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Transport of a-ketoisocaproate (KIC), a ketoacid
originating from leucine and proposed to be involved
in the buffering of glutamate in neurones, was studied
in neuroblastoma NB-2a cells. The accumulated KIC
was mostly transaminated to leucine, while free keto-
acid was detectable either only after prolonged times
or after inhibiting transaminase with aminooxyace-
tate. Accumulation of KIC was found to be inhibited
by other branched-chain ketoacids, while lactate and
B-hydroxybutyrate were ineffective. The transport of
KIC, resembling a facilitated diffusion, was decreased
by phloretin, a-cyano-4-hydroxycinnamate, 4,4’-diiso-
thiocyano-2,2’-stilbenedisulphonate, and p-chlorimer-
curibenzoate. The process of accumulation did not re-
semble a symport with protons; therefore an involve-
ment of the known proton-coupled monocarboxylate
transporters (MCT) was excluded. Distribution of KIC
suggests a mechanism involving a cotransport with 2
[Na*]. © 1997 Academic Press

A high degree of integration of the central nervous
system seems to take place due to communication and
cooperation between very specialized cells. One of the
important cases of such cooperation between different
cell types is a “glutamate-glutamine cycle” (1, 2), a pro-
cess crucial for the neuronal synthesis of glutamate
from glutamine. All brain glutamine synthetase activ-
ity has been found in glial cells (3) and leucine was
shown to be the main nitrogen donor (4, 5). Glutamine
released to extracellular fluid can be taken up by neu-
rones and inside these cells converted to glutamate via
neuronal glutaminase. The carbon backbone of leucine
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Abbreviations: DIDS, 4,4'-diisothiocyano-2,2’-stilbenedisulpho-
nate; MCT, proton-coupled monocarboxylate transporter; pCMB, p-
chloromercuribenzoate; PBS, phosphate buffered saline; TCA, tri-
chloroacetic acid; TLC, thin layer chromatography.

is released from astrocytes as a-ketoisocaproate (6) and
re-aminated in nerve endings.

Nothing is known to date how a-ketoisocaproate is
accumulated in neural cells. A system capable of trans-
porting this ketoacid was described to function in hepa-
tocytes (7). Several transporters have been reported to
transport another monocarboxylic acid - lactate, into
different types of cells (for review, see (8)). The best
characterized, isolated and cloned is the H"-monocar-
boxylate transporter in the erythrocyte membrane
-MCT1 (9). Other cells capable of monocarboxylate
transport reveal significant differences in the proper-
ties of these transporters (8-12). Therefore the main
aim of this study was to check if a-ketoisocaproate is
transported to neurones and to characterize its trans-
port mechanism.

MATERIALS AND METHODS

Materials. 2-Keto[1-**C]isocaproic acid and inulin[**C] carboxylic
acid were from Amersham, *H,0 was supplied by Radioisotope Cen-
tre Polatom, Poland. Foetal bovine serum, culture media and antibi-
otics were from Gibco. Tissue culture plastics were purchased from
Corning. All other reagents were delivered by Sigma.

Accumulation of a-ketoisocaproate. The neuroblastoma NB-2a
cell line, derived from the C 1300 tumor (13) was grown to confluence,
as reported elsewhere (14). For the accumulation experiments cul-
ture medium was removed, the cells were washed with PBS and
subsequently incubated for the indicated times at 37°C in the pres-
ence of PBS, a-ketoisocaproate (0.2-0.5 Ci/mol) and the compounds
indicated in the figure legends. The reaction was terminated and the
total radioactivity accumulation estimated as described in (14). For
separation of a-ketoisocaproate from leucine, the cellular pellet was
treated with 10% TCA and the amount of radioactivity was quanti-
fied as given in (14). The material in supernatants, after extraction
of TCA with diethylether, was subjected to TLC in n-butanol/acetic
acid/water (8:2:2, v/v) (15). The position of a-ketoisocaproate and
leucine was defined by comparison with the respective markers run
in parallel and visualized with ninhydrin and 2,4-dinitrophenylhy-
drazine (16).

