Caco-2 cells is a growth-related phenomenon [7, 26, 35],
and that the TC7 and PF11 clones represent highly and

poorly differentiated phenotypes of enterocytelike cells,
respectively, when compared to the parent cell line [10].

The time courses of 0.3mM
109Cd uptake recorded at

different cell passages were highly reproducible for the
three cell lines. The uptake kinetics could be well de-
scribed by the first-order rate Eq. (1) under all experi-
mental conditions and unlabeled Cd (30mM) acted as an
effective inhibitor of tracer uptake in all cell lines. These
facts can be best appreciated for the TC7 and PF11
clones in Fig. 2, and for all cell lines in Table 2 summa-
rizing the uptake parameter values. Taken together,
these results demonstrate the general characteristics of
Cd uptake in Caco-2 cells.

First, there is a major slow phase of Cd uptake that
appears related to the cell functional differentiation sta-
tus, the overall rate of Cd accumulation being signifi-
cantly lower in the PF11 than in the TC7 cells (Fig. 2).
This difference is reflected by thet1/2 values shown in
Table 2, which also indicates that the parent C#80–90
cells behave quite similarly to the cloned TC7 cells.
Note in Table 2 that thet1/2 values are also increased by
a factor varying from 1.5– to 2.1–fold in all cell lines
when the uptake assays are performed in the presence of
30 mM unlabeled Cd.

Second, there is a very rapid phase of Cd uptake that
shows up as a non-zero intercept in the uptake time
course (U*0 parameter in Table 2), part of which should
be considered as linked to the existence of a specific

Fig. 1. Functional differentiation status of the different Caco-2 cells
lines. Sucrase activity was measured as described in the text in cell
homogenates from the parent Caco-2 cell line (C#80–90) and the TC7
and PF11 clones. Monolayers were maintained in culture for 6 (open
columns) or 18 days (dotted columns). Values shown are means ±SEM

evaluated on 5 different cell passages. Lettersa andb indicate signifi-
cant differences (P ø 0.05) between values obtained, respectively, on
days 6 and 18 in the clones relative to C#80–90, whereas letterc shows
significant differences between values obtained on day 18 relative to
day 6 for each cell line.
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process sinceU*0 is sensitive to unlabeled Cd. The am-
plitude of this specific uptake component (U*0s 4 differ-
ence between conditions (1) and (2) in Table 2) appears
inversely proportional (mean proportionality factor of
10.2 ± 2.9 for the three cell lines) to thet1/2 values of the
slow phase of uptake. On the basis of an average cell
volume of 3.66 ± 0.20ml.mg protein−1 [7], U*0s corre-
sponds to an accumulation ratio of intracellular-to-
extracellular Cd concentrations varying from a minimum
value of 0.3 in PF11 cells to a maximum value of 0.7 in
TC7 cells.

Third, there is a stationary phase of Cd uptake (U*e
parameter in Table 2) which is highly sensitive to cold
Cd but almost independent of the cell functional differ-
entiation status under both conditions of incubation. On
the basis of the average cell volume reported above, it
can be calculated from theU*e values that there is a 11.9
± 1.2-fold or a 1.6 ± 0.3-fold accumulation ratio of
intracellular-to-extracellular109Cd concentrations at
equilibrium (ae) under assay conditions (1) or (2), re-
spectively. For the similar cell densities of 1.2 ± 0.3
mg protein.plate−1 measured in 18-day-old mono-
layers, theU*e values estimated in the presence of tracer

alone represent intracellular109Cd contents of 15.6 ± 1.6
pmol.plate−1 under uptake conditions where the total Cd
content initially present in the uptake media was 300
pmol.plate−1. Clearly, then, Cd depletion from the me-
dium of 5.2 ± 0.5% does not contribute appreciably to
the leveling off in Cd accumulation observed in uptake
studies such as those shown in Fig. 2.

The results shown in Fig. 2 and Table 2 suggest that
cellular functional differentiation status does not greatly
affect the general characteristics of Cd uptake in Caco-2
cells. However, since the TC7 monolayers appeared
more representative of the adult mature enterocyte (Fig.
1), subsequent experiments were performed exclusively
on these cloned cells.

EFFECT OFEDTA IN THE STOP SOLUTIONS ON Cd
UPTAKE MEASUREMENTS

The specific rapid initial phase of 0.3mM
109Cd uptake

(U*0s), characterized above by its sensitivity to high con-
centrations of unlabeled CdCl2, could represent external
binding to specific membrane sites, in which case it
should be possible to reduce it by using a strong Cd
chelator such as EDTA in the stop solutions during the
washing process. As shown in Fig. 3, washing the Petri
dishes with 2 mM EDTA (open circles) significantly low-
ered Cd uptake values all along the uptake time-course
study when compared to the standard washing procedure
(filled circles), although the difference between the two
treatments was no longer significant at equilibrium (t 4
65 min). The net effect is a small increase in thet1/2 of
equilibration from 16.1 ± 1.7 min in the absence of
EDTA to 17.4 ± 2.0 min in its presence. The inset of
Fig. 3 shows that Cd uptake can be approximated by
straight lines for up to 3-min incubation times under both
conditions and clearly demonstrates that, as expected,
EDTA in the stop solutions reduced the fast binding
component as compared to the control conditions (0.40 ±
0.10 vs. 1.14 ± 0.22 pmol.mg protein−1, respectively).
The inset of Fig. 3 also indicates that the initial uptake
rate is decreased by 25% when EDTA is present during
the washing steps (0.42 ± 0.06vs. 0.56 ± 0.05
pmol.min−1.protein−1 with and without EDTA, respec-
tively).

KINETICS OF Cd EFFLUX

The results shown in Table 2 demonstrate that109Cd
accumulation at equilibrium initially appears concentra-
tive and is highly sensitive to unlabeled Cd. Accord-
ingly, Cd interactions with intracellular structures may
be suspected, as supported by the considerations given in
Appendix I. This hypothesis was addressed by looking
at the time courses of Cd efflux from TC7 cells preex-
posed to 0.3mM

109Cd for 65 min. The results of these

Fig. 2. Time course of 0.3mM 109Cd uptake (U*) in 18-day-old TC7
(circles) and PF11 (diamonds) cells. Uptake measurements were per-
formed as described in the text in the absence (filled symbols) or in the
presence (open symbols) of 30mM unlabeled Cd. Points shown are
means ±SEM evaluated on 3 different cell passages. The lines shown
are the best fit curves over the data points (±95% confidence intervals),
as obtained according to the first-order rate equation Eq. (1) in the text.
The uptake parameters are listed in Table 2.
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experiments are presented in Fig. 4 where the efflux
studies have been conducted in standard Cd-free (filled
circles) or EDTA-containing (open circles) media. In
both cases, the time course of Cd efflux could be well
described by the first-order decay Eq. (3).

As previously noted in Fig. 3, it is also readily ap-
parent in Fig. 4 that the zero-time control efflux (which
corresponds to the equilibrium control uptake in Fig. 3)
is lower using EDTA-containing than EDTA-free stop
solutions (12.3 ± 0.3vs.14.6 ± 1.4 pmol.mg protein−1).
For the 65-min efflux experiment, both the rate (t1/2 val-
ues of 8.2 ± 3.2vs.1.5 ± 0.2 min) and extent (values of
12.2 ± 0.3vs. 7.8 ± 0.1 pmol.mg protein−1 at 65 min-
efflux) of Cd release were greater in the EDTA-
containing solution. After correction for the initial bind-
ing components in the absence or presence of EDTA
(Fig. 3), it can be calculated that up to 55% (7.4 pmol.mg
protein−1) of the intracellular Cd initially accumulated
(13.5 pmol.mg protein−1) cannot be recovered in the
EDTA-containing medium. With an average cell vol-
ume of 3.66ml.mg protein−1 [7], this value accounts for
a 6.7-fold accumulation of intracellular Cd relative to the
Cd concentration initially present in the uptake medium.
Note that the amount of Cd recovered in the EDTA-
containing medium (7.3 pmol.plate−1) is obviously too
small to saturate 2mmol/ml EDTA [3].

