IR

i Archives of Biochemistry and Biophysics

Vol. 364, No. 1, April 1, pp. 99-106, 1999

. . . ®
Article ID abbi.1999.1118, available online at http://www.idealibrary.com on IGE %E-

26159

ND:

Functional Characterization of the Carnitine Transporter
Defective in Primary Carnitine Deficiency

Fernando Scaglia, Yuhuan Wang, and Nicola Longo'! :
Department of Pediatrics, Division of Medical Genetics, Emory University School of Medicine, Atlanta, Georgia, 30322

Received November 12, 1998, and in revised form January 12, 1999

Primary carnitine deficiency is an autosomal reces-
sive disorder caused by defective carnitine transport
which impairs fatty acid oxidation and manifests as
nonketotic hypoglycemia or skeletal or heart myop-
athy. Here we report the functional characterization
of this transporter in human fibroblasts. Carnitine en-
ters normal cells by saturable and unsaturable routes,
the latter corresponding to Na'-independent uptake.

* Saturable carnitine transport was absent in cells from

patients with primary carnitine deficiency. In control
cells, saturable carnitine transport was energized by
the electrochemical gradient of Na*. Carnitine uptake
was not inhibited by amino acid substrates of trans-
port systems A, ASC, and X", but was inhibited com-
petitively (in potency order) by butyrobetaine > car-
nitine > palmitoylcarnitine = acetylcarnitine > be-
taine. Carnitine uptake was also noncompetitively
inhibited by verapamil and quinidine, inhibitors of
the multidrug resistance family of membrane trans-
porters, suggesting that the carnitine transporter may
share a functional motif with this class of transport-
ers. A high-affinity carnitine transporter was present
in kidney 293 cells, but not in HepG2 liver cells, whose
carnitine transporter had a K, in the millimolar
range. These result indicate the presence of multiple
types of carnitine transporters in human cells. o 1989
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Inherited disorders of fatty acid oxidation are char-
acterized by inability to use fat as fuel during periods
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of stress and starvation with consequent nonketotic or
hypoketotic hypoglycemia (1). Fatty acid oxidation de-
fects can be divided into two groups: defects in the
carnitine cycle and defects of the beta oxidation spiral
(2). Carnitine is accumulated inside the cell by a spe-
cific membrane transporter and plays an essential role
in fatty acid oxidation by binding long-chain fatty acids
in the cytoplasm and transferring them to the mito-
chondrial matrix for subsequent oxidation.

Primary carnitine deficiency (OMIM No. 212140) is
an autosomal recessive disorder caused by defective
carnitine transport. Affected children present early in
life with hypoketotic hypoglycemia or later in life with
skeletal or heart myopathy. Plasma carnitine levels
are markedly reduced (less than 10% of controls) with-
out abnormal organic acids in the urine during acute
attacks or excessive acylcarnitine, as observed in most
cases of secondary carnitine deficiency (1). No evidence
of defective carnitine biosynthesis or excessive carni-
tine degradation has been found in patients with sys-
temic carnitine deficiency. Carnitine is lost in the urine
due to impaired tubular resorption and fibroblasts
share the defective transporter with the kidney (3, 4).
This disorder responds promptly to dietary carnitine
supplementation, with correction of metabolie, skele—
tal, and heart muscle abnormalities (1). :

Analysis of carnitine transport in different t1ssués
suggests the presence of heterogeneous transporters.
Liver and brain have a low-affinity (KX, = 2-10 mM),
high-capacity transporter (5-~7), while the fibroblast,
muscle, and heart cell have a high-affinity (K, = 5-10
puM), low-capacity system (8, 9). Neuroblastoma cells
have a transporter with intermediate affinity (100-200
uM) (10) as do muscle cells differentiated in culture
(11). Itis not known whether these different propertiés
are.due to dlfferent carnitine transporters, to the same
transporter with different functional properties in:dif-
ferent tissues, or to the contribution of less specific
transporters to:the total uptake in“different tissues,
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resulting in an‘apparent:lower affinity when nonspe-
cific transporters predominate. In patients with pri-
mary carnitine deficiency, carnitine supplements re-
store promptly the content of carnitine in liver, but not
in muscle, providing genetic evidence for at least two
different carnitine transporters (1). To date, no cellular
models have been reported for the liver or kidney car-
nitine transporter.

