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ontributions of phosphorylation to regulation of OCTN2
ptake of carnitine are minimal in BeWo cells
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a b s t r a c t

Physiological functions of organic cation transporters (OCTs) in the placenta include

transporting essential nutrients from the maternal to fetal circulations. OCTN2 transports

carnitine with high affinity, and the transport of several drugs has also been shown to be

mediated by this transporter. In this work, the role of phosphorylation and dephosphoryla-

tion mechanisms in regulating OCTN2 was investigated by observing the effects of various

activators and inhibitors of kinases and phosphatases on the uptake of carnitine in BeWo

cells, a human choriocarcinoma trophoblast cell line frequently used as an in vitro model of

the rate-limiting barrier for maternal-fetal exchange. Preincubation with genistein resulted

in significant increases in both alkaline phosphatase (ALP) activity and carnitine uptake

Levamisole, an ALP inhibitor, caused a more substantial decrease in carnitine uptake than

expected from its corresponding decrease in ALP activity. It was determined that levamisole

competitively inhibits carnitine uptake, with a Ki value of 1.01 � 0.05 mM, and this effect has

a greater role in decreasing carnitine uptake than any indirect effects of ALP inhibition upon

OCTN2 function. Progesterone also competitively inhibited carnitine uptake

(Ki = 48.6 � 5.0 mM), but had no effect on ALP activity in BeWo cells.
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avai lab le at www.sc iencedi rec t .com

journal homepage: www.e lsev ier .com/ locate /b iochempharm
1. Introduction

Understanding transport mechanisms in the placenta is

essential to reduce the risks of fetal drug exposure. Trans-

porters in the trophoblast cell layer of the human placenta

serve to mediate the transfer of nutrients from mother to

fetus, eliminate waste products, and limit the transplacental

passage of certain substances. Physiological functions of

organic cation transporters (OCTs) in the placenta include

transporting essential nutrients such as carnitine from the

maternal to fetal circulations, but certain drugs can also be

transported by OCTs and thus interfere with nutrient

exchange.

The organic cation transporter OCTN2, which is present in

the placenta as well as in other tissues such as the kidney and
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brain, transports carnitine with high affinity in a sodium-

dependent manner. Because the fetus cannot adequately

supply itself with carnitine, placental transport of this

nutrient is of high importance [1]. Low fetal concentrations

can lead to carnitine deficiency in infants, symptoms of which

include muscle weakness, cardiomyopathy, Reye’s syndrome,

hypoketotic hypoglycemia, and sudden infant death [2,3].

Regulation of drug transporters can serve as a way to

control the extent of transporter-mediated drug influx or

efflux. Knowledge of conditions that affect transporter

function could forewarn pharmaceutical scientists of possible

pharmacokinetic abnormalities. In theory, drugs that upre-

gulate or downregulate specific transporters could be designed

and administered to modulate the disposition of other drugs,

but this concept does have some limitations [4].
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The regulation of organic cation transport has been

reported involving several phosphorylation pathways. The

addition or subtraction of phosphate groups on proteins

causes a change in local charge, which can affect the protein’s

conformation and biological activity. Ciarimboli et al. report

that OCT1 activity decreased upon protein kinase A (PKA)

activation and upon inhibition of calmodulin, calmodulin-

dependent kinase II, and p56lck tyrosine kinase [5]. This same

group also determined that OCT2 uptake is inhibited by

phosphatidylinositol 3-kinase (PI3K) and PKA and activated by

calmodulin-dependent signaling [6]. OCT3 regulation by

phosphorylation/dephosphorylation mechanisms was inves-

tigated by Martel et al., who observed reduced MPP+ uptake in

the presence of Ca2+/calmodulin pathway inhibitors, phos-

phodiesterase inhibitors, and an alkaline phosphatase (ALP)

inhibitor [7]. PDZ domain-containing proteins have been

shown to interact with the SLC superfamily, and shortly after

Gisler et al. reported the interaction of PDZK1 with the C-

terminal portion of OCTN1 [8], PDZK1 was shown to interact

with the C-terminus of OCTN2 and regulate its function [9].

