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1. The initial rate of L-tryptophan transport as a function of the cellular substrate concentration in human red 
blood cells was studied in zero-trans (= net) efflux and equilibrium-exchange efflux experiments at 25°C, pH 7.4. 
2 Efflux curves were resolved into two Michaelis-Menten components. Further evidence was found that L-tryp- 
tophan transport at physiological concentrations of substrate is mediated predominantly by a recently identified 
transport system, designated the T-system. 3. The results from a kinetic analysis according to the theory of Lieb 
and Stein ((1974) Biochim. Biophys. Acta 373, 178-196) were consistent with the T-system being a carrier- 
mediated type of transport. 

Introduction 

Fwe amino acad transport systems have been 
described in the human red blood cell membrane. 
They are an L-system for L-leuclne, L-phenylalanme, 
L-methlonine and L-valine [1--3], an ky-system for 
L-lysme and L-argmlne [3,4], a T-system for L-tryp- 
tophan [5] an ASC-system for L-alanine and 
L-cystelne [3] and a glyclne-transporting system [6]. 

The kinetics of L-leucme transport has been 
characterized m detail [7-9] .  When analysed accord- 
mg to the simple pore and carrier theory of Lleb and 
Stem [10,11], data from net flux, equlhbrlum-ex- 
change and infinite experiments weae consistent with 
camer-medaated transport [9]. 

The presence of a major transport route for L- 
tryptophan (the T-system) dastlnct from the pathway 
of other large neutral amino acads (the L-system) was 

Abbreviations DTNB, 5,5~-dlthlobls(2-mtrobenzolc aod), 
FDNB, 1-fluoro-2,4-dmmobenzene; Hepes, N-2-hydroxy- 
ethylplperazme-N'-2-ethanesulphomc acld, PCMBS, p-chloro- 
mercunphenylsulphonate, SITS, 4-acetamldo-4'-lsothlocy- 
ano-2,2'-stflbene dlsulphonate, Tes, N-tris(hydroxymethyl)- 
methyl-2-ammoe thanesulphonlc acid 

indicated mainly from the results of uptake experi- 
ments. As the resolution of transport components 
with overlapping substrate speclfiCltles is a difficult 
task, it was considered essentml to provide further 
evidence for the existence in the red cell membrane 
of a T-system, &stlnct from the L-system, based on 
the klnetac theory of Lleb and Stem [10,11]. An 
important aspect of thas theory as that a kinetic crite- 
rion as given for the existence of separate transport 
systems 

In the present paper, results from efflux experi- 
ments at 25°C, pH 7.4, and previously published 
uptake experiments [5] are combined and analysed 
following the approach of Laeb and Stein. 

Materials and Methods 

DTNB, FDNB, Hepes, L-leucme, PCMBS, Tes and 
L-tryptophan were obtained from Sigma Chemical Co, 
St. Lores, MO; Instagel ® from Packard Instrument 
Company, Inc., IL, U.S.A.; N-ethylmaleimide from 
Fluka AG. Buchs SG, Switzerland; phloretm from K 
and K Blochemicals, Plamvlew, NY, and SITS from 
BDH Biochemicals Ltd, Poole, U.K. Other chemicals 
were of analytical grade. 
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L-[methylene-14C]Tryptophan and L-[U-14C]leuc - 
lne were obtained from Radlochemical Centre, 
Amersham, U.K. Radiochemical purity was assessed 
by TLC in butanol/water/acetic acid. 