In this paper we functionally characterize the carni-
tine transporter defective in primary carnitine defi-
ciency in cultured human fibroblasts. Our data define
the relative power of different competitive inhibitors
and identify verapamil and quinidine as novel noncom-
petitive: inhibitors of this transporter. Our studies
demonstrate quantitatively the dependence of this
transporter on the sodium electrochemical potential
and define new models in which to characterize liver
and kidney carnitine transporters.

MATERIALS AND METHODS

Materials. DMEM (growth medium) was from Mediatech Inc.
Fetal bovine serum was from HyClone. L-[methyl-*H]Carnitine hy-
drochloride (85 Ci/mmol) and 1-(2,3,4,5-*H]arginine monohydrochlo-
ride (63 Ci/mmol) were from Amersham. 3-O-{methyl-*H]Methyl-p-
glucose (1000 mCi/mmol) was from Du Pont. Aldrich and Sigma were
sources of unlabeled amino acids and other chemicals.

Cell culture and carnitine transport. Fibroblasts from patients
2996 and 10665 with primary carnitine deficiency were obtained as
previously described (12). Both patients presented early in life (8
months and 2 years of age) with nonketotic hypoglycemia and Reye
syndrome (12). Normal human fibroblasts were derived from adult
skin biopsy as described previously (13). Human embryonic kidney
293 cells were obtained from Dr. Serena Bagnasco (Department of
Pathology, Emory University). HepG2 cells were obtained from
American Type Culture Collection. All cell lines were grown in Dul-
becco’s modified Eagle’s medium supplemented with 15% fetal bo-
vine serum. Cells were plated in 24-well plates (Costar) and grown to
confluence. The medium was changed twice a week and 48 h before
the transport experiment. Carnitine transport was measured with
the cluster-tray method (14) in adherent cells with the same methods
used to measure amino acid and glucose transport (13, 15). Briefly,
on the day of the experiment cells were washed twice and preincu-
bated for 90 min at 37°C in Tris (26 mM)-buffered (pH 7.4) Earle’s
balanced salt solution (EBSS) containing 116 mM NaCl, 5.4 mM KCl,
1.8 mM CaCl,, 1 mM NaH,PO,, 0.8 mM MgSO,, 5.5 mM p-glucose,
‘which was always supplemented with 1% bovine serum albumin.
This preincubation was performed to deplete the intracellular amino
acid pool as well as the intracellular stores of carnitine and to
minimize possible trans-effects such as those observed in several
amino acid transport systems (16). Bovine serum albumin was in-
cluded in the solution to avoid perturbation of Na* and K* gradients
observed in human fibroblasts incubated in the absence of serum
(17). Cells were then incubated for 2 h in the same medium contain-
ing 0.5 uM carnitine (0.5 uCi/ml). After transport assay, cell mono-
layers were rapidly washed three times with ice-cold 0.1 M MgCl,
(total washing time below 10 s). Ethanol (0.5 ml) was then added to
each well to extract intracellular radioactivity, mixed with 4 ml of
scintillation fluid, and counted in a beta counter (Beckman LS 7500).
Cell monolayers were dried, solubilized with 200 pl of 0.1% sodium
deoxycholate in 1 M NaOH, and assayed for protein using a modified
Lowry procedure (18). Intracellular water was evaluated in parallel
experiments from the equilibrium distribution of 3-O-methyl-p-
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glucose (19), which is reached within 10 min in cultured human
fibroblasts (13).

Initial experiments indicated that carnitine uptake was linear up
to 4 h (12) and a transport time of 2 h was chosen for subsequent
experiments to assess initial rates of entry of this solute.