The rapid loss of Cd content in the EDTA-
containing solutions undoubtedly contributes to the ap-
parently lower initial rates of Cd uptake recorded when
EDTA-containing stop solutions were used (inset of Fig.
3). Accordingly, subsequent experiments were per-
formed using the standard stop solution to minimize ef-
flux during the washing steps.

EFFECTS OFOUABAIN AND SULFHYDRYL

BINDING AGENTS

The experiments described in Fig. 2 and Table 2 dem-
onstrate that unlabeled Cd can compete quite effectively

for uptake with109Cd, which strongly suggests that a
transport protein might be responsible for Cd accumula-
tion in Caco-2 cells. Further support for this hypothesis
was thus sought by testing the effect of ouabain and

Table 2. Uptake parameter values describing the time course of109Cd tracer uptake in the different Caco-2 cell lines

U*0
(pmol.mg protein−1)

U*e
(pmol.mg protein−1)

t1/2

(min)
ae

C#80-90 (1) 0.89 ± 0.21 11.9 ± 0.8 13.1 ± 1.5 10.8 ± 1.3
(2) 0.30 ± 0.02 1.4 ± 0.2 24.8 ± 3.4 1.3 ± 0.4

TC7 (1) 1.15 ± 0.15 12.7 ± 0.4 17.3 ± 1.3a 11.6 ± 0.8
(2) 0.38 ± 0.07 2.1 ± 0.2 36.2 ± 5.7 1.9 ± 0.5

PF11 (1) 0.81 ± 0.16 14.5 ± 0.9 28.9 ± 3.6a 13.2 ± 1.3
(2) 0.48 ± 0.04 1.6 ± 0.3 42.5 ± 6.4 1.5 ± 0.5

Experimental conditions and analyses were as described in the legend to Fig. 2 showing the uptake time courses in the TC7 and PF11 clones only.
(1) and (2) correspond to 0.3mM 109Cd uptake measured in the absence or presence of 30mM unlabeled Cd, respectively. The meaning of the uptake
parameters U*0, U*e and t½ is given in the text, and the values shown are the best-fit parameters ±SER values corresponding to Eq. (1). The
accumulation ratios of intracellular-to-extracellular109Cd concentrations (ae) were calculated from the U*e values as described in the text. Lettera
indicates significant differences (P ø 0.05) between the two clones TC7 and PF11.

Fig. 3. Effect of EDTA in the stop solutions on Cd uptake measure-
ments. Time course of 0.3mM 109Cd uptake (U*) was determined for
18-day-old TC7 cells as described in the text and uptake was stopped
with standard cold Cd-free medium (d) or with 2 mM EDTA-
containing medium (s). Points shown are means ±SEM evaluated on 3
determinations on the same subculture. Inset: initial short-term Cd
accumulation. The lines shown are the best fit curves over the data
points (±95% confidence intervals) as obtained according to the first-
order rate Eq. (1). (main graph) and to the linear regression analysis
(Eq. 2) (inset).

36 C. Jumarie et al.: CD Uptake in Caco-2 Cells



SH-reactive agents on Cd uptake. In a first series of
experiments, the initial uptakes of 0.3mM

109Cd (U*1)
were estimated at 1 min and 20°C following a 30 min
preincubation period at 37°C in the presence of the dif-
ferent inhibitors. As shown in Fig. 5A, Cd uptake was
unaffected by the specific inhibitor of the Na+-K+-
ATPase pump, but was markedly inhibited following cell
pretreatment with 2 mM of either NEM or pCMBS. If
109Cd uptake in the presence of 100mM unlabeled Cd is
taken to represent nonspecific (nondisplaceable) tracer
uptake, as seems justified from the results presented in
Fig. 2, it can be calculated that NEM and pCMBS inhibit
the specific component(s) of Cd uptake (U*1s) by 60%
and 72%, respectively. For both NEM and pCMBS, a
preincubation period proved necessary to exert signifi-
cant inhibition. When NEM and pCMBS were removed
from the incubation media prior to uptake measurements,
a 40% inhibition level was still observed with the former
whereas a non-significant inhibition of only 7% was re-
corded with the latter (data not shown).

To better understand the effect of the SH-reactive
agents, experiments similar to those presented in Fig. 5A
were repeated at a tracer concentration of 0.3mM

109Cd
and uptake was recorded at different time intervals over
a 1 min incubation period. The results of these experi-
ments are presented in Fig. 5B where it can be appreci-
ated that NEM (open squares) and pCMBS (open dia-
monds) affected both the initial rate of uptake and the
zero-time intercept values (Table 3). Again, if109Cd up-
take in the presence of 100mM unlabeled Cd is taken to

represent nonspecific (nondisplaceable) tracer uptake, it
can be calculated from Table 3 that NEM and pCMBS
inhibit, respectively, 91 and 84% of the specificU*0 val-
ues (U*0s in Table 3), 56 and 73% of the specificV*1
values (V*1s in Table 3), and 69 and 77% of the specific
U*1 values (U*1s values can be compiled from the sum of
the U*0s andV*1s components shown in Table 3).

KINETIC PARAMETERS OF Cd INFLUX

Ideally, because the initial phase of Cd uptake involves
both rapid and slow processes (Figs. 2, 3, 5, and Tables
2 and 3), the kinetic parameters of Cd influx should be

Fig. 4. Kinetics of Cd efflux from 18-day-old TC7 monolayers. The
cells were preexposed to 0.3mM 109Cd for 65 min, and Cd release was
determined in standard Cd-free medium (d) or in the presence of 2 mM
EDTA (s) for specific times as described in the text. Lines show the
best fit curves over the data points (means ±SEM evaluated on 3
determinations on the same subculture) corresponding to the first-order
decay Eq. (3).

Fig. 5. Effect of ouabain and two SH blockers on the initial uptake of
Cd measured at 1 min (U*1, A) or for different short-term incubations
(U*, B). 18-day-old TC7 cells were preincubated in the presence
of 1 mM ouabain (ouabain), 2 mM NEM (NEM, h) or 2 mM pCMBS
(pCMBS, L) for 30 min at 37°C and uptake of 0.3mM 109Cd was
determined at room temperature in the presence of the specific inhibi-
tors as described in the text. Uptake experiments were also performed
on untreated cells (control,d) and in the presence of 100mM unlabeled
Cd (Cd,s). Values shown are means ±SEM evaluated on 5 determi-
nations on the same subculture. The lattera indicates significant dif-
ferences (P ø 0.05) compared with the control value. The uptake
parameters obtained following linear regression analyses (Eq. 2) over
the data points are listed in Table 3.
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determined from uptake time-course studies performed
at different Cd concentrations (To). In principle this ap-
proach allows one to estimate the two initial uptake com-
ponents and to analyze them separately according to Eqs.
(5 and 6).

V* 4
Vmax ~To!

Km + ~To!
+ kD ~To! (5)

U0* 4
Umax0 ~To!

