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Summary 

This study has characterised the transport mechanism(s) for the novel and selective inhibitor 

of inducible nitric oxide synthase (iNOS), GW274150, in murine macrophage J774 cells. 

Transport of GW274150 was saturable (Km = 0.24±0.01 mM and Vmax of 8.5±0.12 pmol. µg 

protein-1 min-1), pH-insensitive and largely Na+-independent. Transport was also susceptible 

to trans-stimulation and was significantly inhibited by a 10-fold excess of L-arginine, L-

lysine, L-leucine, L-methionine, L-glutamine and 6-diazo-5-oxo-L-norleucine but not by 

other amino acids or by N-ethylmaleimide. More importantly, the inhibitions caused by the 

neutral amino acids were critically dependent on Na+. These results strongly implicate system 

y+L in the transport of GW274150. Northern blot analysis confirmed this by revealing the 

presence of transcripts for y+LAT-1 but not y+LAT-2. Thus, taken together, our data show for 

the first time that J774 macrophages express y+LAT-1 transporters and that these carriers 

mediate transport of GW2741500 at least in these cells.  
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Introduction 

Nitric oxide (NO) has emerged as an important mediator of a wide range of physiological and 

pathophysiological functions in mammalian systems (Moncada et al., 1991; Gross & Wolin, 

1995). The precise nature of the responses produced by this diverse molecule appears to 

depend on the amounts and source of production.  Nitric oxide is synthesised by the enzyme 

nitric oxide synthase (NOS) of which there are at least three distinct isoforms: neuronal NOS 

(nNOS), endothelial NOS (eNOS) and inducible NOS (iNOS) (Knowles & Moncada, 1994; 

Alderton et al., 2001). Both nNOS and eNOS are Ca2+-calmodulin-dependent enzymes which 

are constitutively expressed in a variety of tissues and produce short bursts of pico- to 

nanomolar concentrations of NO following agonist stimulation. At these relatively low 

concentrations, NO produced by eNOS may function as a physiological mediator, playing an 

important role in regulating vascular smooth muscle tone, peripheral resistance and thus 

blood pressure (Rees et al., 1989; Vallance et al., 1989). Similarly, NO from nNOS may 

mediate diverse neuronal functions acting, for instance, within the peripheral nervous system 

as a classical neurotransmitter in regulating gastrointestinal motility and regional blood flow 

(Sanders & Ward, 1992).  

 

In contrast to its constitutive isoforms, iNOS is a Ca2+-calmodulin-insensitive enzyme which 

is induced following exposure to several inflammatory stimuli including cytokines and 

bacterial lipopolysaccharide (LPS). Once induced, iNOS produces sustained nano- to 

micromolar concentrations of NO which contribute to the pathogenesis of various 

inflammatory diseases. In this regard, enhanced production of NO by iNOS within the 

vasculature has been implicated in the pathogenesis of septic shock, mediating vascular 

hyporeactivity not only in experimental models (Julou-Schaeffer et al., 1990) but also in 

patients with sepsis (Ochoa et al., 1991; Lorente et al., 1993; Tsuneyoshi et al., 1996). 

Additionally, iNOS derived NO may also play a role in other inflammatory and autoimmune 

disorders including rheumatoid arthritis (McCartney-Francis et al., 1993) and inflammatory 

bowel disease (Yamada et al., 1993).   

 

These pathological actions of NO makes selective targeting of iNOS a key therapeutic 

strategy for the treatment of diseases associated with the over production of NO. 

Considerable effort has indeed been devoted to this area of NO research, resulting in the 
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production of a vast and expanding list of compounds which inhibit NO synthesis (Babu & 

Griffith, 1998; Hobbs et al., 1999; Alderton et al., 2001). Amongst this growing list is (S)-2-

amino-(1-iminoethylamino)-5-thioheptanoic acid (GW274150), a sulphur-substituted 

acetamidine derivative of L-lysine which shows a high selectivity for iNOS (IC50 ~1.4 µM) 

when compared to either eNOS (IC50 ~ 466 µM) or nNOS (IC50 ~ 145 µM) (Young et al., 

2000). Moreover, GW274150 is effective not only against the isolated enzyme but is also 

highly potent in intact cell systems suggesting that it can be transported into cells to exert its 

effects.  

 

At present very little is known about the mechanisms associated with the uptake of this 

compound into cells. We have therefore carried out experiments examining the entry 

characteristics of GW274150 in an attempt to identify the carrier(s) associated with its 

transport. These studies are essential and important in terms of the potential therapeutic 

utility of GW274150. Moreover, the data obtained has identified a novel entry mechanism for 

iNOS inhibitors which has previously not been described for this class of compounds.  
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Materials and Methods 

 

Cell culture 

The murine monocyte/macrophage cell line J774 was maintained in continuous culture in 

T75 tissue culture flasks in Dulbecco's modified Eagle’s medium (DMEM) supplemented 

with penicillin (100 units ml-1), streptomycin (100 mg ml-1) and 10% foetal bovine serum. 

Cells were harvested by gentle scraping and plated into wells for experimentation or 

passaged every 4 days by dilution of a suspension of the cells 1: 4 in fresh medium.  

 

Measurement of GW274150 transport 

J774 cells were plated at a density of 105 cells per well in 96-well microtiter plates and 

allowed to adhere overnight prior to transport studies which were carried out as described 

previously (Bogle et al., 1992). Briefly, adherent cells were rinsed twice with a modified 

Hepes-buffered Krebs solution (composition (mM): NaCl, 131; KCl, 5.5; MgCl2, 1; CaCl2, 

2.5; NaHCO3, 25; NaH2PO4, 1; D-glucose, 5.5; Hepes, 20; pH 7.4) and uptake was initiated 

by adding Hepes-buffered Krebs (50 µl per well; 37oC) containing [14C]GW274150 (1 µCi 

ml-1) to the monolayers. Incubations were terminated by placing the plates on melting ice and 

rinsing cells three times with 200 µl ice-cold Krebs buffer. 100 µl of the bicinchoninic acid 

protein reagent (Smith et al., 1985) was then added to wells causing rapid lysis of cells. 