The transport experiments, the calculation of the 
Initial rate of the umdirectional effiux and the statis- 
tical analysis of the concentration-dependence curves 
are described m detail elsewhere [9]. In brief, hepar- 
lnlzed blood from the same donor was washed four 
times in incubation medium (138mM NaC1/5 mM 
KC1/1 mM MgC12/1 mM Na2HPO4/10mM Hepes/ 
7.5 mM Tes, pH 7.4, 25°C), &scarding the huffy 
coat. In efflux experiments, the cells were loaded by 
incubation in medium containing labeled and un- 
labeled L-tryptophan and 10 mM D-glucose (3--3.5 h 
at 25 or at 37uC, haematocrlt 30-40%). The mtra- 
cellular concentration of labeled amino acid was 
measured. Cells packed by centrifugatlon were 
rejected into 10-15 ml medium, while stirring vigo- 
rously. For zero-trans efflux experiments, the medi- 
um was Isotonic, without L-tryptophan. For equili- 
brium-exchange experiments, the medmm contained 
L-tryptophan at the same concentration as within the 
cells. At predetermined time intervals, the cells were 
separated from the medium by centnfugatlon in an 
Eppendorf Microcentnfuge 3220. Immediately after- 
wards, part of the supernatant was prepared for liquid 
scintillation counting (Packard Instrument Scintdla- 
tlon Spectrometer model 2425). 

Amino acid uptake was measured in a similar way 
except that cells were separated from the incubation 
medmm by centrifugatmn through dibutyl phthalate, 
followed by determination of the concentration of 
tracer within the cells. 

Binding of labeled amino acids to cell constituents 
was measured by dialysis using washed, haemolysed 
red blood cells (original haematocrit 35-45%). 1.5 
ml of the haemolysate was placed in small sacs of 
Visking tubing (Scientific Instrument Co.). The sacs 
were incubated for up to 5 h (at 37°C, stirring con- 
tmuously) in 50 ml 0.1 mM L-tryptophan or L-leuclne 
containing the labeled amino acids in order to deter- 
mine the concentration of tracer in the sacs and in 
the media at steady state. 

Calculations. L-[14C]Tryptophan transport was 
analysed by applying a closed two-compartment 
model with a single value for the rate coefficient k 
(s - l)  of tracer exchange [ 12]. Thus, 

a(t) = (a= - ao)(1 - exp(-kt))  + a0, 

where a(t) is the activity (dpm/1) in the cells (reflux 
experiments) or in the medium (efflux experiments) 
at the time t of sampling; ao (dpm/1) and ao~ (dpm/1) 
the tracer concentration at time zero in the medium 
(caused by trapped extracellular medium between the 
cells) and at equihbnum. The rate coefficient was 
estimated in duphcate by linear least-square regres- 
sion of ln(1 - a ( t ) / a = )  vs. t, each run consisting of 
three to five sample times. The standard error of the 
mean was typically less than 7%. 

i The permeability P (cm/s) for L-tryptophan is given 
by 

k = P "A(1 / z ,  + 1/Ze) 

where z~ and Ze represent the volume (cm 3) of the 
intra- and extracellular compartments, and A is the 
area (cm 2) of the membrane (1.42 • 1 0  - 6  c m  2 [13]). 
In order to correct for L-tryptophan binding to cell 
constituents, a z~ value of 1.63.0.63 (= % water/ 
wet weight of cells (w/w) [9]) was applied (see 
Results). 

The unidirectional flux Uab (mmol/(cm 2 • s-l)) at 
the initial rate to be used for the kinetic analysis, is 
given by 

Uab = p -  S °, 

where S O is the initial concentration of L-tryptophan 
In compartment a. In zero-trans experiments, only 
the initial part of the time course curve was applied. 