Km0 + ~To!
+ K0 ~To! (6)

Eq. (5) assumes that the initial rate of Cd uptakeV*
involves: (i) a specific (saturable) process (V*s ) which
obeys Michaelis-Menten kinetics and can be described
by the usual kinetic parametersVmax andKm; and (ii) a
nonspecific process such as purely passive diffusion de-
fined by the rate constantkD. Similarly, Eq. (6) postu-
lates that the rapid initial uptake phase (U*0) involves
both saturable (U*0s) and nonspecific processes charac-
terized, respectively, by the kinetic parametersUmax0and
Km0, and the proportionality constantK0.

Experimentally, however, the low signal-over-noise
ratio achieved and the necessarily low number of data
points collected in experiments such as those shown in
Fig. 5B precluded a meaningful separation of theU*0 and
V* components of the initial uptake at each Cd concen-
tration. Accordingly, the kinetic parameters of Cd influx
were evaluated from the initial Cd uptake values mea-
sured at a 1 min time point (U*1); pure tracer concentra-
tions ranging from 0.1 to 30mM were used to increase the
signal-over-noise ratio of the assays. The data were fit-
ted by nonlinear regression analysis according to Eq. (7).

U*1 4 V*1 + U*0 (7)

in which V*1 (equivalent toV* normalized to 1-min up-
take) andU*0 are defined by Eqs. (5) and (6), respec-
tively. This analysis failed to detect the presence of
more than one Michaelis-Menten component; Eq. (8)

U1* 4
Umax1~To!

Km1 + ~To!
+ KD1 ~To! (8)

was thus found to be sufficient to describe the experi-
mental data fully (curve 1 in Fig. 6A) with the following
values for the operational kinetic parameters:Umax1 4
17.1 ± 4.8 pmol.mg protein−1; Km1 4 3.9 ± 1.2mM; KD1

4 1.65 ± 0.18 pmol.mg protein−1.mM
−1.

These values prove satisfactory in two ways: (i) the
Km1 value predicts 88% and 96% inhibition ofU*1s by 30
and 100mM unlabeled Cd, respectively, in agreement
with the results shown in Table 2 and 3; and (ii) theKD1

value predicted by Eq. (9)

KD1 = kD1 + K0 (9)

from the consideration of Eqs. (5–8) is equal to the
sum of the individualkD1 (0.60 ± 0.13 pmol.mg
protein−1.mM

−1) and K0 (1.10 ± 0.10 pmol.mg pro-
tein−1.mM

−1) values that can be estimated independently,
respectively, from the non-specificV*1 and U*0 values
reported in Table 3 after normalization to 1mM Cd. Prior
correction for the contribution to total uptake of the
K0(To) term (curve 2 in Fig. 6A), which gives a more
realistic view of the Cd uptake process per se, led to
identical Vmax and Km values withkD1 4 0.55 ± 0.18
pmol.min−1.mg protein−1.mM

−1. Similarly, data correc-
tion for the previously determinedKD1(To) term (curve 3
in Fig. 6A), which isolates the specific uptake process,
led to theVmax and Km values shown in Fig. 6B and
resulted in lowerSER values associated with the kinetic
parameters determination.

Table 3. Effect of NEM and pCMBS on zero-time intercepts (U*0) and uptake rates normalized to 1-min uptake (V*1)

Conditions Initial rates
(pmol.mg protein−1)

Zero-time intercept
(pmol.mg protein−1)

V*1 V*1s U*0 U*0s

Control 0.91 ± 0.05 0.73 ± 0.09 0.76 ± 0.04 0.43 ± 0.07
(100%) (100%)

NEM 0.50 ± 0.05 0.32 ± 0.09 0.37 ± 0.05 0.04 ± 0.08
(44%) (9%)

pCMBS 0.38 ± 0.02 0.20 ± 0.06 0.40 ± 0.02 0.07 ± 0.05
(27%) (16%)

CdCl2 0.18 ± 0.04 0.33 ± 0.03

Experimental conditions and analyses were as described in the legend to Fig. 5. Values shown are the best-fit parameters ±SERvalues obtained by
linear regression analyses (Eq. 2) of the data presented in Fig. 5B. The uptake parameters U*0 and V*1 represent the intercept and slope (normalized
to 1 min uptake) of the regression lines, respectively. Specific fractions V1s andU*0s were calculated by subtraction of the total values obtained in
the presence of 100mM unlabeled Cd from the total values estimated under all other experimental conditions. Percentile values shown in parentheses
were calculated relative to the specific values under control conditions arbitrarily taken as 100%.

38 C. Jumarie et al.: CD Uptake in Caco-2 Cells



The Eadie-Hofstee plot shown in Fig. 6B and con-
structed from curve 3 in Fig. 6A does not show any sign
of upward deviation from linearity. This result is com-
patible with the hypothesis that the specific and fast ini-
tial phase of Cd uptake represents Cd binding on a
unique transport protein, in which case the theoretical
considerations presented in Appendix II predict thatKm0

in Eq. (6) should be equal toKm andKm1 in Eqs. (5) and
(8), respectively. Further consideration of Eq. (7) would
thus lead to equality (10),

Umax14 Vmax1+ Umax0 (10)

which suggests that the individual contributions ofV*1s

andU*0s to U*1s measured at any (To) should be directly

proportional to their maximum values. Since the data
reported in Table 3 show thatV*1s and U*0s measured at
0.3mM

109Cd account, respectively, for 63% and 37% of
the totalU*1s estimated at 1 min, aVmax1 value of 10.4
pmol.mg protein−1 and aUmax0 value of 6.1 pmol.mg
protein−1 can be estimated that would be entirely com-
patible with the available evidence.

EFFECT OFZINC ON Cd UPTAKE

Since Zn transport has been characterized previously in
Caco-2 cells [36] and since Zn and Cd competition for a
common transport system has been demonstrated in the
pig small intestine [44], various concentrations of Zn
ranging from 0.5 to 100mM were tested as to their ability
to alter the initial rates of 0.3mM

109Cd uptake. How-
ever, because MINEQL+ calculations predicted that there
was a risk of precipitation reactions under the standard
experimental conditions used to this point, these experi-
ments were performed in PO4-free media. Under these
conditions, the relative amounts of the various Zn species
representing more than 1% of the total dissolved metal in
the uptake medium are listed in Table 4. Note that Zn
speciation in both PO4-containing and PO4-free media
are similar since the majority of the Zn is present as the
free Zn2+ ion (Table 4), the solubility of which has been
increased by PO4 removal. Similarly, neither the ab-
sence of PO4 nor the presence of Zn can change in a
significant way the free Cl− concentration in the uptake
media; it follows that Cd speciation, which is essentially
determined by complexation with Cl− (seeTable 1), is
unaffected by the addition of Zn or the removal of PO4.

In agreement with these observations, Fig. 7A
clearly shows that PO4 removal did not affect the 1-min
uptake of 0.3mM

109Cd (U*1) in the absence (Ctrl) or
presence (Cd) of 100mM unlabeled Cd. It can also be
appreciated in this figure that Zn concentrations of 5mM

or higher significantly reduced Cd uptake and that the
level of inhibition was dose-dependent. The specificU*1s

Fig. 6. Determination of kinetic parameters for Cd influx in 18-day-old
TC7 cells. Initial Cd uptakes (U*1) were estimated by one-time point
analysis (1 min) as a function of109Cd concentrations as described in
the text. Data points shown are the means ±SEM evaluated on 5 deter-
minations on the same subculture. (A): Direct plot corresponding to
measured total uptake (d) or to experimental data corrected for the
nonspecific components of 1.10 pmol.mg protein−1.mM−1 (s) or 1.7
pmol.mg protein−1.mM−1 (D) as discussed in the text. The lines shown
are the best fit curves over the data points, as obtained by nonlinear
regression analysis using Eq. (8). (B) Eadie-Hofstee transformation of
curve 3 in (A) with kinetic parameters as shown.