Absorbance values were determined at 620 nm on a Multiskan II plate reader after 40 min of 

incubation at room temperature. Values obtained were converted to total protein per well 

using a protein standard curve generated from bovine serum albumin. The amount of 

radioactivity (dpm) in cell lysates was determined by liquid scintillation counting. Uptake 

was then calculated and expressed in units of pmoles µg protein-1 min-1.  

 

Time course and kinetics of GW274150 transport 

The time course of uptake of GW274150 was monitored by incubating cells with 

[14C]GW274150 (100 µM; 1 µCi ml-1) in Hepes-buffered Krebs solution (50µl; 37oC) for 

varying time periods ranging from 30 s to 60 min. Transport was then terminated and total 

[14C]GW274150 accumulated in cells determined as described above. 
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In kinetic experiments cells were incubated for 1 min in either normal Hepes-buffered Krebs 

solution (50µl; 37oC) or Na+-free Krebs solution (see below) containing increasing 

concentrations (0.005 - 1 mM) of [14C]GW274150 (1 µCiml-1). The data obtained was fitted 

using the Michaelis-Menten equation or subjected to Eadie-Hofstee analysis.  

 

Selectivity of GW274150 transport 

Inhibition of GW274150 transport by competitor amino acids was investigated by incubating 

cells with Krebs solution containing 100 µM [14C]GW274150 (1 µCi ml-1) in the absence or 

presence of a 10-fold excess (1 mM) or increasing concentrations of a given inhibitor 

substrate. Parallel inhibition studies were carried out by replacing normal Krebs solution with 

Na+-free Krebs as described below.   

 

pH and Na+-dependency of GW274150 transport 

The dependency of GW274150 uptake on extracellular pH was monitored in Krebs solution 

titrated with 0.1N HCl or NaOH to achieve pH values ranging from pH 8 to pH 5.5. In 

sodium-free experiments, the buffer was modified by replacing NaCl, NaHCO3 and NaH2PO4 

with choline chloride, choline bicarbonate and KH2PO4, respectively. All studies were 

terminated after a 1 min incubation period.   

 

Effects of NEM on GW274150 transport 

Cells were incubated with the sulfhydryl reagent, N-ethylmaleimide (NEM) for 1 min to 30 

min at 22oC. The effects of NEM were negated by adding 10 mM of 2-mercaptoethanol to 

each well and the cells washed before monitoring transport of  [14C]GW274150 (100 µM; 1 

µCiml-1) over 1 min. 

 

Trans-stimulation of GW274150 efflux from [14C]GW274150 loaded J774 cells 

Cells were loaded with [14C]GW274150 (100 µM; 1 µCi ml-1) for 30 min at 37oC in standard 

Krebs buffer. After this period, cells were washed and incubated in fresh buffer containing 1 
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mM of either L-arginine, L-leucine, L-methionine or L-glutamine. Radioactivity in the 

medium and in cell lysates was determined at 5, 10 and 15 min and the efflux values 

expressed as % of radioactivity released from the cells: radioactivity in 

medium/(radioactivity in medium + radioactivity in lysates)*100%.  

 

 

Northern Blot  analysis of y+LAT expression 
 
RNA was prepared from confluent monolayers of J774 cells using RNA STAT-60 

(Biogenesis, Poole, UK) according to the manufacturer’s protocol. The concentration of RNA 

in solution was determined spectrophotometrically and the quality verified by visualization of 

28S and 18S rRNA bands after electrophoresis through a 1% ethidium bromide stained 

agarose gel. For Northern blot analysis, 25 µg of RNA was electrophoresed through a 

formaldehyde-agarose gel, transferred to a nylon membrane (Hybond N+, Amersham) and 

crosslinked by UV irradiation. Probes for y+LAT-1, y+LAT-2 and 18S rRNA control were 

labelled by random-priming using the redi-prime kit from Amersham following the 

manufacturer’s instructions. The y+LAT-1 probe consisted of a fragment containing 

nucleotides 28 to 683 of its published sequence (accession number: AJ012754) and the 

y+LAT-2 probe consisted of a fragment from nucleotides 142 to 563 of the sequence in the 

gene bank (accession number: NM_178798). The 18S ribosomal RNA probe corresponded to 

a fragment encompassing nucleotides 500 to 672 of the rat published sequence (Torczynski et 

al., 1983). Total RNA isolated from mouse kidney was used as a positive control for 

identification of y+LAT1 expression.  

 

After labelling, non-incorporated nucleotides were removed by centrifugation using 

sepharose spin columns (MicroSpinPM G-25, Amersham). Hybridization was carried out 

overnight at 65oC in a hybridisation mix that consisted of 0.25 M Na2HPO4/NaH2PO4 buffer 

(pH 7.2), 1mM EDTA, 20% SDS and the respective denatured probes (20 ng at 109 dpm/µg 

DNA). After hybridization, blots were washed in 2X standard saline citrate buffer (SSC) for 

30 minutes at 65oC followed by a second wash in 0.2X SSC for 30 minutes at 65oC. Blots 

were subsequently exposed to an X-ray film (HyperfilmTM MP, Amersham Pharmacia 

Biotech) with an intensifying screen at -80°C. The relative intensities of the bands produced 

were determined by densitometry.  
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Materials 

All reagents for cell culture except foetal calf serum (Sigma) were from Gibco (Paisley, 

U.K.). Other chemicals were from Sigma or BDH and of the highest grade obtainable. 