Stansncal  analysis. Linear least-square regression 
analysis was performed by a Hewlett Packard 
(9810A) calculator. Nonlinear least-square regression 
analysis using a Gauss-Newton algorithm [14] was 
performed by an IBM 370/165 computer. Data were 
fitted to a 2-, a 3- and a 4-parameter model" 

u = V ' S ( K + S )  -1 

u = V ' S ( K + S )  -1 + K d ' S  
u = Vi " S ( K i  + S )  -i  + II2 " S ( K 2  + S )  - i  

where u is the initial rate of the unidirectional flux 
(mmol'1-1 -rain-l), V the maximum velocity 
(retool" 1-1" rain-l), K the half-maximum velocity 
concentration constant (raM), Kd (rain -1) the rate 
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coefficient of  a nonsaturable  componen t  in parallel 

with the Mlchaehs-Menten componen t ,  and S the con- 

centrat lon of L-t ryptophan (raM). Before fit t ing of  

the data, the fluxes (original un i t '  mmol  • (cruZ) -1 • 

s -1) were converted to the uni t  of  mmol / l  cell water 

per rain, as this uni t  has been used m previous studies 

on anuno  acid t ransport  an red blood cells. 
The variance of  various ranos and mean values of  

kinetic parameters,  whxch const i tutes  the testing and 

character lzanon of  the sxmple carrier model  of  Lieb 

and Stein [1 I] were est imated as suggested by Cle- 

land (see Ref. 15, Eqn. 18). 

The nomencla ture  of Lteb and Stein has been 

apphed in the present paper 

Results and Discussion 

The steady state dis t r ibut ion rano  of  L-tryptophan 
across the red cell membrane  (mmol/1 cell w a t e r :  

nlmol/ l  medium)  was 1 . 6 7 -  0.02 (S.E.) (n = 31) at 
25°C, and 1.60 + 0.03 (S.E.) (n = 9) at 37°C, at final 
medium L-tryptophan concen t ra tmns  of  0 . 0 2 - 1 8 . 6  

mM The ratio did no t  correlate with substrate con- 
cen t rahon ,  and was no t  affected by omit t ing  D-glu- 
cose from the incuba t ion  m e d m m  or by increasing 

the incubat ion  period to 48 h TLC mdlcated that 
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Fig. 1. Equlhbrmm-exchange efflux (ee21) experiments in 
human red bloos cells at 0.04 mM L-tryptophan (25°C, 
pH 7.4, haematocrlt 1%). Ordinate (log axis): (1-at /aM) , 
where a t and aoo are L-[14C]tryptophan concentrations in 
the medmm at time t and at equflibrmm. Abscissa time m 
mm. The experiments were performed as previously 
described [5,9] 
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Fig 2 The initial rate of the unidirectional efflux (v 21) as a 
function of the cellular concentration of L-tryptophan from 
(a) z e r o - t r a n s  (zt21) and (b)equihbrlum-exchange (ee2a) 
effiux experiments in human red blood cells (25°C, pH 7 4). 
Ordinate mmol 1-1 mIn -1. Abscissa mM The experi- 
ments were performed as previously described [5,9]. 

there was no appreciable metabol ism of  L-trypto- 
phan.  

The dis t r ibut ion ratio across the red cell mem- 

brane for L-tryptophan m hum an  blood,  after correc- 
n o n  for a lbumin-binding,  is reported to be lower 
[16] and higher [17] than uni ty .  Recent ly ,  using 
blood from normals  and schizophrenic patients,  a 
ratio of  1.9 -+ 0.6 (S.D.) was determined [18]. 

Binding of  L-t ryptophan to cell consn tuen t s  suffi- 
cient to account  for the observed dlstrlbutxon ratio 
across the red cell membrane  was found m uptake 
exper iments  of  L-t ryptophan (0.1 mM) in to  dialysis 



sacs containing haemolysed red cells (data not 

shown). 
The time course of an equihbrlum-exchange 

experiment at 0.04 mmol L-tryptophan per 1 cell 

water is shown in Fig. 1. Because the small deviation 

from a monoexponentml fit can be attributed to 

heterogenmty of the rate constants of exchange (as 

in sxmflar L-leucme efflux experiments [9]), only one 

cellular compartment was indicated. 
Hence, the apparent higher cellular concentration 

of L-tryptophan (mmol/1 cell water) at steady state 

was assumed to be due to binding to cell constituents, 

a finding whmh has been reported for several differ- 

ent compounds, Le., serotonin, epinephrine and 

various drugs [19]. 