Table 4. Zn speciation in the PO4-free transport medium

Name % Total

Zn2+ 81.2
ZnCl+ 8.4
ZnOHCl 2.6
ZnCO3 2.5
ZnSO4 1.8
ZnHCO−

3 1.6

The composition of the transport medium is described in the text. Zn
speciation was calculated using the MINEQL+ chemical equilibrium
program. Species listed are those representing more than 1% of the total
dissolved metal.
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fraction of U*1 was calculated and the resulting data
could be fitted successfully to Eq. (11)

U*1s 4 @U*1s#~Zn!40S Km + ~To!

KmF1 +
~Zn!

Ki
G + ~To!D (11)

which is derived from Eq. (8) by incorporating a com-
petitive mechanism of Zn inhibition with inhibition con-
stantKi (data not shown). The parameters (To), Km and
[U*1s](Zn) 4 0

in Eq. (11) were fixed to their respective val-

ues and aKi value of 17.3 ± 3.0mM Zn was estimated by
nonlinear regression analysis.

To characterize further the effects of Zn, 0.3mM
109Cd uptake was also measured at different time inter-
vals over a 1-min incubation period in the presence of
100mM Zn (Fig. 7B). This high Zn concentration (open
squares) inhibited both the initial binding component
(U*0) and the initial rate of tracer uptake (V*), as can be
judged from the comparison with tracer uptakes in the
presence (open circles) or absence (filled circles) of 100
mM Cd. Because equations similar in form to Eq. (11)
would also apply to theV*1s andU*0s fractions ofV*1 and
U*0, it can be predicted that 100mM Zn should inhibit
both components ofU*1s by 84%. In agreement with the
competitive inhibition mechanism and theKi value esti-
mated above, 87% and 94% inhibition ofV*s and U*0s

could be calculated, respectively, from the slope and in-
tercept values reported in the legend for Fig. 7.

KINETIC PARAMETERS OF Cd ACCUMULATION AT

EQUILIBRIUM (U*e)

The trapping of Cd by intracellular structures could be
responsible for the high accumulation ratios of intracel-
lular-to-extracellular Cd concentrations at equilibrium.
As shown by Eq. (A7) in Appendix I, this hypothesis is
also compatible with the high sensitivity ofU*e to unla-
beled Cd concentrations (Fig. 2 and Table 2). Therefore,
it should be possible to evaluate the contribution of the
intracellular process(es) to total uptake by determining
the(ir) apparent kinetic parameters at equilibrium. Ac-
cordingly, U*e was estimated from the 65-min uptake
values of 0.3mM

109Cd measured in cells coincubated
with unlabeled Cd concentrations ranging from 0 to 100
mM. This strategy was adopted because the high levels
of intracellular109Cd at equilibrium allowed us to attain
high signal-over-noise ratios, as can be appreciated in
Fig. 8 from the displacement curve of 0.3mM

109Cd (To)
by the increasing concentrations of unlabeled Cd (So).

As justified previously [11, 32], nonlinear regression
analysis of such data can be performed using a modified
Michaelis-Menten equation, which can be obtained by
assuming that the unlabeled substrate acts as an ideal
competitive inhibitor of the tracer substrate. In the par-
ticular case at hand, Eq. (12)

Ue* 4
Umaxe~To!

Kme+ ~So! + ~To!
+ KDe ~To! (12)

was used and resulted from the consideration of Eqs. (8)
and (11) where: (i) the subscript (e) was substituted for
(1) in both equations; and (ii) (So) was equivalent to (Zn)
and Ki 4 Kme in the latter. Eq. (12) predicts thatU*es

(defined as the saturable fraction ofUe*) → 0 when (So)
→ `, so that the displacement curve should tend towards
a plateau value at full saturation by the unlabeled sub-

Fig. 7. Effect of Zn on the initial uptake of Cd measured at 1 min (U*1)
or for different short-term incubations (U*). (A): 18-day-old TC7 cells
were exposed in a PO4-free medium to 0.3mM 109Cd and different
concentrations of Zn ranging from 0.5 to 100mM. Uptake experiments
were also performed using either109Cd alone (Ctrl) or in the presence
of 100mM unlabeled Cd (Cd) in both the standard (filled columns) and
the PO4-free (dotted columns) media. The lettera indicates significant
differences (P ø 0.05) compared to control values. (B): Cd uptake was
measured using109Cd alone (d) or in the presence of 100mM Cd (s)
or 100 mM Zn (h) in a PO4-free medium. Linear regression (Eq. 2)
analyses over the data points give the following intercept (U*0) and
slope (V*) values:U*0 4 0.64 ± 0.08 (control); 0.28 ± 0.03 (Cd); 0.30
± 0.03 (Zn) pmol.mg protein−1 andV* 4 1.11 ± 0.14 (control); 0.25 ±
0.02 (Cd); 0.36 ± 0.05 (Zn) pmol.sec−1.mg protein−1. In bothA andB,
values shown are means ±SEM evaluated on 5 determinations on the
same subculture.
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strate. Similarly, over the concentration range where the
relation (So) + (To) << Kme applies, Eq. (12) reduces to
Eq. (13),

Ue* 4
Umaxe

Kme
~To! + KDe ~To! (13)

and the displacement curve should also show a plateau in
the low range of substrate concentrations.

The experimental data shown in Fig. 8 could be
successfully described by a nonlinear regression analysis
to Eq. (12) with the following values of the kinetic pa-
rameters:Kme 4 7.4 ± 1.3 mM, Umaxe 4 285 ± 40
pmol.mg protein−1, and KDe 4 18.3 ± 1.0 pmol.mg
protein−1.mM

−1. The nonspecific binding process ac-
counts for 5.5 ± 0.3 pmol.mg protein−1 at 0.3mM

109Cd,
thus corresponding to an intracellular concentration of
1.5 ± 0.3mM or a 5-fold intracellular Cd accumulation
over the external medium. The latter value is slightly
higher than that shown for TC7 cells in Table 2 at 30mM

external Cd; however, the specific component of equi-
librium uptake (11.6 pmol.mg protein−1) can be con-
verted to an intracellular concentration of 3.2mM for an
overall intracellular Cd accumulation of 10.6-fold which
compares well to the accumulation ratioae of 11.6-fold
calculated in Table 2.

Attempts to fit the data in Fig. 8 to model equations
assuming 2 specific systems working in the presence or
absence of a nonspecific process failed (these models
had to be rejected on the basis of either divergence or
negative parameter values). Note that the kinetic param-
eter values reported above and Eq. (13) predict a plateau
value of 17.0 pmol.mg protein−1 in the low range of
substrate concentrations, in agreement with the experi-
mental data shown in Fig. 8.

Discussion

In numerous cell types, including the intestinal mucosa
cells, Cd uptake has been shown to be a saturable process
relative to increasing Cd concentrations [17, 18, 23].
However, although some data have suggested the in-
volvement of thiol-groups in Cd uptake in rat hepato-
cytes [18] and red blood cells [17], the question of
whether or not Cd entry into cells is mediated by (a)
membrane transport protein(s) has been much debated.
In this respect, our studies clearly show that Cd accumu-
lation in Caco-2 cells involves a rapid and a slow uptake
phase, the latter leading to a complete equilibrium dis-
tribution of Cd with t1/2 4 17.3 ± 1.3 min in TC7 cells
incubated with 0.3mM radiotracer109Cd (Fig. 2 and
Table 2). Moreover, our results demonstrate that Cd up-
take by these cells is a complex phenomenon to which
contribute both specific and nonspecific transport and
binding processes.