Unlabelled and radioactive L-[14C]GW274150 (54.3 mCi/mmol) were obtained from 

GlaxoSmithKline (Stevenage, UK) and the 18S ribosomal RNA probe was kindly provided 

by Dr A. Felipe (University of Barcelona, Spain). 

 

Statistics 

All values are means ± s.e.m. of at least three separate experiments with six replicates per 

experiment. Statistical analyses were performed by one-way ANOVA followed by the 

Dunnetts multiple comparison test with the overall confidence levels set at 95%. 
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Results 

Time course and Kinetics of GW274150 transport 

Time course experiments revealed that transport of L-[14C]GW271450 (100 µM; 1 µCi ml-1) 

into cells was rapid and linear for up to 3 min,  saturating thereafter and reaching a plateau 

after 20 min of incubation (Fig. 1). On the basis of these observations, all subsequent 

experiments were carried out over a 1 min period to ensure that transport was measured at 

initial rates.  

 

Kinetic analysis revealed that transport of GW274150 occurs via a saturable high affinity 

carrier with a Michaelis constant (Km) of 0.24±0.01 mM and a maximal transport rate 

velocity (Vmax) of 8.5±0.12 pmol. µg protein-1 min-1 (Fig. 2). Eadie-Hofstee transformation of 

the data (inset in Fig. 2) produced a single linear regression line compatible with the 

operation of a single saturable system or systems with indistinguishable functional 

characteristics. When repeated in the absence of Na+, transport of GW274150 was 

indistinguishable to that observed in normal Krebs buffer in that both the Vmax (8.2±0.11 

pmol. µg protein-1 min-1) and Km (0.27±0.01  mM) remained virtually unaltered.  

 

pH and Na+-dependency of GW274150 transport 

The effects of pH on [14C]GW274150 transport was examined in Krebs buffer with varying 

pH values ranging from pH 8 to pH 6.0. The results in Table 1 show that uptake was largely 

pH insensitive.  

 

In addition to its pH insensitivity, transport of GW274150 was also largely Na+-independent 

since rates measured in Na+-free Krebs solution were only marginally lower than those 

determined in the presence of Na+ (Table 1).   

 

Selectivity of GW274150 transport 

Cross inhibition studies were carried out in the presence and absence of Na+ to evaluate the 

substrate specificity of the transporter(s) associated with GW274150 uptake by J774 cells. 

Under these conditions, transport of [14C]GW274150 was not affected by a 10-fold  excess of 
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either 2-methylaminoisobutyric acid (MeAIB), L-alanine, L-valine or ß-2-amino-bicyclo-

(2,2,1)-heptane-2-carboxylic acid (BCH) but was inhibited by 64±1 %, 60±2 %, 54±2 %, 

50±2 %, 45±2 % and 43±2 in the presence of L-arginine, L-lysine, L-leucine, L-methionine, 

L-glutamine and 6-diazo-5-oxo-L-norleucine (DON) respectively. These inhibitions, with the 

exception of that caused by L-arginine and L-lysine, were critically dependent on 

extracellular Na+ and completely reversed when extracellular Na+ was replaced with choline 

(Fig. 3).  

 

Further analysis using selected amino acids show that transport rates for GW274150 were 

inhibited in a concentration-dependent manner by L-arginine, L-leucine, L-methionine and L-

glutamine with respective ki values of 0.04 mM, 0.06 mM, 0.07 mM and 0.13 mM.  

 

Effects of NEM on GW274150 transport 

The profile of inhibition reported above strongly suggests that transport of GW274150 may 

occur via a system or systems with characteristics similar to those of system y+ and/or other 

cationic amino acid transporters such as y+L/y+LATs (see Deves & Boyd, 1998; Palacin et 

al., 1998 for reviews). To further characterise the transporter(s) associated with uptake of 

GW274150, additional studies were therefore carried out in cells pre-treated with NEM 

which apparently discriminates between system y+ and y+L by inhibiting the former (Deves et 

al., 1993). In these studies, NEM (0.2 mM) failed to cause any significant inhibition in 

transport of GW274150 when exposed to cells for short periods of 1 min - 5 min (data not 

shown). Longer incubations reduced transport of L-arginine but these effects were 

accompanied by a marked decrease in cell number and total cell protein (~16 % after 10 min 

and ~37 % after 30 min pre-incubations) which may be indicative of a non-specific cytotoxic 

action of NEM.  

 

Trans-stimulation of GW274150 transport 

Efflux of radioactivity from J774 cells preloaded with [14C]GW274150 was determined over 

a time period in the absence (control) and presence of 1 mM of either L-arginine, L-leucine 

or L-glutamine. As shown in Fig. 4, efflux of [14C]GW274150 from control cells was low and 

showed no significant change over time. In contrast, the presence of either L-arginine, L-
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leucine or L-glutamine in the incubation buffer resulted in a significant and time-dependent 

release of [14C]GW274150 into the medium. Interestingly, L-glutamine which was relatively 

weaker in inhibiting influx of GW274150 (ki = 0.13 mM vs  0.04 mM and 0.06 mM for L-

arginine and L-leucine respectively) was also less potent in inducing efflux when compared 

to either L-leucine or L-arginine, indicating that this amino acid may be a relatively weaker 

substrate for the GW274150 transporter.  