Concentrat ion-dependence curves for  L-tryptophan 

e f f lux  
The concentration-dependence curves of the uni- 

directional flux of L-tryptophan from zero-trans 

(zt21) and equlhbrium-exchange (ee2x) efflux experi- 

ments are shown in Fig. 2a and b. Nonhnear regres- 

sion analysis, fitting a 3-parameter model (cf. Ref. 

5) to the efflux data are presented m Table I, and 
compared with previously published results from 

zero-trans (zt21) experiments [5]. 

Kinetic parameters of the same order of magnitude 

were found m all experimental procedures con- 

sidered. 
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The apparent linear c o m p o n e n t  

Zero-trans influx experiments in&cated that the 
hnear component of transport represents L-trypto- 

phan uptake via the L-system career [5]. An appar- 
ent inhibitor constant K I (=K~t2) of 40raM with 

respect to the L-system was estimated from cis- 

inhibition experiments of L-leuclne uptake. 

An lnhibitmn of L-leucine uptake at 0.025 mM 
was demonstrated when L-tryptophan was present at 

the trans side of the membrane (Fig. 3). The order 

of interactmn (m) and the L-tryptophan concentra- 

tmn giving a 50% inhibition (Kso%)was estimated 

by hnear regression analysis according to the equa- 

tmn 

log((v - vO/v,) = rn log I - m log Kso% 

where v and 1J i are L-leucme influx m the absence, or 

prescence, respectwely, of L-tryptophan at a con- 

centratmn I m the cells [20] Estimates of m and 

Kso% were 1.04 -+ 0.12 (S.D.) and 5.81 -+ 1.24 (S.D.) 

raM, respectwely. Transport via the L-system thus 

inhibited first-order interaction with respect to the 

substrate [20] m agreement with the results from the 
kinetic analysis of L-leucine transport [9]. 

Applying the kinetic analysis of Dev& and Krupka 
[21], which is an extension of the Lleb and Stein 
analysis of one substrate transport [ 11], a K~ zt value 

of 5.0 nM for L-tryptophan transport vm the L-sys- 

TABLE I 

Kmetm parameters were obtained from nonlinear least-square regression analysis [ 14] of imtial efflux rate vs. mtracellular L-tryp- 
tophan concentration from zero-trans (zt21) and eqmlibrlum-exchange experiments (ee21) in red blood cells (25°C, pH 7.4). 
Values are ~S.D. (n) where n represents the number of individual substrate concentrations used. Data from 5-6 series of experi- 
ments were pooled. A 2-parameter model (v = V.  S/(K + S)) and a 3-parameter model (v = V X S/(K + S) + K d • S) were con- 
sidered, where V is the maximum celoclty, K the half-maximum constant, K d the rate coefflment of a nonsaturable component, 
umts as given m the table. Before fitting the 2-parameter model, the fraction of the flux mediated by the L-system V = 0 01 
mmol • 1-1 • mm -1, K = 5 mM) was subtracted from the data, as described in the text. Kinetic parameters from zt 21 experiments 
previously pubhshed [5] have been included m the table for comparison. 

Experimental Number of V K K d Concentration 
procedure parameters (mmol • 1-1. mln -t) (mM) (mm -1) range (n) 

(raM) 

zt21 3 0 045 ~ 0.007 1.88 -* 0.56 0.0010 ± 0.0004 0.2-17.6 (32) 
2 0.054 ± 0.003 3.05 ± 0.43 

ee21 3 0.034 ± 0.003 0.82 ± 0.24 0.0010 ± 0.0002 0.2-19.6 (36) 
2 0.042 ± 0.002 1.66 ± 0.27 - 

