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Abstract. The uptake ofL-leucine by trout red blood tocytes, red blood cells or lymphocytes) (Fincham,
cells and peripheral lymphocytes has been analyzed. Thé/olowyk & Young, 1987, 1990; Ballatori & Boyer,
present study shows two functionally different™Nade- 1988, 1992; Canals et al., 1992; Gallardo, Planas &
pendent systems for apolar branched-chain amino acid§anchez, 1992; Gallardo & ®&hez, 1993; Albi et al.,
They are designated as L systems because they shat894). 38, ASC, Gly andascsystems have been charac-
some properties with the mammalian L system. The carterized but references to the L system are lacking.

rier present in red blood cells has lok, values, is The mammalian L system was originally described
trans-stimulable and not stereospecific for leucine up-in Ehrlich ascites tumor cells as an Niadependent
take; on the other hand, the system present in lymphoamino acid transporter (Oxender & Christensen, 1963),
cytes is stereospecific for leucine uptake amdns  but it has ubiquitous distribution (Barker & Ellory,
inhibitable. Both carriers are pH sensitive in a similar 1990), the name due to its high leucine transport rates.
fashion at low pHSs, but there are important differences aSystem L shows a broad spectrum of substrates, and is
higher pH values (above neutrality). These propertiesable to interact with most neutral amino acids, but it
are compared with these of tlasc systems previously preferentially transports large apolar branched-chain and
reported in these cells. aromatic amino acids (Oxender & Christensen, 1963).
The L system usually has a high transport capacity, prob-
ably due to a high level of expression, and even a poor
substrate of this system may achieve a significant flux
through this carrier (Ellory, 1987). It was assumed that
system L is specifically inhibited by BCH 2-aminobi-
cyclo(2,2,1)heptane-2-carboxylic acid, a honmetaboliz-
able amino acid analogue (Christensen et al., 1965;
Christensen, 1975; Christensen, 1984), although it was

The transport of neutral amino acids into eukaryotic cellslﬁthe“r)itsgg\'\én tthh?; tgﬁaﬁaﬂie?sggegtm; Sg)clsgari?isltser?feon
is effected by several distinct systems, with overlappingI y 9 9 ’

P : 985). The L system is also characterized by its ability
substrate specificity (Christensen, 1979). Several 01;L ; .
these carrie?s are %Iagependent, such as) systems A, f[o operate in the exchange mode (Chrlsten_sen, 1975); but
ASC, Gly andB; while other are Naindependent, such IS n_ot pure_ly an exchange agent, bec_ause It can tr_ansport
as systems L, C andsc (Christensen, 1989; Barker & amino acids intensely and unequivocally (Guidotti,
Ellory, 1990) ' ' ' Borghetti & Gazzola, 1978).
Although studies on amino acid uptake have largely. In the present study, system L has been character-

been limited to mammal and bird cells (Barker & Ellory, ized through the uptake afleucine in both red blood
1990), there are recent reports of carriers for neutraf:eIIS and peripheral blood lymphocytes from trout. Several

amino acids in several fish cells. Thus, BEASC, Gly, differences have been found between the $wbsystems.

ascand L systems have been found in fish cells (hepa-
Materials and Methods
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Introduction

_— Brown trout Salmo trutta (250-400 g) were obtained from fish farms
Correspondence tal. Sachez (Medi Natural, Generalitat de Catalunya) in the Pyrenees, where they
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were maintained in open-water circuits, directly connected to a river.
The experiments were carried out at different times during a whole
year.

Blood was obtained by caudal puncture, diluted with heparinized
RPMI 1640 (Sigma, St. Louis, MO), rinsed three times and left at 4°C
to eliminate a possible catecholamine effect. Red blood cells (RBC)
were separated from mononuclear white cells by centrifugation with
Histopaque-1077™ (Sigma), following the procedure suggested by the
supplier, slightly modified because of the high viscosity of trout blood.
Adherent mononuclear cells were separated from lymphocytes (PBL)
by incubation for 1 hr at 4°C. PBL and RBC were rinsed separately
four times in Cortland buffer (pH 7.4) (Houston et al., 1985), slightly
modified (mv: NaCl 141, KCI 3.5, MgSQ 1, NaH,PO, 3, CaCl, 1,
pyruvic acid 2, HEPES 10, bovine serum albumin 0.3%, glucose 3).
The osmolality was adjusted to 305 mOsmol-KgDuring this process
cells became depleted of amino acidsta not shown When cells ] v ]
were used for experiments using buffers with a different ionic compo- e 50 100 0 50 100
sition, the whole rinsing procedure was performed with the final buffer.

All chemicals were of analytical grade. Tritiatedeucine (4,5- Time (min)
3H(N)) was obtained from New England Nuclear (Germany). BCH wasB
in its commercial form (DC isomers).

For uptake experiments, both cells and solutions were preequili-
brated at 15°C before experiments were started by mixing (1:1, v/v) the ¥ B
cell suspension with the labeledleucine €H, 0.3 u.Ci/ml cells was o
added) to obtain the desired concentrations and a final hematocrit of E 60 | =
about 10%. Amino-oxyacetic acid (2w, a transaminase inhibitor,
was used throughout. Incubations were performed in a shaking bath at
15°C, using air as the atmosphere.