Miscellaneous techniques. For estimation of the cellular volume
3H,0 (20 uCi/ml) and inulin [**C]carboxylic acid (0.2 uCi/ml) were added
to the cells for 30 min. The cellular space was determined as the inulin
impermeable space, versus the space occupied by tritiated water, mea-
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FIG. 1. Time dependence of a-ketoisocaproate accumulation in
neuroblastoma NB-2a cells. Cells were preincubated for 30 min in
PBS without any additions (squares) or with 10 mM aminooxyacetate
(circles) which was removed prior to addition of 1 mM «-ketoisocap-
roate. The uptake was measured as described in the Materials and
Methods section. The results represent means = SEM from 4 inde-
pendent experiments.

sured through the use of a double label counting programme. Protein
concentration was determined by the Lowry procedure (17), modified
by the addition of 1% sodium dodecyl phosphate (18).

RESULTS

Neuroblastoma NB-2a cells accumulate «-ketoisocap-
roate (Fig. 1). The amount of this compound taken up
by these cells could be fitted to a first order rate equa-
tion, resulting in k=0.030 = 0.005 min ~* as the velocity
constant. The ketoacid could undergo transamination,
therefore, accumulation of a-ketoisocaproate was ana-
lysed after treatment with aminooxyacetate, a known
inhibitor of transminases (19). Unexpectedly, this com-
pound strongly diminished the accumulation of radio-
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activity, although did not reveal any effect on the initial
velocity of this process (Fig. 1). A more detailed analy-
sis of a-ketoisocaproate metabolism was performed. As
shown in Table 1, the ketoacid which enters NB-2a
cells becomes a substrate of branched-chain amino acid
transaminase, resulting in accumulation of leucine
that can be detected in a free form, as well as incorpo-
rated into proteins (i.e. into a pellet after TCA precipi-
tation). Free a-ketoisocaproate can only be detected
after a prolonged time (1 h) and its relative content
(0.4%) is very low. Treatment of NB-2a cells with ami-
nooxyacetate results in a dramatic, although not com-
plete inhibition of leucine formation. The amount of
this amino acid is decreased by 90%. After preincuba-
tion with aminooxyacetate a low amount of a-ketoiso-
caproate could be detected even after a short incubation
time and the relative content of this compound reached
10% of the overall accumulation of radioactivity. This
analysis points to transaminase as the main driving
force of a-ketoisocaproate uptake by NB-2a cells.
Accumulation of a-ketoisocaproate, measured as a
function of its concentration, does not reach saturation
even at such high concentrations as 10 mM (Fig. 2).
Moreover, any attempt to fit the experimental data to
equations of one or more Michaelis constants resulted
in parameters beyond 95% confidence intervals. Inter-
estingly, the accumulation of a-ketoisocaproate after
pretreatment of the cells with aminooxyacetate also
increased with the substrate concentration and could
be fitted to a straight line function with a slope of 0.041
nmole/mg protein/min/mM. Taking into account this
value, which could be treated as a diffusion constant,
the diffusion component was subtracted from the total
uptake. The differences obtained in such a way could
be fitted to a Michaelis-Menten equation with a K, of
70+15 pM. This value most probably represents the
branched chain amino acid transferase affinity for a-
ketoisocaproate and is found to be in the same range
as the affinity for leucine of the transferase from astro-
cytes (20). These calculations, together with the obser-

TABLE 1
Distribution of Radioactivity after Incubation of NB-2a Cells in the Presence of a-Keto[1-**C]isocaproate

Leucine (nmol/mg protein)

a-Ketoisocaproate

Time
Addition (min) In proteins Soluble (nmol/mg protein) (%)
None 30 4.14 1.19 0 0
60 7.30 1.80 0.04 0.4
Aminooxyacetate 30 0.10 0.33 0.04 8.5
60 0.19 0.62 0.09 10.0

Note. The NB-2a cells were incubated for the indicated time with 1 mM radioactive a-ketoisocaproate after 30 min preincubation without
any additions (control) or with 10 mM aminooxyacetate. Separation of leucine incorporated into proteins by TCA precipitation and the
further analysis of leucine and ketoisocaproate content was performed by TLC, as described in the Materials and Methods section. The

results represent means from 2 separate experiments.
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FIG. 2. Concentration dependence of a-ketoisocaproate accumu-
lation in neuroblastoma NB-2a cells. Cells were preincubated for 30
min in PBS without any additions (filled squares) or with 10 mM
aminooxyacetate (circles) which was removed prior to addition of a-
ketoisocaproate at the indicated concentration. The velocities were
estimated from the initial rates, measured after 5 min. The results
represent means + SEM from 3 independent measurements. The
curve presented with open squares results from the calculated differ-
ence between the total uptake and the accumulation in aminooxyace-
tate-treated cells.

vation that a-ketoisocaproate is mainly metabolised to
leucine (Table 1) would once more indicate that the
process of transamination is responsible for this keto-
acid uptake by NB-2a cells.