FAST AND SLOW INITIAL PHASES OFCd UPTAKE

The first and rapid initial step of Cd uptake clearly shows
up as a nonzero intercept on the y-axis in our uptake
time-course studies (Figs. 2, 3, 5B and 7B). Parts of this
fast initial phase (U*0) involves a specific component
(U*0s) which is abolished by 100mM of either Zn (Fig.
7B) or unlabelled Cd (Figs. 5B and 7B), by SH-reactive
agents (Fig. 5B), and by 2 mM EDTA present in the stop
solutions (Fig. 3). Conversely, that part ofU*0 that sur-
vives all of these treatments should be considered as
nonspecific and can be tentatively attributed to represent
the dead space in our experiments (unwashed tracer,
binding to nonspecific membrane sites, etc.).

In the most general case where a transported mol-
ecule becomes subject to intracellular reactions, as would
occur for Cd binding to intracellular structures following
transport, one may expect to find rather complex patterns
of initial uptake. For example, a model of transport fol-
lowed by metabolism [50] predict the existence of burst-
(downward deviations) and/or lag-(upward deviations)
type kinetics during the approach to steady state. The
first case would mostly occur under conditions where
transport is slightly faster than intracellular reactions and

Fig. 8. Kinetic parameters of Cd uptake at equilibrium in 18-day-old
TC7 cells. Equilibrium uptake values (U*e) were estimated at a 65-min
time point as described in the text using a109Cd tracer concentration
(To) of 0.3 mM and unlabeled Cd concentrations (So) ranging from 0 to
100mM. Values shown are means ±SEM evaluated on 5 determinations
on the same subculture. The line is the best fit curve to Eq. (12) with
kinetic parameters values as shown. Note that the log scale on the x axis
simply allows a better presentation of the kinetic data [11].
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the second in the reverse situation. In the limit case
where transport is very fast, the burst kinetics might be-
come too rapid to be observed over the time scale of the
analysis. However, if the amplitude of the burst phase is
significant, it may show up as a nonzero intercept on the
y-axis of the uptake time curves, such as it appears
clearly in our studies (Figs. 2, 3, 5B, 7B). This hypoth-
esis was thus evaluated as to its compatibility with our
experimental data using the so-called fast-transport slow-
intracellular binding model (seeAppendix I, 1), and it
was ruled out on the basis that it cannot explain the
saturation kinetics observed in Fig. 6. We therefore con-
clude that the time courses of Cd uptake represent, at
least in part, the kinetics of Cd transport.

The involvement of (a) specific membrane transport
protein(s) during the slow phase of Cd uptake is sup-
ported by the following pieces of evidence: (i) the initial
rate of tracer uptake (V*) is highly sensitive to an excess
of unlabeled Cd (Figs. 2, 5B, and 7B), and saturation of
initial Cd uptakes (U*1) with increasing109Cd concentra-
tions could be successfully demonstrated (Fig. 6); (ii)V*
is sensitive to SH-reactive agents including pCMBS,
which is impermeant to plasma membranes (Fig. 5B);
(iii) U*1 is inhibited by Zn (Fig. 7A) for which a saturable
transport process has been demonstrated previously in
Caco-2 cells [36], and the Ki value of 17.3 ± 3.0mM

estimated at 20°C for competitive Zn inhibition of Cd
uptake is compatible with theKm value of 41mM previ-
ously determined at 37°C for Zn transport in this cell line
[36]; and (iv) Cd uptake in Caco-2 cells is at least par-
tially reversible and Cd release is very fast in the pres-
ence of EDTA, which acts as a diffusional sink for Cd
efflux when present in the efflux medium (Fig. 4). Con-
versely, that part ofV* that proves insensitive to 100mM

of either Zn (Fig. 7B) or unlabeled Cd (Figs. 5B and 7B)
and to SH-reactive agents (Fig. 5B) should be considered
as nonspecific; this component of Cd uptake can be at-
tributed to simple passive diffusion through the cell
membrane in our experiments. In agreement with this
view, a purely diffusive transport process with an appar-
ent kD1 value of 0.55 ± 0.18 pmol.min−1.mg pro-
tein−1.mM

−1 could be demonstrated during the kinetic
analyses (Fig. 6).

Cd UPTAKE MECHANISM(S) INVOLVED DURING THE

INITIAL PHASE

The specific fractions ofU*0 (U*0s) and V* (V*s ) charac-
terizing, respectively, the rapid and slow phases of initial
Cd uptake (U*1s), appear similarly sensitive to 100mM of
either Zn (Fig. 7B) or unlabelled Cd (Figs. 5B and 7B)
and to SH-reactive agents (Fig. 5B). Moreover, the ki-
netic studies relative to Cd (Fig. 6) and Zn (Fig. 7A)
concentrations, which were performed at a 1-min time
point, analyzed both phases simultaneously. The ques-

tion arises, then, from the absence of heterogeneity noted
in Fig. 6, as to whetherU*0s could represent binding to a
unique transport protein and, as such, be part of the trans-
port mechanism itself. The latter hypothesis is indeed
compatible with the theoretical considerations given in
Appendix II, which predict in this case that both the
binding and transport phases of uptake would show simi-
lar Km values (3.8 ± 0.7mM, Fig. 6). Although necessary
to support our hypothesis, the theoretical considerations
alone may not be sufficient to exclude the possibility that
the two uptake phases could as well belong to different
entities such as an ion channel and a carrier protein work-
ing in parallel. However, this possibility appears un-
likely since the demonstration thatU*0s is sensitive to
EDTA present in the stop solutions (Fig. 3) strongly
suggests that this component represents external binding
to specific membrane sites rather than fast Cd entry and
equilibration across the cell membrane.

The hypothesis that the rapid phase of Cd uptake
might represent fast Cd binding to a unique transport
protein is further supported by the observation thatU*0s is
higher in the TC7 and C#80–90 cells as compared to the
PF11 clone and appears inversely proportional to thet1/2
of the slow phase estimated in the respective cell lines.
If this assumption is correct, the theoretical consider-
ations given in Appendix II suggest that it should be
possible to estimate an upper limit value of the turnover
number of the transport protein from theVmax/Umax0 ra-
tio; a value of 1.7 min−1 can be calculated from the
kinetic parameters determined in the Results. This value
appears quite low when compared, for example, to the
turnover number of 5–125 sec−1 (300–7500 min−1) usu-
ally reported in the literature for the Na/glucose cotrans-
porter, a typical carrier-mediated process in the intestinal
brush-border membranes [29]. Notwithstanding the fact
that Umax0 might represent high affinity Cd binding to
membrane proteins unrelated to Cd transport, such a
huge difference is compatible with the similarly big dif-
ference that can be noted between theVmax values (ex-
pressed in pmol.min−1.mg−1 protein) of Cd (10.4 in the
present studies) anda-methylglucose (440 in [7]) trans-
port in Caco-2 cells. Cadmium uptake in these cells thus
occurs through a relatively low capacity process when
compared to a carrier-type mechanism like sugar trans-
port.