Leucine uptake was stopped by diluting with Cortland buffer (1:9,
v/v) containing a 10- to 50-fold excess of nonradioactive amino acids,
and rinsing the cells with this solution (1:9, v/v) three times. RBC and
PBL were separated each time by centrifugation (81ffer 8 min at
4°C). PBL were finally lysed with 0.1% Triton X-100, while RBC
were deproteinized by adding sufficient ice-cold perchloric acid to
obtain a final concentration of 6%. A clear supernatant was obtained
by centrifugation (3,000 >y for 20 min at 4°C). The radioactivity of
the resulting solution in each case was counted in a well-type liquid

scintillation counter (Packard, Great Britain). Fig. 1. (A) Time courses of-leucine by trout red blood cells (RBC)

Cell protein was determined by the Coomassie Blue technique(o) !
. . . ; and peripheral blood lymphocytes (PBL®Y. Cells were sus-
(Bio-Rad). RBC hemoglobin was determined by the Drabkin Ireagem'pended in buffers containing potassium as the main cation and were

Curve-fitting of experimental data was performed by nonlinear incubated for different times in the presence of i@ L-leucine. Re-

regression analyses. sults are expressed as the percentage of the maxiteakine uptake.

(B) 300 ™ L-leucine initial rates by RBC and PBL in the presence of
sodium (J) or potassiumM) as main cation. Cells were incubated for
10 min before the uptake was stopped as described in Material and
Methods. Each point is the mean of three individual experiments. Bars
are standard deviation of the mean.
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Results

Figure 1A shows a typical.-leucine accumulation by
RBC and PBL. Data from Fig.B.show that most of the
uptake is N independent for both cell types. Hence,
the rest of the experiments were carried out withdé  take data can be fitted to a model including a Michaelis-
the main extracellular cation. The uptake 6feucine  Menten plus a linear term by the RBC and PBL. The
was linear for 15 min in a concentration range between Eadie-Hofstee plot of the Michaelis-Menten term by
and 1,000um (data not showpand incubations of 10 both cells ¢lata not showprevealed only one compo-
min were used for subsequent experiments. Fori3@0 nent, suggesting that in each case only one carrier is
leucine, the amount taken up at equilibrium by PBL wasinvolved. Although there are differences in tkg, val-
15 times higher than the RBC amino acid uptake. ues between RBC (84 + 32v) and PBL (145 % 62um),

The concentration dependence on the rate.-of there is a more important difference between their maxi-
leucine uptake by these cells is shown in Fig. 2A andmal capacities: low capacityf,,, = 4.5 = 0.2 pmols
B. The uptake appears mainly nonsaturable, suggesting-leucine. min*. mg™* Hb) for RBC vs. high capacity
that at high substrate concentrations, most of the (V,,, = 47.3 = 9.6 pmols.-leucine. mint. mg™* prot)
leucine uptake is a nonmediated process. However, for PBL, probably related to the different needs of leu-
saturable uptake can be seen at low concentrations. Ugine in these cells.



M.A. Gallardo et al.: L-leucine Uptake 59

>
>
3

T
T 120 |- A ‘1[’ -1
o> I
E T
_ s 100 |- FT -‘h -
' E 80
E 3 ile h 1u
° ® 60 4
£
S 40 | i -
: l
X 20 | -
p L]
) o L
E ddoonInrrn<u<<nmo
e gEEEEouzuEIEIdnIe
EATAE i b
=T adaasdgmadg
o o =
B ° ®
B B
a 140
T
E,100 120 B _[-1-'1' _
-’ 100 | 1 T .
T 75 T
£ o I
E ,,:_:: 80 | '| -
e 50 o
£ © g0l -
g R
-f 25 40 |- -
-
[ 20 -
° 0 1 1 1 1 1
E_ 0.0 0.2 0.4 0.6 0.8 1.0 0
JD::U:“!KSW:ES“OS
[L-leucine] mM EggSETSEgTSETT?ET
z LLJ;LLJLégnJLn
Fig. 2. (A and B) Concentration dependence of the rateLdéucine 8 g

uptake by trout RBCA) and PBL B). Cells were incubated for 10 min

before the uptake was stopped. Each point is the mean of 3-5 individuatig. 3. Inhibition of different amino acids (5 m) of the 300 pm

experiments. Bars show the standard deviation. L-leucine by trout RBC4) and PBL B). Cells were incubated for 10
min in Na'-free media. Values are expressed as a percentage of control

. . . uptake. Each point is the mean of three individual experiments. Bars
To characterize these Nindependent carriers, the e standard deviation of the mean.