Zt12 3 0 059 ± 0.011 3 53 + 1.31 0.0019 ± 0.0003 0.3--40.0 (20) 
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Fig 3. Inhibition of  L-leucme uptake at uptake at 0 025 mM 
(25°C, pH 7.4) into h u m a n  red blood ceils by L- t ryptophan 
at a cellular concentra t ion  o f  I (mM). Ordinate: log((v - vl) ] 
v0, where v and v i are the uptake rates of  L-leucme in the 
abscence and in the presence o f  inhibitor m the cells. Abscis- 
sa log/ .  The exper iments  were performed as previously 
described [5,9] 

tern of was obtained from the trans-inhlbltion experi- 
ments. ~ t  = 0.0095 mmol • 1-1 • man -1 was then cal- 
culated from K d of the linear uptake component 
(cf. Table I), as for carrier-mediated transport ~ /  

zt_ V-~2ta/K~] (= Kd) [11]. Thus, m contrast to the K12 - 
influx experiment, a kinetic model involving two 
Mlchaells-Menten components in parallel was required 
to account for the net efflux data over the cellular 
L-tryptophan concentration range 0.02-- 17.6 raM. 

Rehable estimates of kinetic parameters from 
efflux experiments when fitting a 4-parameter model, 
could not be obtained because of the scatter of data 
at high substrate concentrations. 

e-Tryptophan transport assumed mediated via the 
L-system displayed asymmetrical properties with an 
asymmetry factor Q=  ~ tL /~ t=0 .13 .  In contrast, 
Q = 1.22 has been reported for L-leuclne transport via 
the L-system [9]. 

It should be underlined that at physiological con- 
centratlons (less than 0.1 raM) less than about 10% of 
L-tryptophan transport is mediated by the L-system. 

The saturable component  
The fraction of the efflux rate which could be 

accounted for by transport of L-tryptophan via the 
L-system was substracted from the data, assuming 

= = 0 . 0 l  r e t o o l "  l - I  m m  - I  = = 

5 mM (cf. Fig. 2 and Table I). A 2-parameter model 
was then fitted by nonlinear regression analysis. As 
shown in Table I, kinetic parameters for the saturable 
component were virtually identical when comparing 
the 2- and 3-parameter regression solutions. 

The maximum rates of c-tryptophan efflux were 
of an order of magnitude smaller than corresponding 
rates of c-leuclne efflux via the L-system, while the 
half-maximum concentrations constants were of the 
same magnitude [9]. 

In contrast to similar c-leucine experiments, giving 
values of ~ ]  and V'~: t of 1.61 and 0.92 mmol• 1-1 • 
mm -1, respectively [9], no increase of the rate of 
c-tryptophan efflux by the presence of substrate in 
the medium was demonstrated (cf Table I). 

To decide whether the Michaelis-Menten compo- 
nent, designated the T-system [5], might be a carrier- 
mediated type of transport, some predictions from 
the simple carrier model of Lleb and Stein [10,11] 
were tested. 

The prediction of Ro0 = 1/kl + 1/k2 > 0, where 
kx and k2 are rate constants of the translocatlon of 
the empty carrier (cf. Fig. 4), was fulfilled by the 
results of the kinetic experiments, as an estimate of 
Roo = 11.66 + 3.43 mmo1-1 - 1 •mm was obtained. 

At low concentrations of substrate (S <<KZt),  
identical values of experimentally determined uni- 
directional fluxes Uab (mmol -1 -I • mln -1) should be 
measured in the three different experimental proce- 
dures considered [11]. Furthermore Uab should be 
related to the substrate concentrahon S by 

Uab = V/K " S, 

where V/K are the ratio of the kinetic parameters. 

kl 
E, "E~ 

ES 

Fig. 4 The one-complex simple carner  model  o f  Lleb and 
Stem [9,10],  kx, k2, bl, b2 are molecular rate constants ;  $1 
and $2 are concen t ranons  o f  substrate in compar tmen t  1 and 
2. 
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TABLE 1I 