While the existence in Caco-2 cells of a unique,
carrierlike mechanism for Cd transport appears sup-
ported by the results discussed so far, the nature of the
transport protein involved cannot be readily assessed
from our studies. From the absence of any significant
effect on the initial uptake following cell pretreatment
with ouabain (Fig. 5A), it can be inferred that the trans-
port mechanism is unlikely to be secondary active be-
cause the inhibition of the Na pump would have led to
the collapse of most of the ion gradients at the time of the
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transport measurements. It can also be rationalized that
the transport mechanism is unlikely to occur through a
primary active Ca(Cd)-pump, which should have acted
as an extrusion mechanism in the presence of intracellu-
lar ATP. A similar consideration also holds for the Na/
Ca(Cd) and Ca/Ca(Cd) exchange activities in the pres-
ence of Na and Ca gradients, as was the case in our
experiments. Note too that all of our experiments were
performed in the presence of 2.5 mM Ca to minimize any
cellular Ca release and to maintain well-formed tight
junctions and intact monolayers. Under these condi-
tions, rapid Cd uptake at a concentration close to four
orders of magnitude lower than Ca could be demon-
strated. Increasing the Ca concentration to 25 mM did
not significantly affect the initial uptake rate (data not
shown). It seems very unlikely, then, that Cd uptake in
Caco-2 cells, as measured in our studies, occurs through
a Ca transport route since Ca in the latter experiments
was in excess relative to both the Cd concentration (0.3
mM) and to theKm value for Ca of around 1 mM previ-
ously determined for intestinal epithelial cells [47].

SLOW-TRANSPORT, FAST-INTRACELLULAR BINDING

MECHANISM OF Cd UPTAKE

Once the slow phase of Cd uptake has been completed,
there is a 11- to 13-fold accumulation ratio of intracel-
lular-to-extracellular109Cd concentrations (ae) that does
not seem related to the cell differentiation status (Table
2). In contrast, the half-times (t1/2) of 109Cd equilibration
appear to be longer in the PF11 clone than in the more
differentiated TC7 cells, and they are also increased upon
addition of unlabeled Cd in the uptake medium (Table 2).
Similarly, 109Cd uptake at equilibrium is highly sensitive
to unlabeled Cd and lowerae values are observed in the
presence of 30mM Cd (Fig. 2). Taken together, these
results indicate that intracellular binding rather than ac-
tive transport is a major determinant of the kinetics of Cd
uptake. Indeed, if one assumes a general model of trans-
port followed by intracellular binding, thet1/2 values
would reflect the kinetics of Cd equilibration through
both the transport and intracellular binding steps. Unla-
beled Cd would compete with109Cd through both reac-
tions, so that, in agreement with our results, highert1/2
and lower plateau values would be observed.

The efflux experiments suggest that Cd is both
tightly and loosely bound to intracellular proteins (or
organelles), the loosely-bound fraction accounting for
45% of intracellular Cd and for a 5.5-fold accumulation
ratio (Fig. 4). Although the presence of more than one
binding component might be anticipated from these con-
siderations, our kinetic data at equilibrium were found
compatible with a model equation that assumes a single
class of specific intracellular binding sites only, with
values of 7.4 ± 1.3mM and 285 ± 40 pmol.mg protein−1

for the parametersKme andUmaxe, respectively (Fig. 8).
This result is compatible with the existence of different
classes of binding sites showing similar affinities and/or
with the possibility that the contribution to total binding
of ligands with either higher or lower affinities would be
undetectable in our analysis. In this respect, low affinity
ligands could well account for (at least part of) the non-
specific binding fraction of 5.5 ± 0.3 pmol.mg protein−1

which was revealed in our data for 0.3mM
109Cd at

equilibrium (Fig. 8), as would be compatible with the
predictions of Eq. (12) when (So) + (To) ! Kme. In this
context, the meaning of theKme andUmaxevalues given
above may appear questionable. Their significance was
evaluated further in Appendix I,2 where it is concluded
that both parameters can be considered as valid opera-
tional parameters to address the following issue.

In the context of the proposed model of Cd uptake
followed by intracellular binding, the question of the
meaning of the kinetic parametersVmaxandKm estimated
during the initial phase of uptake is tightly linked to the
corollary of which of the transport or binding reactions
represents the rate-limiting step during Cd uptake. To
answer the latter question is quite easy in general, once
the kinetic parameters of influx and binding are known;
as shown in Appendix I,3, transport is the rate-limiting
step of Cd uptake at all Cd concentrations. Accordingly,
the kinetic parameters determined in our studies under
initial uptake conditions do represent the kinetic param-
eters of the transport protein. Note that the slow-
transport fast-intracellular binding model of Cd uptake
also predicts close-to-zero concentrations of unbound in-
tracellular109Cd during influx due to the high buffering
capacity of intracellular binding. This may in turn ex-
plain why the steady-state accumulation ratio of intracel-
lular-to-extracellular Cd concentrations (assin Appendix
I,1) is relatively insensitive to the membrane potential
(and, hence, to the presence of ouabain) during the initial
phase of uptake.

CACO-2 CELL LINE AS A VALUABLE IN VITRO MODEL

Although cell differentiation status did not greatly affect
intracellular Cd accumulation at equilibrium (Table 2),
Cd uptake occurred more slowly in the PF11 than in the
TC7 cells (Fig. 2). This difference could reflect a lower
expression of the transport protein itself in the former
cells and may indicate that the transport protein is found
preferentially associated with mature enterocytes. This
assumption appears compatible with recent studies
showing that the expression of the Na+-D-glucose co-
transporter (SGLT-1) is also lower in PF11 as compared
to TC7 cells [31], but does not readily explain why simi-
lar time courses of Cd uptake were observed in TC7
clones and in the less-differentiated parent cell line
C#80–90 (Table 2). Alternatively, then, since the com-
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mon lineage of the different cell lines used in our studies
would argue against the possibility that they express dif-
ferent transport systems, it can be proposed that Cd trans-
port expression in Caco-2 cells is also regulated by a
mechanism that has yet to be discovered but might in-
volve intracellular molecules responsible for internal Cd
trapping such as metallothionein, which was shown to
decrease Cd efflux from the intestine [34], or a cysteine-
rich protein recently isolated from the rat intestine [28].
Further studies will be needed to determine the putative
role of such proteins in the regulation of Cd uptake and
trapping in the small intestine.

To our knowledge, this is the first study to evaluate
the kinetic parameters of Cd transport into enterocytelike
cells. Previous studies in the rat jejunum using thein
vitro perfusion [14] or everted gut sac [23] techniques
also postulated the existence of a specific Cd transport
mechanism withKm values of 0.1–0.2 mM or 27.9 ± 11.6
mM andVmax values of 10 or 0.8 ± 0.3 nmol. min−1.g−1

tissue, respectively. Given the heterogeneity of intesti-
nal tissue, the presence of unstirred water layers that may
affect the determination of the kinetic parameters of
transport using the latter two techniques [5], and the
differences in transport assay conditions, it is difficult to
make meaningful comparisons between these studies in
the rat intestine and ours in Caco-2 cells, but for the fact
that they all show that Cd uptake involves a rather high
affinity transport process. Also, none of these studies
discriminate among the various Cd species present in the
transport medium. More than one of the Cd species
listed in Table 1 may conceivably participate in the trans-
port process, though our kinetic data did not reveal any
heterogeneity. Accordingly, theKm values reported at
this time should be considered as operational parameters
only. Finally, none of these studies have addressed the
question of the polarization of the transport process.
Caco-2 cells can be successfully grown on filters [21],
and studies are now in progress in our laboratory to
answer this question using this promising cell culture
model.
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Appendix I

KINETICS OF Cd UPTAKE IN THE PRESENCE OF

INTRACELLULAR BINDING STRUCTURES

In the following, it is assumed that intracellular Cd binding occurs on
a unique class of specific sites. This hypothesis is made for simplicity
only and does not restrict in any way the conclusions to be drawn in this
appendix because of the additivity principle should there be more than
one class of specific site involved in the binding process. The notations

(To) (109Cd concentration in the incubation medium), (Ti) (unbound
109Cd concentration in the intracellular compartment, (Pi) (free intra-
cellular concentration of a putative protein of total concentrationPT

involved in the binding process), and (PTi) (intracellular concentration
of protein-bound109Cd) are used consistently throughout the text.
Moreover, the (Pi) and (PTi) terms are linked through the conservation
Eq. (A1).