Calculations. Carnitine influx was normalized for cell protein
(measured in the same well) and cell water (measured in a parallel
tray) and expressed as nmol * ml cell water™ * h™. Calculations
were performed using a BASIC program on an IBM computer. Data
from three independent wells within the same cluster trays were
averaged and data are expressed as means * SD of triplicates,
unless otherwise indicated. Determination of kinetic parameters for
carnitine transport was performed by nonlinear regression analysis
(after correction for nonsaturable uptake measured with 2 mM cold
carnitine) according to a Michaelis—Menten equation.

When correction for unsaturable uptake was not possible, the
following equation was used for a saturable system plus diffusion,

Vs [S]
K, +18]

Py =

5081, [

where v is the observed velocity of substrate entry, [S] is the sub-
strate concentration, V... is the maximal velocity, K, is the concen-
tration of substrate at which half-maximal velocity is observed, and’
K, is the diffusion constant (13).

For inhibition studies, kinetic analysis was performed in the pres-
ence of fixed concentrations of inhibitor to determine if inhibition
was competitive or noncompetitive. To determine the relative power,
carnitine transport was measured in the presence of increasing con-
centrations of inhibitor and data fitted to the equation

I .
vE e I; + 11’ L

where V, is the transport velocity in the absence of the inhibitor, 7.
is the maximal inhibition, [7] is the inhibitor concentration, and I, is
the concentration of inhibitor at which half-maximal inhibition is
achieved (13).

The Hill equation was used to estimate the minimum number (n)
of sodium binding sites on the transporter. Nonlinear parameters are
reported in the text as means * SD.

Membrane potential was calculated from the distribution ratio of
L-arginine (20). This cationic amino acid is transported by human
fibroblasts through transport system y* and its equilibrium distri-
bution depends only on membrane potential (20). Membrane poten-
tial was calculated by applying the Nernst equation to the dlstnbu-,
tion ratio of L-arginine [Argl;./{Arg],. (20). )

Intracellular ion concentrations were determined by flame pho- )
tometry as previously described (21, 22).

RESULTS

Carnitine transport in human fibroblasts. Carni-
tine (0.5 uM) transport in fibroblasts from controls and
patient 2996 with primary carnitine deficiency is re-
ported in Fig. 1A in the presence or absence of sodium
and excess unlabeled carnitine (2 mM). In normal eells,
most carnitine transport was Na* dependent, with the
saturable component (i.e., the component inhibitable
by 2 mM cold carnitine) accounting for 80-92% of total
in different experiments (Fig. 1A). The nonsaturable
component was not significantly different from carni-
tine uptake in the absence of sodium. Na*-independent



CARNITINE TRANSPORT IN HUMAN FIBROBLASTS

5| ammes CONTROL A
4| === PRIMARY CARNITINE
3 DEFICIENCY
xE 2
26 4
-
L. g 0 peE o
Z - CARNITINE CARNITINE
W 'g 2mm 2mM
E (5]
EE SATURABLE CARNITINE
==
23 TRANSPORT B
< £
(&2
-2
1

CONTROLS Patient
(n=10) 2996

Patient
10665

FIG. 1. Carnitine transport in fibroblasts from controls and pa-
tients with primary carnitine deficiency. (A) Effect of extracellular
sodium. Carnitine (0.5 pM) transport was measured for 2 h in fibro-
blasts from controls and patient 2996 with primary carnitine defi-
ciency in the presence (left) and absence (right) of sodium (117 mM)
and carnitine (2 mM). Data are means * SD of triplicates. (B)
Saturable carnitine transport. Carnitine (0.5 uM) was measured as
above. Carnitine uptake in the presence of 2 mM carnitine was
subtracted from total uptake to obtain saturable carnitine transport.
Points are means * SE of six observations in patients’ cells and 36
observations in 10 different control strains. Saturable carnitine
transport was significantly (P < 0.01) reduced in cells from both
patients with primary carnitine deficiency and was not significantly
different from zero.

. carnitine transport was only minimally inhibited by
: the addition of unlabeled carnitine, confirming that the
° nonsaturable component corresponded to Na®-inde-
- pendent uptake. By contrast, carnitine transport in the
absence or presence of excess carnitine was identical in
cells from patient 2996 with primary carnitine defi-
ciency, indicating that the saturable, sodium-depen-
dent component was lacking in these cells. When total
carnitine uptake was corrected for residual uptake in
the presence of 2 mM carnitine to obtain saturable
carnitine transport, cells from two patients with pri-
mary carnitine deficiency had absent carnitine trans-
port (Fig. 1B).