Test of the simple carrier model. Comparison of ratios of experimental kinetic parameters (V/K (min-t)) from Table I and the 
fractional rate coefficient of transport k (mln -t) measured at low concentrahons of L-tryptophan (0.04-0.1 mM) relative to the 
concentration range applied for estimation of kinetic parameters (haematocrit 1%). Values of k are mean -+ S.E., the number of 
experiments given in parentheses. Equal V/K ratios are predicted from the simple carrier model comparing the regression solu- 
tion from zti 2 reflux experiments and the 2-parameter regression solution of efflux experiments. The rate coefficient k is pre- 
dicted to be equal to V/K + KL, where K L represents L-tryptophan transport wa the L-system. See text for experimental details. 

Experimental procedure V/K (ram -t) V/K +K L (min -t) k (ram -t) 

zt2I 0.0177 -+ 0.0026 0.0197 0.0228 +- 0.0028 (7) 
ee2t 0 0253 ~ 0.0042 0.0273 0.0285 -+ 0.0020 (8) 
zti2 0.0167 -+ 0.0069 0.0186 0.0375 -+ 0.0064 (8) 

When these predictions were tested from the 
results of  Table II, no decisive evidence for a rejection 
of  the simple carrier model was obtained. 

Various infinite experiments, i.e., applying very 
high concentrations of  substrate (S > >  K zt) at one of  
the faces of  the membrane are needed to provide 
further evidence for the vahdlty of  the carrier model 
[11]. However, as a substantial fraction of  L-trypto- 
phan transport at high concentrations is me&ated via 
the L-system, it would probably be difficult to ob- 
tain reliable estimates of  the klnehc parameters, 
thereby limiting the importance of  these experiments. 

As the present kinetic analysis of  L-tryptophan 
transport via the T-system provides no evidence for 
rejection of  the simple carrier model, and as the 
estimated value of  Roo (11.66 mmo1-1 .1 .min) for 
L-tryptophan transport wa this transport route differs 
by an order of  magnitude from that of  L-leuclne 
(1.76 mmo1-1 "1" min) via the L-system, it is con- 
firmed that the T- and L-systems are different carrier- 
mediated systems. 

Inhibitton Of L-tryptophan transport 
L-Tryptophan effiux at 0.1 mM was strongly inhib- 

ited (95%) by 0.25 mM phloretln, a pronounced 
inhibitor of  several carrier-mediated transport systems 
probably due to an lnterachon with membrane pro- 
terns [22]. 

L-Tryptophan uptake (0.1 mM) was measured 
after incubation of  red cells at 37°C for 20 min with 
different covalent modifiers of  transport pathways 
[23], followed by washings of  the cells before the up- 
take experiments (37°C, triplicate runs with S.E. 
typically less than 5-10%).  Strong inhibition of  

transport (80-95%) was obtained by an amino-reac- 
tive reagent (2 mM FDNB) and by SH-reagents (5 
mM N-ethylmalelmide, 1.0 mM PCMBS). Another 
SH-reagent DTNB (2.5 mM) gave a moderate inhxbi- 
tion (25%), whale SITS (0.6 raM), a specific anion- 
transport inhibitor, did not mhlbite L-tryptophan 
transport. The different Inhibition capacity for FDNB 
and DTNB may be due to separate sites of  action at 
membrane proteins. 

Thus, both amino-groups and SH-groups appear to 
be involved at the site of  action of  the T-system path- 
way. 

Conclusion 

Further evidence has been provided that at physio- 
logical concentrations of  substrate, L-tryptophan 
transport across the membrne of  the red blood cell is 
predominantly mediated by a transport system, 
designated the T-system, which is distinct from the 
carrier-mediated system of L-leuclne transport. 
Results from net flux and equihbrlum-exchange 
experiments were consistent with the T-system also 
being a carner-medlated pathway. The physiological 
significance of  the T-system remains to be elucidated. 
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