PT 4 (Pi) + (PTi) (A1)

(1) Testing the Validity of the Fast-Transport
Slow-intracellular Binding Model

The fast-transport slow-intracellular binding model assumes that the
rate of Cd transport is very fast as compared to the rate of Cd binding,
so that a stable distribution ratio of intracellular-to-extracellular109Cd
concentrations (ass 4 (Ti)/(To)) has been reached at the time of initial
uptake measurements. Since the conclusions to be drawn below rely
heavily on this hypothesis, its validity may need to be assessed first.

From its definition,ass is equivalent to an equilibrium constant
that should assume a value of 1 according to the hypothesis above,
provided that the molecule: (i) is neutral and is transported through a
channel- or simple carrier-type of mechanism, and (ii) is not involved
in any fast reaction once transported into the cells. As shown in Table
1, however, Cd speciation is dictated by the Cl− ion concentration in the
incubation medium and both a CdCl+ complex and the Cd2+ ion coexist
in solution. Since there is a≈10-fold gradient of intracellular-to-
extracellular Cl− concentrations across the membrane of most living
cells, intracellular Cd speciation will be affected and one would expect
increased concentrations of the above two species relative to both
CdCl2 or CdCl3− complexes. Indeed, for such positively charged enti-
ties, one would predict a major effect of the membrane potential on the
distribution ratio withass> 1 at negative potentials such as occur across
the boundary of most living cells. Internal Cd concentrations might
also be affected by the existence of extrusion mechanisms which, were
they acting alone, would giveass < 1. Among these, one may have to
consider the putative Na/Ca(Cd) and Ca/Ca(Cd) exchange activities
under the Na and Ca gradient conditions prevailing under our experi-
mental conditions, as well as the Ca(Cd)-ATPase in the presence of
intracellular ATP. Clearly, then,ass is equivalent to an equilibrium
constant in the thermodynamic sense only because its value is dictated
by the magnitude of the different ion gradients and by the cell polar-
ization status at the time of uptake measurements. Conversely, any
factor associated with an increased rate of Cd uptake (as achieved, for
example, upon increasing the substrate concentration in the uptake
medium) that would affect the thermodynamic driving forces acting on
the system would in turn affect the relative value ofass. The demon-
stration in Fig. 5A that the ouabain-induced inhibition of Na,K-ATPase
activity, the main determinant of the resting membrane potential and
ion gradients to be found in living cells, does not affect initial Cd
uptakes significantly, is strong evidence suggesting that none of the
mechanisms discussed above are in fact, either alone or in combination,
crucial parameters affecting theass value. The argument is indeed
strengthened by the previous demonstration that ouabain was an effec-
tive inhibitor of a-methylglucose transport through the Na/glucose co-
transporter in Caco-2 cells [7]. In the following discussion, then,ass

will be considered as a true constant of unknown value. Note that the
question of the nature of the transport mechanism involved in Cd
uptake is irrelevant to the following considerations.

According to the above hypotheses, intracellular binding can be
described by Scheme 1 depicted in Fig. A1, in whichTi binds in an
irreversible way toPi during the initial steady-state phase of uptake
with a microscopic rate constantkon to form the complexPTi. There-
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fore, the initial rate (V*) of Cd binding, which would in this model
account for the initial rates of Cd uptake in our studies, is given by Eq.
(A2).

V* 4
d~PTi!

dt
4 kon ~Pi! ~Ti! (A2)

Noting that (Pi) ≈ PT under initial rate conditions because of Eq. (A1),
and that (Ti) 4 ass (To) according to the definition ofassgiven above,
Eq. (A2) can be transformed to Eq. (A3).

V* 4 kon PT ass(To) (A3)

Integration over short time ranges (over which the steady-state assump-
tion holds) thus leads to Eq. (A4)

U*s 4 [kon PT ass(To)] z t + ass(To) (A4)

which should describe the time course of specific Cd uptake (U*s )
during the initial phase and can be used to predict the extent of initial
Cd uptake measured at a 1-min time point (U*1) as given by Eq. (A5).

U*1s 4 V*1s + U*0s (A5)

The latter equation is equivalent to Eq. (7) in the main text when the
specific fractions of uptake are the only ones considered. Note that the
second term in Eq. (A4) accounts for the fact that (Ti) is also measured
in the uptake experiments.

The fast-transport slow-intracellular binding model predicts that
initial uptakes should increase linearly with increasing tracer concen-
trations, in contrast with the data shown in Fig. 6. Note that this model
also predicts the absence of unlabeled substrate concentration effects
on the rapid initial uptake phase (the zero-time intercept that would be
fixed by the distribution ratioass). It must be concluded, then, that the
saturation observed in these studies represents, at least in part, the
kinetics of Cd transport through a saturable process.

(2) Equilibrium Uptake

At equilibrium Cd uptake, there is no net flux through the transport and
binding steps, so that the situation can be described by Scheme II in
Fig. A1 in which ae is the distribution ratio of intracellular-to-
extracellular109Cd concentrations (ae 4 (Ti)/(To) at equilibrium) and
Kde represents the dissociation constant of the binding reaction accord-
ing to Eq. (A6)

Kde 4
~Pi! ~Ti!

~PTi!
(A6)

The kinetics of Cd binding at equilibrium where (PTi) 4 U*es would
thus be described by Eq. (A7)

U*es4
PT ~Ti!

Kde + ~Ti!
(A7)

which can be easily obtained from the combination of Eqs. (A1) and
(A6). Introducing the distribution ratioae into Eq. (A7) thus leads to
Eq. (A8)

U*es4
PT ae ~To!

Kde + ae ~To!
(A8)

and, then, to Eq. (A9) after division of the numerator and denominator
terms byae

U*es4
PT ~To!

Kme+ ~To!
with Kme4

Kde

ae
(A9)

Eq. (A9) is similar in form to Eq. (12) in the main text after proper
handling as described there and noting thatUmaxe 4 PT.

As discussed in the first section of Appendix I forass, the dis-
tribution ratio ae is equivalent to a thermodynamic equilibrium con-
stant, the value of which will be fixed by the driving forces acting on
the system at equilibrium and is independent of the nature of the dif-
ferent transport systems involved in Cd transport. Note thatae should

Fig. A1. The different models of Cd transport and intracellular binding
considered in Appendix I. In scheme I, it is assumed that transport is
very fast, so that intracellular109Cd (Ti) has equilibrated with outside
109Cd (To) before any significant binding can occur onto an intracel-
lular protein (Pi) to give the bound complex PTi. ass = (Ti)/(To) rep-
resents the steady-state distribution of109Cd during the initial phase of
uptake, while kon is the microscopic rate constant of the binding pro-
cess. In scheme II, it is assumed that the system has proceeded toward
full equilibrium. ae 4 (Ti)/(To) represents the equilibrium distribution
of 109Cd while Kde is the intrinsic affinity constant of the intracellular
binding reaction. In scheme III, it is assumed that the rate of transport
(V*) is very slow as compared to the rate of intracellular bindingV*b.
The situation depicted applies to the steady-state phase of initial uptake.
More details are given in the text.
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have a higher value thanass because the buffering capacity of the
intracellular structures leading to (Ti) ≈ 0 under the initial phase of
uptake (see below) would have been exhausted at equilibrium. In prin-
ciple, a precise value ofae could be determined by measuring (Ti)
at equilibrium. However, such measurements can hardly be made us-
ing noninvasive techniques and the use of invasive techniques would
prove inappropriate for this purpose. If one assumes, however, that the
main driving forces at equilibrium are not much affected on increasing
Cd concentrations, as seemed justified in the case ofass, the ae value
can be estimated from our studies under the experimental conditions
where intracellular binding was nearly saturated by unlabeled Cd. Ac-
cordingly, theae value should be close to 1 from the data shown in
Table 2.