Energization of the carnitine transporter. We tested
the dependence of carnitine transport on the electro-
chemical potential of Na* in human fibroblasts. Carni-
tine transport was measured at three different carni-
tine concentrations (0.5, 2.5, and 10 uM) in the pres-
ence of increasing extracellular concentrations of Na*
(0-140 mM). Na* was substituted by methylglucamine
and chloride remained constant at all concentrations.
Carnitine transport was strongly dependent on extra-
cellular Na* concentration (Fig. 2). Maximal carnitine
influx was observed at approximately 50 mM Na®.
Half-maximal carnitine influx was observed at 11.4 *
2.1,6.6 = 1.3, and 4.0 = 0.9 mM when carnitine con-
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centrations were 0.5, 2.5, and 10 pM, respectively.
When data of Fig. 2 were fitted to a Hill equation, the
n obtained were 1.21 *+ 0.25, 0.92 * 0.26, and 0.87 =
0.35 at 0.5, 2,5, and 10 uM carnitine, respectively. In
all cases, the n obtained was not significantly different
from 1, indicating that the transport of carnitine did
not require cooperative interactions and suggesting
that one sodium ion was cotransported with each mol-
ecule of carnitine.

Membrane potential of human fibroblasts was varied
using increasing-potassium concentrations (5.4-105.4
mM) in the extracellular medium, while the concentra-
tion of Na* was kept constant (50 mM). Methylgluca-
mine chloride was exchanged for KCl. The v-arginine
distribution ratio was used to measure membrane po-
tential, since the accumulation of this amino acid
through system y* depends solely on membrane poten-
tial and no significant metabolism occurs during the 60
min required to achieve steady-state levels (20). As
expected, the r-arginine distribution ratio decreased
with increasing extracellular potassium concentration
(Fig. 3A). The membrane potential, estimated by ap-
plying the Nernst equation to the distribution ratio of
L-arginine (20), decreased from —63.8 = 1.0 mV at 5.4
mM to —37.7 = 2.3 mV at 105.4 mM extracellular [K*].
Carnitine transport also decreased with increasing
concentrations of potassium (Fig. 3B), showing a linear
dependence on membrane potential (Fig. 3C).

QOuabain is an inhibitor of Na,K-ATPase which in-
creases intracellular [Na*] and decreases membrane
potential in human fibroblasts (21). We tested the ef-
fect of the cardiac glycoside on carnitine transport,
intracellular ion concentrations, and membrane poten-
tial. The membrane potential of human fibroblasts in-
cubated in the absence of ouabain was —66.5 = 0.1 mV

10 uM

-
(94}

-
o

(3,3

CARNITINE INFLUX
(nmol/ml cell water/h)

100
[Na*], mM

FIG. 2. Dependence of carnitine transport on chemical potential of
Na* in human fibroblasts. Carnitine (0.5, 2.5, and 10 uM) transport
was measured for 2 h in the presence of increasing extracellular
concentrations of Na* (0-140 mM). Data are means * SD of tripli-
cates. Lines represent best fits of data fo a Hill equation.
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FIG. 8. Dependence of carnitine transport on membrane potential.
Carnitine (0.5 M, B) transport and arginine (20 pM) distribution
ratio (A) were measured for 2 h in the presence of increasing con-
centrations of extracellular K* (5.4-105.4 mM). Data are means =*
SD of triplicates. Membrane potential was estimated from the dis-
tribution ratio of arginine and C depicts carnitine influx as a function
of membrane potential. Regression in C was statistically significant
(P < 0.05) using analysis of variance.