Fig. 1 shows the predicted phosphorylation sites on the

OCTN2 transporter protein, as predicted by NetPhos 2.0 [10]

and ProSite Motif Search [11] software. Thirteen putative

phosphorylation sites appear in this figure. These include

predicted PKC sites at S80, S164, S280, and S322; a PKA/PKG

site at S402; and a Casein kinase II phosphorylation site at

T311 [12]. Three of the potential phosphorylation sites are

on the extracellular loop between transmembrane domains

1 and 2.

In this work, the role of phosphorylation/dephosphorylation

inregulatingOCTN2 was investigatedbyobservingtheeffectsof

various activators and inhibitors of several kinases and

phosphatases on the uptake of carnitine in BeWo cells, an in

vitro trophoblast model of the rate-limiting barrier for mater-

nal-fetal exchange within the placenta. OCTN2-mediated

carnitine uptake was previously characterized in the BeWo

cell line and shown to be saturable (Km = 9.8� 2.4 mM,

Vmax = 800� 70 pmol/mg protein/30 min), with a non-saturable

constant of 2.8� 0.3 mL/mg protein/30 min [13].
Fig. 1 – Putative phosphorylation sites (circles) and N-

glycosylation sites (triangles) on transporter protein

OCTN2, as predicted by NetPhos 2.0 and ProSite Motif

Search software. Figure adapted from Lahjouji et al.

Molecular Genetics and Metabolism 73 (2001) 287–297.
2. Materials and methods

2.1. Cell culture and uptake experiments

Protocols regarding the revival, maintenance, passage, and

growth of BeWo cells for uptake studies were followed as

provided in the literature [14]. Briefly, BeWo cells between

passage numbers 31 and 49 were seeded in 12- or 24-well

plates at a density of 12,500 cells/cm2 in Dulbecco’s Modified

Eagle’s medium (DMEM) containing 10% fetal bovine serum,

1% penicillin-streptomycin, 1% glutamine, and 1% non-

essential amino acids. The cells were incubated at 37 8C under

5% CO2, 95% air, and saturated relative humidity for 4–6 days,

at which point the cells were washed and equilibrated with

warm HBSS. [3H]-L-Carnitine (with or without inhibitors) was

added to the cells after the specified preincubation times, and

after the appointed duration of each uptake study, the

carnitine solutions were removed by aspiration and the cells

were washed three times with ice-cold HBSS and then lysed.

The cell lysate was analyzed by liquid scintillation counting,

and the protein content was determined using a kit from

Pierce (Rockford, IL) with bovine serum albumin as the

standard.

Carnitine uptake following preincubation and in the

presence of various substances affecting phophatase and

kinase activities was investigated in BeWo cells to assess the

effects of phosphorylation in regulating OCTN2 function.

Forskolin (PKA activator), phorbol 12-myristate 13-acetate

(PMA, a PKC activator), 8-bromo-cGMP (PKG activator),

orthovanadate (protein tyrosine phosphatase inhibitor), oka-

daic acid (protein serine/threonine phosphatase inhibitor),

emodin (Casein kinase 2 inhibitor), genistein (protein tyrosine

kinase inhibitor), 3-isobutyl-1-methylxantine (IBMX, a non-

selective phosphodiesterase inhibitor), levamisole (ALP inhi-

bitor), progesterone, L-leucine, and alkaline phophatase from

bovine kidney were obtained from Sigma-Aldrich (St. Louis,

MO). L-Phenylalanine was from Acros Organics (Fair Lawn, NJ).

Forskolin, emodin, genistein, IBMX, and progesterone were

solubilized in HBSS containing 1% ethanol (and compared to

controls in 1% ethanol). PMA was solubilized in 0.5% DMSO

(and compared to controls in 0.5% DMSO). Inhibitor concen-

trations and preincubation times closely resembled levels

reported in the literature for similar work [15,16].

2.2. Alkaline phosphatase activity

The activity of ALP in BeWo cells and external cell

membrane fragments was investigated by monitoring the

conversion of 4-nitrophenylphosphate (Sigma, St. Louis) to

4-nitrophenol. The enzyme removes the phosphate group

off of 4-nitrophenylphosphate, leaving the hydroxyl group.