uptake of 300um L-leucine wascis-inhibited by high
concentrations (5 m) of several amino acids (Fig. 3).
The main difference between the cells was the inhibition1963; Fincham, Mason & Young, 1985) and used as a
caused by-leucine and -phenylalanine. The RBC car- nearly specific inhibitor for thescsystem] (Fig. 5) and
rier (Fig. 3A) did not show stereospecificity and the  L-alanine [a good substrate of trout Nimdependenasc
phenylalanine caused a poor inhibition. In contrast, thesystems (Albi et al., 1994)] (Fig. 6). Results show that
PBL carrier (Fig. B) showed stereospecificity and it was both BCH and._-cysteine were competitive inhibitors of
inhibited byL-phenylalanine. Both carriers were inhib- the L-leucine uptake by trout RBCA) and PBL
ited by most of the neutral amino acids but large apolar(B). However, L-alanine was not. RBC & (mwv) for
branched-chain amino acids were the strongest inhibiBCH, L-cysteine and -alanine were respectively 0.52
tors, suggesting that-leucine was taken up through L 0.01, 2.66 + 0.1 and higher than 50. PBLsKnmwv) were
system by trout RBC and PBL. 0.98 £ 0.17, 2.42 + 0.45 and 22 + 3. Absolute uptake
A further analysis of inhibition kinetics was carried rates in Figs. A, 5A and 6A for RBC and 4, 5B and @B
out for BCH (inhibitor of the L system, Christensen et for PBL varied somewhat, probably owing to the differ-
al., 1965) (Fig. 4),L-cysteine [a good substrate of Na ent season of the year when these experiments were car-
independent systenascand L (Oxender & Christensen, ried out.
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. — : Fig. 5. Kinetics of L-cysteine on the uptake afleucine [10 (), 25
Fig. 4. Kinetics of BCH on the uptake afleucine [10 ©), 25 (@) and
1,000 V) wm by trout RBC @) and PBL B). The K;s values are given (®) and 10_00 ¥) pw] by trout REC @) and PBL §). The Ks values
in the text. are given in the text.

The inhibitions obtained above pose some questionteucine concentrations; tracedeucine was then added
on the specificities of the carriers studied. The concenexternally and the amino acid uptake was allowed for 10
tration dependence of the rate of total'Nadependent min. Figure 8 shows the effect of these differerteu
L-leucine uptake, BCH-inhibitable-leucine uptake and concentrations on the rate of BCH-sensitive tracer up-
L-cysteine-inhibitable -leucine uptake by trout RBC is take. The RBC L system becammnsstimulable, but
shown in Fig. 7. The incorporation of BCH-resistant the PBL L system wasransinhibitable.
leucine was linear, suggesting that BCH completely in- Finally, Fig. 9 shows the effect of varying extracel-
hibits the carrier-mediated uptake iofeu and although lular pH on the BCH-sensitive 300m L-leucine uptake.
L-Cys did not fully inhibit the carrier-mediated uptake of The RBC L system presents minimal uptakes at nearly
L-leu, there were no significant differences between theneutral pHs, while both lower and higher pHs activated
K.s for the BCH- orL-Cys-sensitiveL-leucine uptake the uptake. On the other hand, the L system from PBL
(data not showhand theK,, described for the RBC L was less sensitive to external pH than the RBC L system,
system. but it was activated when the pH was below 6.5.

In addition to the experiments described above, the
activity of L systems was characterized by means ofpjscussion
trans and pH effects.Trans effects were measured by
preloading cells with nonradioactive 3Qv L-leucine  As indicated in the introduction, system L preferentially
for different times to achieve different intracellular  transports large apolar branched-chain and aromatic
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amino acids (Oxender & Christensen, 1990). Its pres- [L-Leuliniracetiuiar (M)
ence in trout cells was shown previously (Gallardo &

Sachez, 1993) and here it has been characterizeﬁig- 8. Transeffects on the rate of L system uptake by trout REQ) (
through the uptake af-leucine and PBL @). They were preloaded with “coldt-leucine for different

Th . f | disti . b h times to achieve different intracellular concentrations, washed twice
e existence of a clear-cut distinction between t €and incubated for 10 min with 300m labeledL-leucine. The rate of L

ascand L systems has been accepted for cells fromystem uptake was measured dsucine total uptake minusleucine
higher vertebrates, but this may not be the case for fishiptake in the presence of 5MMBCH. Results are expressed as a
cells. In the two types tested, PBL and RBC, leucine ispercentage of the control uptake (without preloading). Each point is the
taken up at low concentrations mainly through carrier-mean of three individual experiments.

mediated systems operating without the help of the trans-

membrane Nagradient. As for theascsystems found in

trout cells (Albi et al., 1994), the properties of leucine trans-stimulable and showed stereospecificity. Instead,
uptake differ somewhat between the two cell types conthe ascsystem present in trout PBL does not show ste-
sidered, suggesting functionally different L systems, thereospecificity (Albi et al., 1994). The activities of the
activity found in RBC being more similar to the system asc systems found in erythroid and some nonerythroid
L from higher vertebrates (high affinities for the sub- cells (Kuhlmann & Vagdama, 1991; Albi et al., 1994),
strate,trans-stimulation and broad substrate specificity; but not in trout PBL (Albi et al., 1994) show a charac-
Oxender & Christensen, 1963; Christensen, 1975; Barketeristic dependence on the external pH, being highly ac-
& Ellory, 1990), while the carrier present in PBL was not tivated at low pHs. In the present study, a similar situ-
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