In order to elucidate the mechanism of a-ketoisocap-
roate transport through the plasma membrane, the ef-
fect of other short chain monocarboxylic acids was stud-
ied in more detail. As presented in Table 2, there was
a strong inhibition of a-ketoisocaproate accumulation,
when two other keto acids originating from the
branched chain amino acids, valine and isoleucine,
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were added. Both, ketoisovalerate and keto-methylval-
erate inhibited accumulation of radioactivity by ca.
80%. There was no effect observed after addition of s-
hydroxybutyrate and lactate, a known substrate of the
monocarboxylates’ transporters in the plasma mem-
brane. The detected inhibition by other branched-chain
keto acids could reflect competition for the transami-
nase. Therefore, the other compounds reported to affect
the transport of monocarboxylates through the plasma
membrane were applied in order to verify an existence
of a specific transporter for a-ketoisocaproate in NB-
2a cells. As presented in Figure 3, the accumulation of
a-ketoisocaproate was strongly inhibited by phloretin,
reported to decrease the activity of MCT1 and MCT2 (9,
10). It was also inhibited, although to a lesser extent, by
a-cyano-4-hydroxycinnamate and DIDS at concentra-
tions reported to affect the specific monocarboxylate
carrier in erythrocytes (8) and hepatocytes (7).

The MCT transporters belong to the group of H'-
monocarboxylate cotransporters. If «-ketoisocaproate
crosses the plasma membrane of NB-2a cells by a sym-
port with protons, one would expect a higher accumula-
tion of such a compound at lower external pH. As shown
in Table 3, this was not the case, as a lowering of the
pH by 0.6 units even inhibited the process of accumula-
tion by 11%. A strong decrease of a-ketoisocaproate ac-
cumulation at pH 8 would rather indicate an involve-
ment of a basic amino acid residue with a pKa below this
value. Histidine would therefore be a good candidate in
the binding site. Many compounds which are able to
cross the plasma membrane are transported by a pro-
cess coupled to the transport of Na* ions down their free
energy gradient. In such a case, an inhibition of Na,K-
ATPase, responsible for maintaining the [Na*] gradient,
would inhibit accumulation of the compound under
study. Ouabain, a well established inhibitor of this
ATPase (21) reduced the accumulation of a-ketoisoca-
proate by almost 70%. Moreover, uptake of this ketoacid
was even more strongly inhibited by p-CMB (Table 3),
a compound known to react with SH groups (22).

TABLE 2
Effect of Various Monocarboxylates on Accumulation of a-Ketoisocaproate in NB-2a Cells

a-Ketoisocaproate accumulation

10 min

30 min

Monocarboxylate added (nmol/mg protein)

(nmol/mg protein) (%)

None 2.8 £ 0.3(13)
a-Ketoisovalerate 05+0.1(@3)
a-Keto-A-methylvalerate 0.4 +0.1(3)
B-Hydroxybutyrate 3.4 +05(@)
Lactate 2.0+ 0.3 (5

100 7.0 + 0.4 (13) 100
18 1.5 + 0.2 (3) 22
14 0.6 + 0.1 (3) 8

123 9.2+ 1.1 (3) 132
73 9.2 + 1.0 (6) 131

Note. The uptake measurements were performed for indicated time, as described in the Materials and Methods section. All monocarboxyl-
ates, at 10 mM concentration were added simultaneously with 1 mM «-ketoisocaproate. The results are means = SEM; the number of

experiments is given in parentheses.
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FIG. 3. Effect of inhibitors of monocarboxylate transporters on
the accumulation of a-ketoisocaproate in neuroblastoma NB-2a cells.
Cells were preincubated in PBS either without any additions (filled
squares) or the following compounds were added: 5 mM «a-cyano-4-
hydroxycinnamate (open squares), 100 uM phloretin (open circles),
20 M DIDS (open triangles) before addition of 1 mM «-ketoisicap-
roate. Preincubation with «-cyano-4-hydroxycinnamate and phlore-
tin lasted 5 min, that with DIDS lasted 20 min, and the concentration
of this compound was increased during incubation to 50 uM (7). The
results represent means + SEM from 3 independent experiments.