A solution of 4-nitrophenylphosphate in HBSS was added to

the cells or membrane vesicles and after 60 min, a 450 mL

sample of HBSS was diluted into 900 mL of 3N NaOH to

stop the reaction. Standards containing known concentra-

tions of 4-nitrophenol (Sigma, St. Louis) were likewise

diluted in NaOH. The concentration of 4-nitrophenol in

samples and standards was quantified by UV detection at

410 nm with a Bio-mini DNA/RNA/Protein Analyzer (Shi-

madzu, Columbia, MD).



Fig. 2 – Effects of various compounds on the uptake of

10 nM [3H]-L-carnitine in BeWo cells. Uptake was

measured for 15 or 30 min at 37 8C in the presence of

compound concentrations shown with preincubation

times (in min) in parentheses. Data are presented as

percent of control (uptake of carnitine in the absence of

these compounds). Data points represent the average and

standard deviation from 3 to 6 determinations. Bars

representing statistically significant ( p < 0.05) data are

colored in black.
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The external cell membranes were prepared following the

protocol of Jin and Audus [17]. Briefly, cells from a 150 cm2 flask

were washed three times with 10 mL warm PBS and then

scraped into 10 mL PBS. The cells were spun at 450 � g for 6 min,

and the cell pellet was resuspended in about 800 mL PBS.

Sonication with a Sonic Dismembrator Model 500 (Fisher

Scientific, Hampton, NH) was at 20% amplitude for 10 s at a

time, three times, with the sample kept on ice for at least one

minute in between each sonication. Following centrifugation at

15,000 � g for 20 min, the soluble (cytosolic) fraction was

removed and the insoluble fraction was resuspended in HBSS

and distributed into a 24-well plate for the same reaction of 4-

nitrophenylphosphate to 4-nitrophenol to monitor ALP activity.

2.3. Statistical analysis

Data from uptake experiments and determinations of ALP

activity relative to controls were compared by single factor

ANOVA tests; between 3 and 6 replicates were analyzed in

each case, and differences were deemed statistically signifi-

cant if p < 0.05.Ki values were calculated from the slopes of the

Lineweaver–Burk plots, using the following equation:

Ki ¼
½Inhibitor�

ðmInhibitor=mControl � 1Þ

where [Inhibitor] is the inhibitor concentration, mInhibitor is the

slope regressed from the plot of the inverse of carnitine con-

centration (x-axis) versus the inverse of carnitine uptake (y-

axis) in the presence of inhibitor, and mControl is the slope

regressed from the same plot in the absence of inhibitor.
Fig. 3 – Alkaline phosphatase activity in external

membrane fragments compared to whole BeWo cells, and

inhibition of ALP activity by levamisole. BeWo cells or cell

membrane fractions were preincubated with 500 mM

levamisole followed by a 60-min reaction of 1 mM 4-

nitrophenylphosphate conversion to 4-nitrophenol. Data

represent the average and standard deviation of four

determinations, corrected for protein content. (*)

Significantly different from control ( p < 0.05).
3. Results

The uptake of carnitine was measured in the presence of

various activators or inhibitors of kinases and phosphatases,

following preincubation of the BeWo cells with these

compounds. Fig. 2 shows that in only two cases was there a

statistically significant increase or decrease in carnitine

uptake. Preincubation with 500 mM levamisole, an ALP

inhibitor, significantly reduced carnitine uptake in BeWo cells

(204 � 50 fmol/mg protein) compared to control (382 � 65

fmol/mg protein, p < 0.01). Preincubation with 10 mM genis-

tein, a protein tyrosine kinase inhibitor, increased the uptake

of carnitine from 505 � 42 to 567 � 28 fmol/mg protein

(p < 0.05). Inhibitors or activators of protein tyrosine phos-

phatase, protein serine/threonine phosphatase, casein kinase

II, and protein kinases PKA, PKC, and PKG had no significant

effects on carnitine uptake.