and decreased to —56.5 = 0.2 mV after 2 h incubation
with 0.4 mM ouabain. Intracellular [Na'] increased
from 16.7 = 1.7 to 78.2 = 7.5 mM, while intracellular
[K*] decreased from 186.2 = 7.3 to 145.7 = 12.8 mM.
Since extracellular [Na*] was constant at 124 mM, the
Na* electrochemical potential (calculated as in Ref. 23)
decreased from 11.58 to 6.63 kJ * mol™'. Saturable
carnitine transport decreased from 2.45 * 0.32 to
1.33 + 0.24 nmol * ml cell water™ * h™' with 0.4 mM
ouabain. The ratio between carnitine transport and
Na* electrochemical potential remained similar in cells
incubated with or without ouabain (from 0.21 * 0.03 to
0.20 * 0.04 nmol of carnitine * ml of intracellular
water™ * h™' per kJ * mol™ of Na* electrochemical
potential without and with ouabain, respectively), in-
dicating that the effect of ouabain was fully explained
by its alteration of the Na* electrochemical potential
gradient.

Characterization of sodium-dependent carnitine
transport. Na*-dependent carnitine transport by hu-
man fibroblasts was not inhibited by amino acid sub-
strates of the Na*-dependent systems A (L-proline and
methylaminoisobutyric acid), ASC (v-alanine and
L-threonine), and X s (L-aspartate and L-glutamate)
(Table I). Creatine, taurine, GABA, choline, phloretin,
phloridzin, dimethyl glycine, sarcosine, cyclosporin A,
tolbutamide, and trimethyl lysine, one of the precur-
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sors in the synthesis of carnitine, also failed to inhibit
carnitine uptake. By contrast, acetylcarnitine, betaine,
butyrobetaine, palmitoylcarnitine, quinidine, and ve-
rapamil caused a marked inhibition of carnitine trans-
port.

To define if these compounds inhibited carnitine
transport by a competitive or noncompetitive mecha-
nism, kinetics of carnitine influx were measured in the
presence of fixed concentrations of inhibitors (Fig. 4).
Butyrobetaine, acetylcarnitine, palmitoylcarnitine,
and betaine increased the K, for carnitine transport,
affecting only minimally the V.,,. By contrast, vera-
pamil and quinidine decreased mostly the V,,, for car-
nitine uptake, without affecting greatly the K, (Table
I0). These results indicated that butyrobetaine, acetyl-
carnitine, palmitoylcarnitine, and betaine were com-
petitive inhibitors, while quinidine and verapamll
were noncompetitive inhibifors.

Measurement of carnitine uptake in the presence of
increasing concentrations of inhibitors indicated that
carnitine transport was inhibited, in potency order, by
butyrobetaine (I,; = 3.9 = 0.3 uM) > carnitine (o5 =
7.2 = 0.6 puM) > palmitoylcarnitine (Io; = 13.1 = 3.0
uM) = acetylcarnitine (Iy5 = 14.2 = 1.3 uM) > betaine
U5 = 187.7 £ 25.0 uM) (Fig. 5).

Similar experiments with verapamil and quinidine
indicated that the noncompetitive inhibitors half-max-
imally inhibited carnitine transport at 53 + 10 uM
(verapamil) and 100 + 40 pM (quinidine) (not shown).

Carnitine transport in liver and kidney cells. Sev-
eral studies have examined carnitine transport in liver
and kidney. Isolated rat liver cells accumulate carni-
tine by a low-affinity transporter with a K, of around 5
mM (8) which is comparable to the K, of 2.6—4.2 mM
measured in the perfused organ (7). A high-affinity
transporter for carnitine (K, = 90 uM) has been pro-
posed in rat kidney cortex slices (24). Studies in rat.
kidney brush border vesicles indicated the presence of
two transporters, one with high affinity (K, = 17 uM)
and one with low affinity (K, = 15 mM) (25). Kidney
studies are complicated by the presence of different
types of cells in the same preparations and by the use
of different techniques. There are no reports of carni-
tine transport in cells in secondary culture obtained
from these organs. We measured carnitine transport in
human liver HepG2 cells and human embryonal kid-
ney 293 cells. Initial experiments at low concentrations
of carnitine indicated the absence of a high-affinity
component in liver HepG2 cells after correction for
unsaturable uptake measured in the presence of 2 mM
unlabeled carnitine. At higher carnitine concentrations
(0.1-50 mM), HepG2 cells had a low-affinity (K, =
2.0 + 0.9 mM) carnitine transporter in addition to a
linear component formally indistinguishable from dif-
fusion (Figs. 6A and 6B). By contrast, when total car-
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TABLE 1
Inhibition of Carnitine Transport