For simplicity, we have assumedae 4 1 in section 3 be-
low. Note, however, that our calculations according to this assumption
may be conservative because theUmaxe/Kmeratio increases for increas-
ing values ofae. Note also that theUmaxevalue of 285 ± 40 pmol.mg
protein−1 (Fig. 8) would represent the total number of intracellular
binding sites and that this conclusion is valid whether the value is
determined from either the (Ti) or the (To) values.

(3) Testing the Validity of the Slow-transport
Fast-intracellular Binding Model

The slow-transport fast-intracellular binding model assumes that the
rate of Cd transport (V*t ) is very low as compared to the rate of Cd
binding (V*b), so that (Ti) entering the cells binds immediately to the
intracellular structures following a unidirectional reaction. Accord-
ingly, during the steady-state phase of initial Cd uptake where equation
(A10) holds,

dTi

dt
4 Vt* − Vb* 4 0 (A10)

The (Ti) value assumes a close-to-zero value and the transport step can
be considered as unidirectional. ThusVt* (the net transport rate)4 V*
(the initial rate of transport) and Cd accumulation into cells measured
asVb* measures the kinetics of transport. The situation is depicted in
Scheme III of Fig. A1.

To evaluate the validity of this hypothesis is quite easy once the
kinetic parameter values of transport and binding are known. Firstly,
the relative rates of transport and binding can be estimated relative to
a similarly low (To) 4 (Ti) value << bothKm and Kme. Under these
conditions, Eq. (5) in the main text (relative to the specific term only)
for V*, and Eq. (A9) above can be rewritten as shown in Eq. (A11)

V* 4
Vmax

Km
~To! and Vb* 4

PT

Kme
~To! (A11)

Similarly, the relative rates of transport and binding can be estimated
relative to saturating concentrations of (To) and (Ti), in which case both
Km andKme ! (To) and (Ti) and Eq. (A12) would apply.

V* 4 Vmax and V*b 4 PT (A12)

The V*b/V* ratios calculated from Eqs. (A11–12) and the kinetic
parameter values given in the text show that the binding rate exceeds
the transport rate by a factor of 14-fold at very low substrate concen-
tration and by a factor of 27-fold under saturating substrate conditions.
Accordingly, it can be concluded that Cd transport is the rate-limiting
step of Cd uptake at all substrate concentrations, and that the kinetic
parameters determined in our studies under initial rate conditions do
represent the kinetic parameters of the transport protein. Note that the
above figures are conservative because theBmaxe value of 285 ± 40

pmol.mg protein−1 used in the calculations may only represent a lower
estimate of the total number of binding sites (Figs. 4 and 8).

Appendix II

TESTING THE HYPOTHESIS THAT THESPECIFIC INITIAL

STEP OF Cd UPTAKE MIGHT REPRESENTFAST Cd
BINDING TO A UNIQUE TRANSPORTPROTEIN

The experiments shown in Fig. 6 estimated Cd uptake at a 1-min time
point (U*1), so that the contributions to total uptake of both the rapid
(U*0) and slow (V*1) phases of initial Cd uptake are in fact included in
the measurements, as shown by Eq. (7) in the main text. In the most
general case, then, one would expect to detect some kinetic heteroge-
neity during the analysis ofU*1 relative to Cd concentrations unless the
kinetic parameter values characterizing the specificV*1s (Vmax andKm)
andU*0s (Umax0andKm0) terms in Eqs. (5 and 6) given in the main text
fortuitously preclude the kinetic separation of the two elements ofU*1s.
However, in the particular case where theV*1s andU*0s fractions ofU*1s

could be attributed to the same protein, it will be shown that the
calculations involved in the determination of the algebraic expressions
characterizingV*1s and U*0s lead inevitably to the conclusion that the
relationshipKm0 4 Km should hold.

The formal demonstration of the latter point is rather tedious
given that ann-states transport protein (N) that may involve a number
of intermediate complexes to whichT is bound (and, thus, may con-
tribute to the measuredU*0s fraction of uptake), not all of which, how-
ever, may lead to (a) substrate releasing step(s) (and, thus, contribute to
theV*1s fraction of uptake). For simplicity, then, we choose the mobile
carrier model of membrane transport, a version of which (the iso uni
uni system) has been thoroughly analyzed by Segel [39], to demon-
strate the general principle validating this conclusion.

The simple carrier model considered here is shown in Fig.
B1A. The carrier binding sites are alternatively oriented toward the
inside (N1) or the outside (N2) of the membrane surface, and outside
109Cd (To) binding leads to the intermediate binary complexN3 from
which T is released in the intracellular compartment (Ti). To make the
calculations as simple as possible, it is assumed in Fig. B1A that: (i) the
substrate releasing step is unidirectional as justified under initial rate
conditions, and (ii) there is only one intermediate complex, as justified
by the fact that steady-state kinetics do not allow one to distinguish all
of the intermediate complexes involved in isomerization reactions that
are not directly linked to the substrate binding steps [39].

According to these hypotheses, the distribution of the different
carrier species at the steady state is linked through the conservation Eq.
(B1),

NT 4 N1 + N2 + N3 (B1)

so that each of the different carrier forms can be expressed relative to
NT (total carrier concentration) using the three King-Altman intercon-
version patterns applying to this model and shown in Fig. B1B. The
carrier state distribution thus conforms to Eqs. (B2–4)

N1

NT
4

k21 k32 + k21 k31 + k23 k31 ~To!

D
(B2)

N2

NT
4

k12 k32 + k12 k31

D
(B3)

N3

NT
4

k12 k23 ~To!

D
(B4)
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in which D is the sum of all numerator terms in Eqs. (B2–4) and can
thus be expressed as shown in Eq. (B5)

D 4 ~k12 + k21! ~k31 + k32! + k23 ~k12 + k31! ~To! (B5)

The initial rate of tracer uptake (Vs*) is given by Eq. (B6)

Vs* 4 k31 N3 (B6)

while the fraction of (To) bound onto the carrier (U*0s) is given by Eq.
(B4). The algebraic expressions of the different kinetic parameters thus
follow from these considerations and are listed in Eqs. (B7–9).

Vmax 4 kcat NT 4
k12 k31 NT

k12 + k31
(B7)

Umax04
k12 NT

k12 + k31
(B8)

Km 4 Km0 4
~k12 + k21! ~k31 + k32!

k23 ~k12 + k31!
(B9)

The latter equation is compatible with the absence of kinetic hetero-
geneity noted during the analysis of the data shown in Fig. 6 and would
represent a necessary condition to validate the hypothesis that transport
and initial binding are part of the same transport mechanism (it may not
be sufficient to prove the point, however, because of the limits imposed
on the kinetic separation of heterogeneous systems). The general prin-
ciple underlying the calculations above leads to the prediction that the
denominator expressions for those carrier species involved in transport
and binding should always be the same, independently of the model

being considered and of the specific hypotheses under which the char-
acteristic equations relative to a particular model were derived.

Note that theVmax/Umax0ratio would give the rate constantk31 in
the above model, which is not equivalent in the most general case to the
turnover number of the carrier protein given bykcat in Eq. (B7) unless
k31 ! k12. Such considerations may also be model dependent.
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