 

Northern blot analysis of y+LAT expression in J774 cells 

To confirm whether J774 macrophages express known system y+L associated genes, we 

probed for the expression of y+LAT-1 and y+LAT-2 mRNA by Northern blot analysis using 

total RNA isolated from these cells. The results obtained revealed the expression of 

transcripts for y+LAT-1 (Fig 5) but not for y+LAT-2 (data not shown) in control non-

activated cells. These findings are the first, to our knowledge, to report the expression of 

y+LAT-1 in J774 macrophages.   
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Discussion 

The characteristics of the transport of GW274150 by J774 macrophages was studied to gain 

an insight into the mechanisms associated with the uptake of this potent and highly selective 

iNOS inhibitor into control non-activated cells.  The results obtained show that GW274150 

can cross cell membranes in a time-dependent manner and that the uptake process is largely 

pH and Na+ insensitive. Kinetic analysis revealed a saturable transport system with a 

relatively high affinity but low capacity. In addition, the transporter was sensitive to trans-

stimulation but only marginally altered by NEM which was found to be highly cytotoxic, 

reducing total cell protein significantly even after short incubations.  

 

To further unravel the nature of the transporter(s) involved with the uptake of GW274150, 

inhibition analysis was carried out using system specific substrates in cross-inhibition 

studies. The data from these experiments show that uptake can be modified Na+-

independently by cationic amino acids and Na+-dependently by select neutral amino acids 

which were also able to induce [14C]GW274150 efflux from cells preloaded with this 

compound. These findings therefore indicate that transport of GW274150 occurs via a system 

or systems capable of interacting with both basic and neutral amino acids and thus eliminate 

other transporters that show selectivity for either neutral or cationic amino acids alone. One 

such system is the amino acid transporter system A, which is a Na+-dependent and pH-

sensitive carrier of small neutral amino acids (Christensen, 1990; McGivan & Pastor-

Anglada, 1994). Conclusive evidence that supports a lack of involvement of this transporter 

in the uptake of GW274150 is the observation that MeAIB, a model substrate for system A 

(Christensen, 1965), failed to modify initial rates of GW274150 transport even when used at 

a 10-fold excess. Furthermore, system A generally shows weak responses to trans-

stimulation, a key feature of the transport of GW274150 in J774 macrophages. Additionally, 

L-valine and L-alanine, known substrates for this carrier and indeed the ASC system 

(Christensen et al., 1967), were also without effect, confirming that neither system A nor 

ASC may be involved in the transport of GW274150, at least, in J774 macrophages.  

 

The other system for which there is strong evidence against its involvement in the uptake 

process of GW274150 is the Na+-insensitive system L, which shows high specificity for 

branched-chain and aromatic amino acids (Oxender & Christensen, 1963; Christensen, 1990), 
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and utilises the non-metabolisable bicyclic BCH analogue as a system specific substrate 

(Christensen et al., 1969). Thus, since BCH was without effect in our studies, it is reasonable 

to conclude that this pathway does not contribute to the uptake of GW274150 to any 

significant extent. Interestingly, other known system L substrates such as L-leucine and L-

methionine, caused marked inhibition of GW274150 transport. These effects were however 

critically dependent on the presence of Na+ which is uncharacteristic of the L transporter 

whose interaction with both these amino acids is largely Na+-independent (Oxender & 

Christensen, 1963; Christensen, 1990). Thus, despite the marked inhibitions caused by L-

leucine and L-methionine, the Na+-dependency of their actions together with the lack of 

inhibition by BCH strongly argues against system L being utilised by GW274150 for entry 

into cells.  

 

Similarly, the inhibitions caused by L-glutamine, a system N substrate (Kilberg et al., 1980), 

and DON, a model substrate for system N (Goldstein, 1975) do not confirm that this pathway 

is indeed involved in the uptake of GW274150 into J774 macrophages. In this case the 

argument against is the fact that system N is Na+-dependent, pH-sensitive and does not 

interact with either cationic amino acids or leucine (Kilberg et al., 1980). Transport of 

GW274150 on the other hand, was largely Na+- and pH-insensitive and was also significantly 

blocked by both L-arginine and L-lysine and by L-leucine. It is worth noting that L-

glutamine, as with L-leucine and L-methionine, is capable of interacting with other amino 

acid transporters distinct from its recognised carrier (system N) and do so in the absence or 

presence of Na+ as a surrogate cation. This mostly occurs through a family of broad-scope 

carriers capable of transporting both neutral and basic amino acids with relatively high 

affinity. 

 

At present there are at least three distinct broad-scope amino acid transporters. These 

systems, identified as Bo,+, bo,+, and y+L share some common similarities in their 

characteristics but can also be discriminated on the basis of their requirement for Na+ in 

transporting amino acids (Deves & Boyd, 1998; Palacin et al., 1998). For instance, Bo,+ is 

defined by Na+-dependent transport of both neutral and cationic amino acids and also by its 

ability to accept BCH and interact with relatively small amino acids such as valine (Van 

Winkle et al., 1985). In contrast, bo,+ is Na+-independent and capable of transporting both 
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neutral and basic amino acids with comparatively high affinity in the absence of Na+ (Van 

Winkle et al., 1988; Bertran et al., 1992; Wells & Hediger, 1992). In our studies transport of 

GW274150 was largely Na+-independent and significantly attenuated by both cationic and 

neutral amino acids with the inhibition caused by the latter being critically dependent on the 

presence of Na+ and that caused by the former persisting even on removal of Na+ from the 

assay buffer. Thus, on the basis of these findings, it is highly unlikely that either Bo,+ or bo,+ 

play any significant role in transporting GW274150 into J774 cells. The system that would 

carry out this process would be one that relies on Na+ for transport of neutral but not of basic 

amino acids. This feature is in fact characteristic of the classical broad-scope y+L transporter 

(Deves et al., 1992; Deves et al., 1998) which recognises neutral and basic amino acids with 

high affinity but shows differential effects towards these substrates by its requirement for Na+ 

in interacting with the neutral but not with the cationic amino acids (Deves et al., 1992; 

Angelo & Deves, 1994; Fei et al., 1995; Deves et al., 1998). Moreover, system y+L does not 

recognise BCH (Fei et al., 1995), discriminating it from the L transporter and further 

strengthening its role in the transport of GW274150, at least in J774 macrophages. 