The inhibitory effect of levamisole upon ALP activity was

confirmed as it reduced 4-nitrophenol formation to 80.7% of

control (p < 0.05). ALP activity in BeWo cells, assessed by

monitoring the enzyme’s removal of the phosphate group

from 4-nitrophenylphosphate, was also investigated in the

external membrane fragments in order to verify that the

conversion of 4-nitrophenylphosphate being monitored for

ALP activity is not an intracellular reaction. In Fig. 3, it is seen

that when corrected for protein content, the majority of the

ALP assay reaction is occurring in the external membrane

fractions of the cells. It is also apparent that levamisole’s
inhibition of ALP is much stronger (27.0 � 6.8% of control,

compared to 80.7 � 13.8%) when looking at just the external

membranes. It was determined that the external membranes

contain approximately 45% of total cellular protein.

ALP activity was further characterized in the external

membranes by studying the effects of heat-inactivation and

other ALP inhibitors. Fig. 4 shows the partial reduction of ALP



Fig. 4 – Measurement of ALP activity in BeWo cell

membrane fragments at 37 8C following 20-min

preincubation at 37 8C (control) or 65 8C. Data points

represent the average and standard deviation of four

determinations. The activity at 65 8C is significantly lower

than the activity at 37 8C at every concentration of 4-

nitrophenylphosphate studied ( p < 0.05).

Fig. 6 – Comparison of the effects of 10 mM genistein, 1 mM

IBMX, 500 mM levamisole, and 100 mM progesterone on

carnitine uptake and ALP activity in BeWo cells. Uptake of

10 nM [3H]-L-carnitine was measured at 37 8C for 20 or

30 min with 30-min preincubation of IBMX and

levamisole, 15-min preincubation of genistein, and 20-

min preincubation of progesterone. ALP activity was

monitored by the 60-min conversion of 1 mM 4-
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activity following a 20-min preincubation of the external

membrane fragments at 65 8C. Inhibition of the ALP activity in

the external membranes by leucine and phenylalanine,
Fig. 5 – Inhibition of ALP activity by various concentrations

of leucine (Leu) and phenylalanine (Phe) in external BeWo

cell membranes (A) measured by the conversion of 300 mM

4-nitrophenylphosphate to 4-nitrophenol; and the

inhibition of 10 nM [3H]-L-carnitine uptake in BeWo cells

by leucine and phenylalanine (B). Uptake was measured at

37 8C for 15 min. All data points represent the average and

standard deviation for 3–4 determinations. (*) Significantly

different from the control uptake of 0.443 W 0.056 pmol/mg

protein/15 min ( p < 0.05).

nitrophenylphosphate to 4-nitrophenol with

preincubation times identical to those of the carnitine

experiments. All values are expressed as percent of

control (carnitine uptake or ALP activity without any

preincubations or compounds present) and corrected for

protein content. Data points represent averages and

standard deviations of 3–4 determinations. (*) Significantly

different from control carnitine uptake ( p < 0.05). (#)

Significantly different from control ALP activity ( p < 0.05).
together with the inhibition of carnitine uptake in whole

BeWo cells by these two amino acids, is presented in Fig. 5.

Of the three compounds having substantial effects on

carnitine uptake in Fig. 2, levamisole’s inhibition of ALP

activity has already been mentioned. The effects of

genistein and IBMX on the conversion of 4-nitrophenylpho-

sphate to 4-nitrophenol in whole BeWo cells was investi-

gated, and the results appear in Fig. 6. The influence of

progesterone preincubation on carnitine uptake and ALP

activity in BeWo cells was also investigated and shown to

cause a significant reduction in carnitine uptake (to

32.1 � 21.7% of control), but no change in ALP activity

(99.2 � 21.0% of control).

ALP activity and carnitine uptake were also investigated

with the addition of 2 U/mL ALP to the HBSS solutions

containing either carnitine or 4-nitrophenylphosphate at the

commencement of the uptake or ALP activity studies,

respectively (without preincubation). The additional ALP

resulted in a 73-fold higher conversion of 4-nitrophenylpho-

sphate compared to control (3300 � 510 compared to

45.5 � 10.8 mmol converted/g protein/60 min). However, the

addition of external ALP resulted in a significantly decreased

carnitine uptake (0.477 � 0.056 pmol/mg protein/20 min) com-

pared to control (0.589 � 0.101 pmol/mg protein/20 min).