DISCUSSION

Measurements of a-ketoisocaproate accumulation in
neuroblastoma NB-2a cells reflect the ability of this
ketoacid to cross the plasma membrane. a-Ketoisocap-
roate does not undergo further decarboxylation, as this
process demands a presence of CO, and ATP, both ab-
sent in our experimental system. Moreover, supple-
mentation of incubation medium with glucose, a condi-
tion which should increase the formation of ATP, does
not influence the overall accumulation of «-ketoisoca-
proate (not shown). This demonstrates that the process
of decarboxylation could be neglected, especially that
the activity of branched-chain ketoacid dehydrogenase
was observed to be low in neurones (23). After entering
the neural cells, a-ketoisocaproate is observed to be
quickly transaminated. Moreover, the branched chain
amino acid transaminase, an enzyme that also cata-
lyzes the reverse reaction (i.e. amino acid formation)
seems to be the main driving force for a-ketoisocap-
roate, confirming an important role of this ketoacid in
“glutamate-glutamine” cycle. The observed immediate
conversion of a-ketoisocaproate into leucine would ex-
plain the reported extremely low «a-ketoisocaproate
concentration in the brain (24, 25), apart from the fact
that the branched chain ketoacids easily cross the
blood-brain barrier (26, 27).

The mechanism of a-ketoisocaproate transport across
the plasma membrane of NB-2a cells resembles “facili-
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tated diffusion”, although the concentration of free
ketoacid inside these cells does not reach the external
concentration. Taking into account the amount of 90
pmoles of a-ketoisocaproate per mg protein observed
to accumulate in NB-2a cells after inhibition of trans-
aminases (Table 1) and the cell volume of 3.5x107° +
0.4x107° I/mg protein, one can estimate the intracel-
lular a-ketoisocaproate concentration being 2.6 uM
versus 1 mM outside. Such a low uptake excluded a
ApH dependent transport mechanism. This conclu-
sion was confirmed by the absence of an effect by lac-
tate, a monocarboxylate known to be transported by
symport with H* (8). Inhibition by several compounds
(DIDS, a-cyano-4-hydroxycinnamate, phloretin, pCMB),
known to interact with functional groups of several
proteins, would point, anyhow, to an involvement of
a protein in transport processes. Inhibition by ouabain
can indicate that the process of transport occurs at
the expense of the [Na*] gradient. A ratio of internal
to outside a-ketoisocaproate concentration could be
explained as a result of a process involving 2 [Na™]
per one ketoacid anion. A symport of monocarboxylate
with Na* was reported to function in renal microvilli
(28), moreover, a stoichiometry of 2 Na* per 1 lactate
was estimated (29), leading to a hypothesis for the
electrogenic nature of the monovalent organic anion
transporter. Most probably a similar transporter func-
tions in neurones. It is worth mentioning that a simi-
lar mechanism of transport (electrogenic symport with
2-3 Na" ions) was described for glutamate (30). Such
a mechanism would suggest that a-ketoisocaproate
accumulates in nonstimulated cells at resting poten-
tial. It has to be emphasized, that the main features
of a-ketoisocaproate accumulation in neurones can
confirm the physiological role of this ketoacid as an
acceptor of amino groups.

TABLE 3

Effect of Inhibitors and Different External pH
on Accumulation of a-Ketoisocaproate

a-Ketoisocaproate
accumulation

Addition to
preincubation pH (nmol/mg protein) (%)
None 7.4 28 +0.3 (13) 100
None 6.8 25 *04 (3) 89
None 8.0 1.3 =02 (3 45
Ouabain (0.5 mM) 7.4 09 =01 (3 33
pCMB (0.3 mM) 7.4 0.34 = 0.05 (3) 12

Note. Neuroblastoma NB-2a cells were incubated in PBS at the
pH indicated in the table. The accumulation of 1 mM «a-ketoisocap-
roate was performed as given in the Materials and Methods section.
Inhibitors were added either 5 min (pCMB) or 20 min (oaubain)
before the substrate. The results represents the means = SEM, the
number of experiments performed is given in parentheses.
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