 

In addition to y+L it is worth considering whether transport of GW274150 may be facilitated 

by the classical cationic amino acid transporter y+ (White, 1985; Deves & Boyd, 1998; 

Palacin et al., 1998). This transport system is know to be expressed in J774 macrophages 

(Bogle et al., 1992; Baydoun  et al., 1994) and the marked inhibition by both L-arginine and 

L-lysine together with the Na+-independency of this inhibition would strongly implicate this 

system as a key target for the entry of GW274150 into cells. System y+ however has only 

weak affinity for some neutral amino acids such as homoserine (Wang et al., 1991) and does 

not appear to facilitate uptake of either leucine, glutamine or methionine (Kim et al., 1991) 

which we have shown to be able to cause marked inhibitions of the transport of GW274150 

in our system. Also of significance is the additional finding with DON which does not 

interact with system y+ in J774 macrophages (Baydoun et al., 1994) but attenuated 

GW274150 uptake quite markedly in the same cells. The rational deduction from these data 

therefore is that system y+, although potentially expressed, may not be the transporter for 

GW274150 in control J774 cells. This is interesting because GW274150 is an acetamidine 

derivative of hetero-substituted lysine (Young et al., 2000) and would be expected to interact 

with system y+. The fact that this was not the case raises the question of the relative 
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expression levels of the system y+ protein in our cells. We cannot rule out that this 

transporter, although present, may be expressed in relatively low levels that may not be 

sufficient to make a major contribution to the total uptake of GW274150. Additional studies 

looking at the expression levels of CAT-1 expression for instance may help shed more light 

on this. Such studies are however limited by the lack of readily available selective antibodies 

for these proteins.  

 

Despite the argument raised above, it is clear that system y+ may not be involved in the 

transport of GW274150 under our current experimental conditions. Further evidence in 

support of this notion was obtained in studies with NEM which apparently discriminates 

between systems y+L and y+ by inhibiting the activity of the latter (Deves et al., 1993). This 

compound however failed to cause any discernible change in the transport of GW274159 

when used under non-cytotoxic conditions (short incubations) at concentrations (0.2 mM) 

shown to abolish y+ activity in other systems (Deves et al., 1993; Patel et al., 1996; Peter et 

al., 1999; Dall_Asta et al., 2000). Although greater inhibitions were observed with prolonged 

incubations (> 10 min) these effects were characterised by a conspicuous decrease in cell 

number and total cell protein, indicative of a non-selective cytotoxic action by NEM. These 

responses should therefore be interpreted with caution and not ascribed to the expected 

inactivation of the y+ transporter defined in other systems.     

 

All the data discussed thus far give a strong indication that y+L rather than systems A, L, N or 

y+ may be the relevant transporter for GW274150 in J774 macrophages. We cannot however 

rule out that a fraction of GW274150 transport may occur through low affinity routes which 

are yet to be identified. This supposition is based on the fact that none of the inhibitor amino 

acids used completely suppressed GW274150 transport into cells. In each case there was a 

small component of entry which was not susceptible to inhibition even in the presence of a 

large excess of competitor substrate.  

 

Although the indication is that a transporter similar to y+L may be involved with uptake of 

GW274150, it is not clear whether this is the classical y+L carrier identified in erythrocytes 

(Deves et al., 1992). The affinity of the latter for amino acids seems somewhat higher (Km ~ 

12 µM) than that inferred in this study for the same amino acids from inhibition studies (Ki 
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40-130 µM). y+L is however emerging as a family of distinct heterodimeric proteins which, 

although characterised by their dependency on Na+ for transport of neutral amino acids and 

Na+-independency for interaction with basic amino acids, may be distinguished by their 

tissue distribution and by their relative affinity for different substrates. At present there are at 

least two distinct y+L transporters which consist of the heavy chain 4F2hc glycoprotein and 

one of two light chains designated as y+LAT-1 and y+LAT-2 (Torrents et al., 1998; Pfeiffer et 

al., 1999; Broer et al., 2000). Whether these novel proteins are associated with the reported 

y+L activity in erythrocytes remains to be established. However, both y+LAT-1 and y+LAT-2 

are expressed in most tissues with levels of the former being most apparent in the intestine, 

kidney, lung and leucocytes(Torrents et al., 1998; Pfeiffer et al., 1999) whilst y+LAT-2 

appears to be more prominent in the brain, heart, testis, small intestine and parotids (Broer et 

al., 2000).  

 

At the functional level, y+LAT-1 shows a much higher affinity for neutral amino acids (Km 

~20-30 µM vs Km of ~ 340 µM for L-arginine (Pfeiffer et al., 1999)) while y+LAT-2 shows a 

marginal preference for cationic substrates (Km for L-arginine ~120 µM vs 236-295 µM for 

leucine and glutamine respectively (Broer et al., 2000)). Either of these carriers may be 

involved with the transport of GW274150 in J774 macrophages. However, although there are 

reports of system y+L activity in rabbit (Racké et al., 1998) and rat alveolar macrophages 

(Messeri Dreißig et al., 2000) and y+LAT-1 expression has been shown in human monocytes 

(Rotoli et al., 2004) there is no published literature on the expression or function of these 

proteins in J774 macrophages. We have therefore extended our studies by examining whether 

transcripts for y+LAT-1 and/or y+LAT-2 are expressed in our cell system by Northern blot 

analysis of total RNA isolated from control cells. The data obtained revealed basal expression 

of y+LAT-1 mRNA but not of y+LAT-2, suggesting that the former may be the carrier for 

GW274150 in J774 macrophages. 