Fig. 7 displays Lineweaver–Burk plots generated upon

inhibition of carnitine uptake with either 500 mM levamisole



Fig. 7 – Lineweaver–Burk plot for inhibition of various

concentrations of [3H]-L-carnitine uptake in BeWo cells at

37 8C for 20 min following a 30-min preincubation with

500 mM levamisole (A, open squares) or a 20-min

preincubation with 100 mM progesterone (B, open

triangles). Data for the control situations (no preincubation

or inhibitor present) are also presented (closed diamonds,

dotted lines). Each point and error bar represents the

average and standard deviation for 4–6 determinations of

uptake corrected for protein content.
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(A) or 100 mM progesterone (B) with varying carnitine con-

centrations. The intersections of the fitted lines (all with

R2 � 0.99) occur at the y-axes, indicating competitive inhibi-

tion of carnitine uptake by both levamisole and progesterone.

The Ki values were determined to be 1.01 � 0.05 mM for

levamisole and 48.6 � 5.0 mM for progesterone.
4. Discussion

Experiments have been carried out to investigate the possible

regulation of OCTN2 in BeWo cells by phosphorylation.

Although OCTN2 is predicted to have several PKC phosphor-

ylation sites, a PKA/PKG site, and a possible casein kinase II

site, preincubation with compounds that activate PKC and

PKG, and an inhibitor of casein kinase II led to no significant

effects on OCTN2-mediated carnitine uptake. Forskolin, an

activator of PKA, did increase the carnitine uptake to

119 � 17% of control, but the increase was not statistically

significant (p > 0.05).
Regulation of OCTN2 by phosphorylation/dephosphoryla-

tion mechanisms was expected due to previous reports

regarding such effects on OCT1, OCT2, and OCT3 [5–7] and

the presence of putative phosphorylation sites on the OCTN2

protein (see Fig. 1). Nevertheless, the results gathered while

testing this hypothesis suggest that the contributions of

phosphorylation in the regulation of OCTN2 are minimal in

this model of the placental barrier.

Among the compounds in Fig. 2, levamisole had the

greatest effect on carnitine uptake, reducing it to

53.4 � 24.3% of control. Levamisole is an inhibitor of ALP, so

this inhibition of carnitine uptake suggested a link between

ALP and OCTN2 transport function, and experiments were

performed to further characterize the activity of ALP in BeWo

cells.

There are four types of ALP: tissue-unspecific ALP (also

called liver/bone/kidney ALP), intestinal ALP, placental ALP,

and placental-like ALP (also called germ-cell ALP); these

isoforms can be distinguished based on their thermal

stabilities and sensitivities to various inhibitors [18]. Placental

ALP and placental-like ALP are more stable at high tempera-

tures than the tissue-unspecific and intestinal ALPs. The IC50

values of inhibitors such as phenylalanine, leucine, and

levamisole have been tabulated for the four types of ALP [18].

Placental ALP exhibits higher density in syncytiotropho-

blast than in cytotrophoblast cells, and is located in both the

apical and basal membranes of trophoblast cells [19]. The

characterization of ALP by thermostability and inhibition

profiles was therefore carried out in this work by separating

the external membranes of the BeWo cells from the cytosolic

fractions. Fig. 3 shows the ALP activity corrected for protein

content in the external membranes compared to the whole

cell, and the predominant portion of ALP activity is in the

external membranes. The strong inhibition of levamisole on

external membrane ALP activity, the heat stability of the ALP

activity shown in Fig. 4, and the similar inhibition profiles of

leucine and phenylalanine on ALP activity (in Fig. 5), compared

to the tabulated values for the thermostability and inhibition

of the different ALP isoforms [18], together suggest the

involvement of both tissue-unspecific and placental-like

ALP in BeWo cells. This is in agreement with literature reports

of the presence of these two isoforms in BeWo cells [20,21].