Concentration Transport
Inhibitor (mM) (nmol/ml cell water/h) % of control
None — 3.95 = 0.50 100
Carnitine-related compounds
Acetylcarnitine 2 0.49 * 0.03* 12
Betaine 2 0.53 + 0.03* 13
Butyrobetaine 2 0.36 + 0.06* 9
L-Carnitine 2 0.40 = 0.04* 10
Choline 2 3.14 = 0.12 79
Creatine 1 - 3.53+0.36 89
Dimethyl glycine 2 4.57 + 0.74 116
 Palmitoylcarnitine 1 0.79 = 0.24* 20
" Sarcosine 2 3.47 = 0.69 88
Trimethyl lysine 2 3.21 +0.20 81
Amino acids
L-Alanine 2 3.70 = 0.04 94
L-Arginine 2 3.16 £ 0.17 80
*(};A’B_A‘,______MWM i 2 3.12 = 0.12 _ M
L-Glutamic acid ™~ Ty 3.74 = 0.53 g5
L-Histidine 2 3.15 = 0.03 80
L-Leucine 1 2.98 + 0.12 75
L-Proline 2 3.96 £ 0.28 100
L-Taurine 2 3.30 + 0.02 84
L-Threonine 2 3.61 = 0.10 91
MeAIB 2 3.83 = 0.38 97
Others
Cyclosporin A 0.1 319+ 0.21 81
Phloretin 0.5 3.84 + (.12 97
Phloridzin 0.5 3.75 = 0.10 95
Quinidine 0.5 0.76 * 0.01* 19
Tolbutamide 0.5 3.20 £ 0.10 81
Verapamil 0.5 0.31 £ 0.01* 8

Note. Carnitine (0.5 uM) uptake by human fibroblasts was measured for 2 h in the presence of the indicated concentrations of inhibitors.
Points are means * SD of triplicates (12 observations for no inhibitor).

* P < 0.01 versus basal (no inhibitor).

nitine uptake was corrected for unsaturable uptake
(measured with 2 mM cold carnitine), kidney 293 cells
transported carnitine with a high-affinity (K, = 4.2 +
0.9 uM) carrier similar to that of human fibroblasts
(Figs. 6C and 6D).

DISCUSSION

* Carnitine plays an essential role in fatty acid oxida-
tion and its deficiency results in defective energy pro-
duction during starvation with fasting hypoglycemia
and heart and skeletal myopathy (1). In this paper, we
functionally characterize the carnitine transporter de-
fective in the autosomal recessive disorder primary
carnitine deficiency. This transporter is expressed both
in the kidney and in cultured fibroblasts. Normal con-
trol fibroblasts transported carnitine by a saturable
and an unsaturable route, indistinguishable from Na*-
independent transport (Fig. 1). The latter component
could be subtracted from total uptake to obtain the
saturable component, which was a high-affinity (K, =

7.0 = 0.4 uM), low-capacity Na*-dependent transport
system (Table II).

Cells from two patients with primary carnitine defi-
ciency lacked mediated- carnitine transport and only
had Na‘-independent, unsaturable carnitine uptake
(Fig.-1); providing genetic evidence that the high-affin-
ity Na'-dependent carnitine transporter of normal-fi-
broblasts is the one-defective in primary carnitine de-
ficiency.