 

 In summary data has been produced showing that GW274150 is transported by J774 

macrophages via a system which is characteristically similar to the classical system y+L and 

in particular to the newly identified y+LAT-1 transporter. This conclusion is based on several 

observations including the detection of transcripts for y+LAT-1 in control cells. Moreover, 

the characteristic Na+-dependent and Na+-independent inhibitions caused by neutral and basic 
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amino acids respectively, and the insensitivity of the system to pH and NEM together with 

the trans-stimulation of GW274150 efflux by both neutral and cationic amino acids are 

compatible with the involvement of system y+L in facilitating transport of GW274150, at 

least in J774 macrophages. To our knowledge, this is also the first report to demonstrate the 

expression of y+LAT-1 in J774 macrophages and, in agreement with a recent report by Rotoli 

et al. (2005), suggests a critical role for these carriers in the transport of NOS inhibitors 

which, previously, may have been ascribed to the CATs (Baydoun and Mann, 1994).  Should 

y+LAT-1 be sensitive to induction by inflammatory mediators the resulting upregulation in its 

expression may provide a mechanism for enhancing the delivery of GW274150 into cells 

expressing iNOS.  This has indeed been shown for transport of other NOS inhibitors through 

system y+ (Baydoun and Mann, 1994) and could have potential therapeutic benefits in 

enhancing the potency of GW274150 against iNOS.  

 
 
Acknowledgements 

This work was supported by a British Heart Foundation project grant (PG/98130) to AB and 

in part by a DGICYT research grant (PM99/0172) from Spain to MP.



 
 -18- 

References 

Alderton WK, Cooper CE, Knowles RG (2001) Nitric oxide synthases: structure, function 
and inhibition. Biochem J 357: 593-615. 

 
Angelo S, Deves R (1994) Amino acid transport system y+L of human erythrocytes: 

specificity and cation dependence of the translocation step.  J Membr Biol 141: 183-
192. 

 
Babu BR, Griffith OW (1998) Design of isoform-selective inhibitors of nitric oxide synthase. 

Curr Opin Chem Biol 2: 491-500. 
 
Baydoun AR, Mann GE (1994) Selective targeting of nitric oxide synthase inhibitors to 

system y+ in activated macrophages. Biochem Biophys Res Commun 200:726-731. 
 
Baydoun AR, Bogle RG, Pearson JD, Mann GE (1994) Discrimination between citrulline and 

arginine transport in activated murine macrophages: Inefficient synthesis of NO from 
recycling of citrulline to arginine. Br J Pharmacol 112: 487-492. 

 
Bertran J, Werner A, Moore ML, Stange G, Markovich D, Biber J, Testar X, Zorzano A, 

Palacin M, Murer H (1992) Expression cloning of a cDNA from rabbit kidney cortex 
that induces a single transport system for cystine and dibasic and neutral amino acids. 
Proc Natl Acad Sci U S A 89: 5601-5605. 

 
Bogle RG, Baydoun AR, Pearson JD, Moncada S, Mann GE (1992) L-arginine transport is 

increased in macrophages generating nitric oxide. Biochem J 284: 15-18. 
 
Broer A, Wagner CA, Lang F, Broer S (2000) The heterodimeric amino acid transporter 

4F2hc/y+LAT2 mediates arginine efflux in exchange with glutamine. Biochem J  349: 
787-795. 

 
Christensen HN (1990) Role of amino acid transport and countertransport in nutrition and 

metabolism. Physiol Rev 70: 43-77. 
 
Christensen HN, Oxender DL, Liang M, Vatz KA (1965) The use of N-methylation to direct 

route of mediated transport of amino acids. J Biol Chem 240: 3609-3616. 

 
Christensen HN, Handlogten ME, Lam I, Tager HS,  Zand R (1969) A bicyclic amino acid to 

improve discriminations among transport systems. J Biol Chem 244: 1510-1520. 
 
Christensen HN, Liang M, Archer EG (1967) A distinct Na+-requiring transport system for 

alanine, serine, cysteine, and similar amino acids. J Biol Chem 242: 5237-5246. 
 
Dall_Asta V, Bussolati O, Sala R, Rotoli BM, Sebastio G, Sperandeo MP, Andria G, Gazzola 

GC (2000) Arginine transport through system y+L in cultured human fibroblasts: 
normal phenotype of cells from LPI subjects. Am J Physiol 279: C1829-C1837. 

 



 
 -19- 

Deves R, Angelo S, Chavez P (1993) N-ethylmaleimide discriminates between two lysine 
transport systems in human erythrocytes. J Physiol 468: 753-766. 

 
Deves R, Angelo S,  Rojas AM (1998) System y+L: the broad scope and cation modulated 

amino acid transporter. Exp Physiol 83: 211-220. 
 
Deves R, Boyd CA (1998) Transporters for cationic amino acids in animal cells: discovery, 

structure, and function. Physiol Rev 78: 487-545. 
 
Deves R, Chavez P, Boyd CA (1992) Identification of a new transport system y+L in human 

erythrocytes that recognizes lysine and leucine with high affinity. J Physiol 454: 491-
501. 

 
Fei YJ, Prasad PD, Leibach FH, Ganapathy V (1995) The amino acid transport system y+L 

induced in Xenopus laevis oocytes by human choriocarcinoma cell (JAR) mRNA is 
functionally related to the heavy chain of the 4F2 cell surface antigen. Biochemistry 
34: 8744-8751. 

 
Goldstein L (1975) Glutamine transport by mitochondria isolated from normal and acidotic 

rats. Am J Physiol 229: 1027-1033. 
 