Genistein is listed in the literature as an inhibitor of protein

tyrosine kinase [15], and IBMX as a non-selective phospho-

diesterase inhibitor [7], However, these two compounds have

also been reported to affect ALP activity [22,23]. Following this

thought, the effects of both genistein and IBMX on the present

assay of ALP activity were investigated. Fig. 6 shows that the

degree of ALP stimulation (by genistein) or inhibition (by IBMX)

matched moderately well with the respective increased and

decreased carnitine uptake upon incubation with these two

agents. This suggests that the increased OCTN2 function

observed after preincubation with genistein may not be due to

protein tyrosine kinase after all, but simply due to an increase

in ALP activity brought about by genistein. These observations

were also in agreement with the decreased inhibition of

carnitine uptake upon inhibition of ALP by levamisole, thereby

providing initial indications of a correlation between ALP

activity and OCTN2-mediated uptake that would suggest

greater transporter function in a dephosphorylated state.
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Martel et al. observed reduced MPP+ uptake in the presence

of an ALP inhibitor, and increased uptake of MPP+ after the

addition of 2 U/mL ALP [7]. Although ALP inhibition in this

work seemed to match decreases in carnitine uptake, the

external addition of 2 U/mL ALP to BeWo cells did not result in

increased carnitine uptake, but rather, a significant decrease,

even though the measured ALP activity was very much

increased. Although the decreased uptake may be due to

protein binding effects, this experiment suggests that there

may be other factors responsible for the observed changes in

carnitine transport in the presence of the ALP inhibitor

levamisole. In addition, very high concentrations of leucine

and phenylalanine are required to inhibit ALP activity and

carnitine uptake, which makes it difficult to attribute the

effects observed in Fig. 5 to a definite link between ALP and

carnitine uptake by OCTN2.

In Fig. 6, the observed inhibition of carnitine uptake by

levamisole (to 53.4% of control) is quite a bit lower than the

observed inhibition of ALP activity in whole cells (80.7%). The

pKa of levamisole is 8.0 [24], which means that at a pH of 7.4,

roughly 75% of the levamisole molecules would have a

positively charged nitrogen atom and therefore it is possible

that the inhibition of carnitine uptake by levamisole is due to a

combination of ALP inhibition and competition of levamisole

for the cationic binding site for carnitine on OCTN2. This was

confirmed in the Lineweaver–Burk plot (Fig. 7A), which shows

that levamisole indeed competitively inhibits carnitine uptake,

i.e., levamisole and carnitine compete for the same binding site

on the OCTN2 protein. Although theKi value (1.01� 0.05 mM) is

not remarkably low, the observation of levamisole’s competi-

tive inhibition of OCTN2 can explain the difference between the

magnitude of levamisole’s inhibition of carnitine uptake and its

inhibition of ALP activity in BeWo cells.

Fig. 6 also shows that progesterone significantly inhibits

carnitine uptake in BeWo cells, but it has no effect at all on ALP

activity, as quantified here using 1 mM 4-nitrophenylpho-

sphate hydrolysis. Progesterone has been reported to increase

ALP activity [15,25], which is why it was investigated in this

work to correlate ALP and OCTN2 function. However, the

strong inhibition of carnitine uptake by progesterone without

the accompanying impact on ALP activity suggests other

effects of this hormone on OCTN2-mediated transport func-

tion. Progesterone is an essential steroid for maintenance of

pregnancy, and it is involved in the regulation of the glucose

transporter GLUT1, the peptide transporter PEPT1, and other

enzymes [26–28]. Since the inhibition of carnitine uptake by

progesterone was seen after only 20 min of preincubation, it is

not likely that hormonal regulation of OCTN2 is responsible

for these observations. Additional studies are necessary to

further investigate the interactions of progesterone and other

pregnancy hormones with OCTs expressed in the placenta.

In summary, these investigations were carried out to

understand the possible roles of phosphorylation/depho-

sphorylation mechanisms affecting OCTN2-mediated carni-

tine uptake in BeWo cells. Experiments confirmed the

expression of placental-like and tissue-unspecific ALP in

BeWo cells. Although preincubation with ALP inhibitors

resulted in reductions in OCTN2-mediated carnitine uptake

similar to the observed reductions in ALP activity, it appears

that competitive inhibition of the ALP inhibitor levamisole on
the OCTN2 protein plays a more substantial role in decreasing

carnitine uptake in BeWo cells than the indirect effects of ALP

inhibition upon the function of this transporter. Furthermore,

progesterone was also shown to be a competitive inhibitor of

carnitine uptake in this model of placental trophoblasts.

Future investigations should provide additional insight into

the interactions of progesterone with placental OCTs, since

they play an important role in transporting cationic drugs and

nutrients between the maternal and fetal circulations.
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