The carnitine transporter of human fibroblasts was
energized by the Na" electrochemical potential gradi-
ent (Figs. 2 and 3). At three different extracellular
carnitine concentrations, there was a saturable in-
crease in carnitine uptake with increasing Na* concen-
tration. Nonlinear regression analysis of these curves
according to-a Hill equation generated an n. arouﬁd; 1,
indicating-that-carnitine-transport- does not involve
cooperative interactions and suggesting that each mol- _
ecule of carnitine is cotransported with a single Na*:
An increase in extracellular potassium concentrations

T'm&m\,@&w f-sj 'm\:o\j'
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No Inhibitor
Butyrobetaine 50 uM
Quinidine 500 uM
Betalne 180 uM
Verapamil 50 uM
Acetylcamnitine 15 yM
Palmitoylcarnitine 15 uM
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FIG. 4. Kinetics of carnitine uptake in the presence of fixed con-
centrations of inhibitors. Carnitine (0.5-100 uM) transport was mea-
sured for 2 h in the presence of the indicated concentrations of
inhibitors. Data were corrected for diffusion (measured in the pres-
ence of 10 mM cold carnitine) and reported in an Eadie—Hofstee plot.
Lines represent best fits of data to a Michaelis-Menten equation.

decreased membrane potential and carnitine trans-
port. Carnitine transport was linearly related to the
variation in membrane potential (Fig. 3). Additionally,
incubation of human fibroblasts in the presence of
ouabain reduced carnitine transport in direct correla-
tion with the decreased Na* electrochemical potential
gradient due to both increased intracellular [N a*] and
reduced transmembrane electrical potential. These re-
sults indicate that carnitine transport in human fibro-
blasts depends on the Na* electrochemical potential.
Previous studies in human fibroblasts have shown that
the requirement for Na* is only partially fulfilled by
substitution with Li*, and not with Rb* or K*, and that
incubation in the presence of Na* ionophors or meta-
bolic inhibitors (rotenone, antimycin A, and potassium

TABLE II

Kinetic Constants for Carnitine Transport in the Presence
of Fixed Concentrations of Inhibitors

Vmax
(nmol/ml cell water/h) K, (uM)
No inhibitor 227+ 04 7.0+ 04
Acetylcarnitine (15 puM) 23.2 0.6 263+ 19
Betaine (180 pM) 226 + 0.2 144+ 05
Butyrobetaine (50 M) 26.0 15 72.3 £ 0.8
Palmitoylcarnitine (15 uM) 212 x 04 30.1+16
Quinidine (500 pM) 79+03 206 = 1.9
Verapamil (50 M) 55 =% 0.7 9.2+ 4.0

Note. Confluent cells were incubated for 2 h with increasing con-
centrations of carnitine (1-2000 uM) in the absence or presence of
the indicated concentrations of inhibitors. Data were corrected for
unsaturable uptake (measured in the presence of 2 mM cold carni-
tine) and analyzed by nonlinear regression analysis according to a
Michaelis-Menten equation. Values represent best fits of data =
95% confidence intervals. The best fit is reported as a straight line in
the Eadie—Hofstee plots shown in Fig. 4.
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FIG. 5. Inhibition of carnitine transport by betaine, acetylcarni-
tine, carnitine, butyrobetaine, and palmitoylcarnitine. Carnitine (0.5
pM) transport was measured for 2 h in the presence of indicated
concentrations of inhibitors. Points are means * SD of triplicates. ¢
Data were fit to Eq. [2] (see Materials and Methods) to determine the
concentration of inhibitor producing half-maximal inhibition and the
best fit of data is shown.

cyanide) decreased carnitine accumulation (26). The
mechanism causing such effects has not been defined
and our results suggest that at least part of these
effects may be due to alterations in either the trans-

.membrane electrical potential or the Na™ chemical gra-

dient, which were not measured in previous studies.

Carnitine transport was not inhibited by any of the
amino acids substrates of the Na*-dependent transport
systems active in human fibroblasts: systems A, ASC,
and X . (15, 27) (Table I). By contrast, significant
inhibition could be obtained by acetylcarnitine, be-
taine, butyrobetaine, and palmitoylcarnitine in addi-
tion to quinidine and verapamil.

Inhibition by acetylcarnitine, betaine, butyrobe-
taine, and palmitoylcarnitine was competitive while |
that from quinidine and verapamil was of the noncom-
petitive type (Fig. 4 and Table ID). The relative power of
competitive inhibitors was further characterized by de-
termining the concentrations needed to cause half-
maximal inhibition of carnitine transport (Fig. 5). With
this type of analysis, butyrobetaine was even more
effective than carnitine in inhibiting the carnitine
transporter, the acylcarnitines palmitoylcarnitine and
acetylcarnitine had about equal power, while betaine
was the less powerful agent.