Gross SS, Wolin MS (1995) Nitric oxide:  Pathophysiological mechanisms. Annu Rev 

Physiol  57: 737-769. 
 
Hobbs AJ, Higgs A, Moncada S (1999) Inhibition of nitric oxide synthase as a potential 

therapeutic target. Annu RevPharmacol Toxicol 39: 191-220. 
 
Julou-Schaeffer G, Gray GA, Fleming I, Schott C, Parratt JR, Stoclet JC (1990) Loss of 

vascular responsiveness induced by endotoxin involves L-arginine pathway. Am J 
Physiol 259: H1038-H1043. 

 
Kilberg MS, Handlogten ME, Christensen HN (1980) Characteristics of an amino acid 

transport system in rat liver for glutamine, asparagine, histidine, and closely related 
analogs. J Biol Chem 255: 4011-4019. 

 
Kim JW, Closs EI, Albritton LM,  Cunningham JM (1991) Transport of cationic amino acids 

by the mouse ecotropic retrovirus receptor. Nature 352: 725-728. 
 
Knowles RG, Moncada S (1994) Nitric oxide synthases in mammals. Biochem J  298: 249-

258. 
 
Lorente JA, Landín L, De Pablo R, Renes E & Liste D (1993). L-arginine pathway in the 

sepsis syndrome. Crit Care Med  21, 1287-1295. 
 



 
 -20- 

Messeri Dreissig MD, Hammermann R, Mossner J, Gothert M, Racke K (2000) In rat 
alveolar macrophages lipopolysaccharides exert divergent effects on the transport of 
the cationic amino acids L-arginine and L-ornithine. Naunyn Schmiedebergs Arch 
Pharmacol 361: 621-628.  

 
McCartney-Francis N, Allen JB, Mizel DE, Albina JE, Xie Q-W, Nathan CF, Wahl SM 

(1993). Suppression of arthritis by an inhibitor of nitric oxide synthase. J Exp Med 
178: 749-754. 

 
McGivan JD, Pastor-Anglada M (1994) Regulatory and molecular aspects of mammalian 

amino acid transport. Biochem J  299: 321-334. 
 
Moncada S, Palmer RMJ, Higgs EA (1991) Nitric oxide: Physiology, Pathophysiology, and 

Pharmacology. Pharmacol Rev 43: 109-142. 
 
Ochoa JB, Udekwu AO, Billiar TR, Curran RD, Cerra FB, Simmons RL, Peitzman AB 

(1991) Nitrogen oxide levels in patients after trauma and during sepsis. Ann Surg 214: 
621-626. 

 
Oxender DL, Christensen HN (1963) Distinct mediating systems for the transport of neutral 

amino acids by the Ehrlich cell. J Biol Chem 238: 3686-3699. 
 
Palacin M, Estevez R, Bertran J, Zorzano A (1998) Molecular biology of mammalian plasma 

membrane amino acid transporters. Physiol Rev 78: 969-1054. 
 
Patel JM, Abeles AJ, Block ER (1996) Nitric oxide exposure and sulfhydryl modulation alter 

L-arginine transport in cultured pulmonary artery endothelial cells. Free Radic Biol 
Med 20: 629-637. 

 
Peter GJ, Davies A, Watt PW, Birrell J, Taylor PM (1999) Interactions between the thiol-

group reagent N-ethylmaleimide and neutral and basic amino acid transporter-related 
amino acid transport. Biochem J 343: 169-176. 

 
Pfeiffer R, Rossier G, Spindler B, Meier C, Kuhn L, Verrey F (1999),. Amino acid transport 

of y+L-type by heterodimers of 4F2hc/CD98 and members of the glycoprotein-
associated amino acid transporter family. EMBO J 18: 49-57. 

 
Racké K, Hey C, Mössner J, Hammermann R, Stichnote C, Wessler I (1998) Activation of L- 

arginine transport by protein kinase C in rabbit, rat and mouse alveolar macrophages. 
J Physiol 511: 813-825. 

 
Rees DD, Palmer RM, Moncada S (1989) Role of endothelium-derived nitric oxide in the 

regulation of blood pressure. Proc Natl Acad Sci U S A 86: 3375-3378. 
 
Rotoli BM, Bussolati O, Sala R, Barilli A, Talarico E, Gazzola GC, Dall'Asta V (2004) INFγ  

stimulates arginine transport through system y+L in human monocytes. FEBS Lett  
571: 177-181. 

Rotoli BM, Bussolati O, Sala R, Gazzola GC, Dall'Asta V (2005) The transport of cationic  



 
 -21- 

amino acids in human airway cells: expression of system y+L activity and  
transepithelial delivery of NOS inhibitors. FASEB J 19: 810-812. 

 
Sanders KM & Ward SM (1992). Nitric oxide as a mediator of nonadrenergic noncholinergic 

neurotransmission. Am J Physiol 262, G379-G392. 
 
Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, Provenzano MD, Fujimoto 

EK, Goeke NM, Olson BJ,  Klenk DC (1985) Measurement of protein using 
bicinchoninic acid. Anal Biochem 150: 76-85. 

 
Torczynski R, Bollon AP, Fuke M (1983) The complete nucleotide sequence of the rat 18S 

ribosomal RNA gene and comparison with the respective yeast and frog genes. 
Nucleic Acids Res 11: 4879-4890. 

 
Torrents D, Estevez R, Pineda M, Fernandez E, Lloberas J, Shi YB, Zorzano A, Palacin M 

(1998) Identification and characterization of a membrane protein (y+L amino acid 
transporter-1) that associates with 4F2hc to encode the amino acid transport activity 
y+L. A candidate gene for lysinuric protein intolerance. J Biol Chem 273: 32437-
32445. 

 
Tsuneyoshi I, Kanmura Y, Yoshimura N (1996) Nitric oxide as a mediator of reduced arterial 

responsiveness in septic patients. Crit Care Med 24: 1083-1086. 
 
Vallance P, Collier J, Moncada S (1989) Effects of endothelium-derived nitric oxide on 

peripheral arteriolar tone in man. Lancet 2: 997-1000. 
 
Van Winkle LJ, Campione AL, Gorman JM (1988) Na+-independent transport of basic and 

zwitterionic amino acids in mouse blastocysts by a shared system and by processes 
which distinguish between these substrates. J Biol Chem 263: 3150-3163. 

 
Van Winkle LJ, Christensen HN, Campione AL (1985) Na+-dependent transport of basic, 

zwitterionic, and bicyclic amino acids by a broad-scope system in mouse blastocysts. 
J Biol Chem 260: 12118-12123. 

 
Wang H, Kavanaugh MP, North RA, Kabat D (1991) Cell-surface receptor for ecotropic 

murine retroviruses is a basic amino-acid transporter. Nature 352: 729-731. 
 
Wells RG, Hediger MA (1992) Cloning of a rat kidney cDNA that stimulates dibasic and 

neutral amino acid transport and has sequence similarity to glucosidases. Proc Natl 
Acad Sci U S A 89: 5596-5600. 

 
White MF (1985) The transport of cationic amino acids across the plasma membrane of 

memmalian cells. Biochim Biophys Acta 822: 355-374. 
 
Yamada T, Sartor RB, Marshall S, Specian RD, Grisham MB (1993) Mucosal injury and 

inflammation in a model of chronic granulomatous colitis in rats. Gastroenterology 
104: 759-771. 

 



 
 -22- 

Young RJ, Beams RM, Carter K, Clark HA, Coe DM, Chambers CL, Davies PI, Dawson J, 
Drysdale MJ, Franzman KW, French C, Hodgson ST, Hodson HF, Kleanthous S, 
Rider P, Sanders D, Sawyer DA, Scott KJ, Shearer BG, Stocker R, Smith S, Tackley 
MC,  Knowles RG (2000) Inhibition of inducible nitric oxide synthase by acetamidine 
derivatives of hetero-substituted lysine and homolysine. Bioorg Med Chem Lett 10: 
597-600. 

Press 
 

 



 
 -23- 

Table 1. Effects of Na+ and pH on GW274150 transport in J774 macrophages.  
 
 
 
Condition    Transport  Rate 
         (pmoles µg protein-1 min-1) 
 
Na+-dependency 

 

Control (+Na+)   2.1 ± 0.13 

-Na+     1.7 ± 0.07 

 

 

pH-dependency 

 

pH 8.0     1.92 ± 0.02 

pH 7.4 (Control)   2.05 ± 0.09 

pH 7.0     1.99 ± 0.04 

pH 6.5     1.92 ± 0.05 

pH 6.0     1.84 ± 0.01 

 
 
 
Transport of 100 µM GW274150 was measured over 1 min in the presence (normal Krebs 

solution) or absence of Na+ and at varying pH values ranging from pH 8-pH 6.0. Values are 

the means ± s.e.m. of three different experiments with six replicates in each. 
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Figure 1 
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Figure 2   
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Figure 3 
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Figure 4 
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Figure 5 
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FIGURE LEGENDS 

 

Fig. 1 Time course of GW274150 transport in control J774 macrophages.  

Uptake of GW274150 (100 µM, 1 µCi ml-1) was monitored from 30 s to 60 min in normal 

Krebs buffer as described in methods. The inset shows linear uptake for up to 3 min.  Values 

are the mean ± s.e.m. of 6 replicate measurements in 3 separate experiments. 

 

Fig. 2 Kinetics of GW274150 transport in control J774 macrophages. 

Transport of GW274150 (25-1000 µM, 1 µCi ml-1) was monitored over a 1 min period in 

control cells as described in methods. Values are the mean ± s.e.m. of 6 replicate 

measurements in 3 separate experiments. The inset shows an Eadie-Hofstee plot of saturable 

transport.  

 

Fig. 3 Specificity of GW274150 transport in control J774 macrophages.  

Inhibition of GW274150 (100 µM, 1 µCi ml-1) transport by a 1 mM excess of competing 

substrates was measured in the presence (solid bars) and absence (hatched bars) of Na+ in 

control non-activated cells. Data are expressed as a percentage of the transport rate measured 

in the absence of an inhibitor. Abbreviations denote standard amino acid nomenclature. 

Values denote the mean ± s.e.m. of 6 replicate measurements in 3 experiments. 

 

Fig. 4 Trans-stimulation of GW274150 efflux in control J774 macrophages. 

Confluent monolayers of J774 cells were preloaded with GW274150 (100 µM; 1µCiml-1) for 

30 min at 37oC in standard Krebs buffer. Efflux of [14C] was determined over a time period in 

the absence (open bars) and presence of 1 mM of either L-arginine (solid bars), L-leucine 

(hatched bars) or L-glutamine (spotted bars) as described in methods. Radioactivity in the 

medium and in cell lysates were determined and the values expressed as % of radioactivity: 

radioactivity in medium/(radioactivity in medium + radioactivity in lysates)*100%. Data are 

the mean ± s.e.m. of 6 replicate measurements in 3 experiments. 
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Fig. 5  Northern blot analysis of y+LAT-1 mRNA expression in J774 macrophages.  

Total RNA from J774 cells or mouse kidney (25 µg) was separated on a 1% agarose gel, 

blotted to a nylon membrane, hybridized to a 32P labelled probe and developed as described 

in the methods. The blot shown is representative of 3 independent analyses and 5 

independent RNA preparations.  

 

 

 
 
 
 
 
 
 
 
 
 
 