All competitive inhibitors share with carnitine the
presence of a trimethylamino group on one end and a
carboxyl group on the other side. Inhibition could not
be seen with trimethyl lysine, which has an additional
amino group close to the carboxyl group, with choline
(at relatively low concentrations), which has a CH,OH
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FIG. 6. Kinetics of carnitine transport in human hepatoma HepG2 (A,
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B) and human 293 kidney (C, D) cells. Carnitine fransport was

r in the case of HepG2 cells, since about 40% of carnitine transport at 10 mM was due
in A). By contrast, in
diffusion could be subtracted prior to plotting. Data are means of triplicates

kidney cells as in fibroblasts, mediated transport was only a

and were analyzed by nonlinear regression analysis using Eq. [1] (HepG2) or a simple Michaelis—Menten equation for 293 cells. Lines

represent best fits to data. Data are s

group instead of a carboxyl group, or with dimethyl
glycine, which has a dimethyl, rather than a trimethyl
amino group.

Even though betaine was the less powerful compet-
itive inhibitor, its dose required for half-maximal inhi-
bition of carnitine transport (188 * 25 uM) was actu-
ally lower than that required to block GABA entry
through the human betaine transporter (250-500 uM,
Ref. 28). This suggested that the carnitine transporter
may share some recognition properties with the be-
taine transporter. The human betaine transporter is
noncompetitively inhibited by verapamil and quinidine
(28). Verapamil and quinidine also inhibited carnitine
transport (Table II) with a noncompetitive mechanism
(Fig. 4). Verapamil and quinidine are inhibitors of the
ABC family of membrane transporters, which include
the multidrug resistance family of proteins (29). Half-
maximal inhibition of carnitine transport by these
compounds occurred at concentrations similar to those
reported for the inhibition of the multidrug resistance
pump (50-100 uM, Refs. 30 and 31). However, the
carnitine transporter is driven by the Na* electrochem-
ical gradient (Figs. 2 and 3) and cyclosporin A, a well-
known inhibitor of the multi-drug-resistant protein
(29), had no effect on carnitine transport (Table D). Itis
possible that the carnitine transporter contains a

hown according to an Eadie-Hofstee plot in B and D.

structural motif related to the multi-drug-resistant
protein explaining the inhibition by verapamil and
guinidine.

Human embryonal kidney 293 cells expressed a
high-affinity carnitine transporter similar to that de-
fective in primary carnitine deficiency (Fig. 6). By con-
trast, human hepatoma HepG2 cells transported car-
nitine with a low-affinity transporter whose K,, (2 mM)
was three orders of magnitude greater than that of
human fibroblasts. These data are consistent with in
vivo studies of patients with primary carnitine defi-
ciency, who waste carnitine in the urine (1). In these
patients, carnitine therapy restores carnitine content
in the liver, but not in the muscle (1), indicating that
the transporter defective in primary carnitine defi-
ciency does not impair carnitine transport by the liver.
Studies in animal tissues or isolated cells have con-
firmed that the liver has a low-affinity carnitine trans-
porter (6, 7). Our studies indicate that human HepG2
liver cells express this low-affinity carnitine trans-
porter and can be used to further characterize its fea-
tures.

While this paper was in preparation, a putative car-
nitine transporter (OCTN2), initially identified as an
organic cation transporter in a human trophoblast cell
line (32), was cloned from a human kidney cDNA li-
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brary (33). The functional properties of the cDNA ex-
pressed in 293 cells strictly correspond to those de-
scribed here in human fibroblasts, rendering the
OCTN2 gene an excellent candidate for primary carni-
tine deficiency (33). Interestingly, the OCTN2 ¢cDNA
shares a nucleotide binding fold motif with ABC trans-
porters (33). This domain may be responsible for the
unusual inhibition by verapamil and quinidine de-
scribed in this paper. o
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