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1. At a physiological concentration of glutamine (0.5 mM), 87%
of the total transport across the plasma membrane of liver cells
isolated from fed rats involved the Na+-dependent system N; this
was substantially inhibited by L-histidine. The residual Na+-
independent component was attributed to system L on the basis
of inhibition by 2-amino-2-norbornanecarboxylate and L-tryp-
tophan. 2. Catabolism of glutamine by intact liver cells or by
isolated mitochondria was inhibited by glutamate y-hydrazide
with IC50 values of 13.7+3.5,M and 22.6+3.8 ,uM respectively
and a maximal inhibition of approx. 75 %. The site of inhibition
was identified as glutaminase; glutamate y-hydrazide inhibited
this enzyme in cell-free extracts (IC50 37.8 + 7.7 ,uM) but had no

INTRODUCTION
Glutamine is the most abundant free amino acid in mammalian
plasma and in the cytosol of liver and skeletal muscle cells. It is
a major carrier between tissues of cx-amino nitrogen, a major fuel
of rapidly dividing cells such as intestinal mucosa, lymphocytes
and tumour cells, and a nitrogen donor in reactions involved in
a variety of cell functions (for reviews, see Abumrad et al., 1989;
Rennie et al., 1989; Christensen, 1990; Haussinger, 1990). In the
liver, glutamine is a key metabolite involved in ureagenesis,
gluconeogenesis and acid-base balance.

Glutamine is transported against a concentration gradient into
liver exclusively by a Na+-coupled transport mechanism desig-
nated system N (Kilberg et al., 1980), although other systems
may also contribute to flux across the plasma membrane. Unlike
the other major neutral amino acid transport systems found in
mammalian cells, i.e. systems A, ASC (both Na+-coupled) and L
(for review, see Christensen, 1990), system N has a narrow

substrate specificity, accepting only asparagine, glutamine and
histidine among the natural amino acids. This specificity of
system N indicates an unusual degree of selectivity at the
presumed binding site for substrate amino acids on the transport
protein (Low et al., 1991). Glutamine is transported from the
cytosol into the inner mitochondrial space (Soboll et al., 1991),
where glutaminase (EC 3.5.1.2) and glutamate dehydrogenase
(EC 1.4.1.2) are located and convert glutamine carbon to 2-
oxoglutarate and subsequent citric acid cycle metabolites.
The relative importance of the various steps in glutamine

degradation has been the subject of some controversy (Haus-
singer et al., 1985; Verhoeven et al., 1985; Ochs, 1986). Haus-
singer et al. (1985), working with the perfused liver, showed that
histidine, which inhibits glutamine transport across the plasma
membrane, inhibited glutamine breakdown, and concluded that

activity against glutamate dehydrogenase or transport of
glutamine, whether across mitochondrial or plasma membranes.
3. The major control site in cells from fed animals incubated with
0.5 mM L-glutamine was glutaminase (flux control coefficient
0.96). Appreciable control also resided in both plasma membrane
transport systems, with coefficients of 0.51 for system N and
-0.46 for system L, such that both interacted to provide a fine
control of the intracellular concentration of the amino acid.
Similar values were obtained by computer simulation based on

theoretical determination of elasticities. 4. Previous controversy
about the locus of regulation of hepatic glutamine metabolism is
resolved by this distribution of control.

transport could be the major site of regulation of the pathway. In
contrast, Verhoeven et al. (1985), studying the adrenergic stimu-
lation of glutamine catabolism in isolated liver cells, pinpointed
glutaminase as the locus of control. The purpose of the present
work was to use selective inhibitors and the principles of the
Metabolic Control Theory (Kacser, 1987; Fell, 1992) to measure
the distribution of control between the early steps of glutamine
degradation in the liver (see Scheme 1), and thereby to reconcile
these apparently confficting views. A preliminary account of this
work has been published elsewhere (Pogson et al., 1991).

MATERIALS AND METHODS

Animals
Male Wistar rats (200-250 g; Charles River, U.K.), deprived of
food for 18 h (overnight), were used throughout. Before liver
perfusion, rats were anaesthetized with sodium pentobarbital
(60 mg/kg intraperitoneal; May & Baker, Dagenham, U.K.)
containing heparin (5 mg/ml).

Chemicals
Chemicals and enzymes were obtained from either Sigma, Poole,
Dorset, U.K. or BDH, Poole, Dorset, U.K. except where stated
in the text. All radiochemicals were from Amersham Inter-
national (Amersham, Bucks., U.K.). L-[2-3H]Glutamine was

purified before use by chromatography on Dowex 1 (to remove

glutamate); any labelled water was removed by freeze drying.

Experiments with cells
Cells were isolated from livers of fed rats as described previously

Abbreviation used: BCH, 2-amino-2-norbornanecarboxylate.
$ To whom correspondence should be addressed.
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(Salter et al., 1986a). All incubations were performed in Krebs-
Henseleit buffer containing 4-5 mg dry weight of cells/ml and
appropriate substrates and inhibitors; the final volume was 1.5
or 2 ml. Cell viability was assessed from ATP content measured
with luciferase (Stanley and Williams, 1969).

Glutamine transport
Suspensions of liver cells were preincubated for 10 min at 37 °C,
under 02/CO2 (19: 1) and with shaking (100 oscillations/min),
before addition of L-[U-14C]glutamine (0.5 mM final; 0.74 kBq
per assay). At appropriate times, 1 ml portions ofcell suspensions
were layered on to 0.5 ml of silicone oil (Dow Corning 550/
dinonyl phthalate, 2:1, v/v) over 20,ul of HC104 (12 %, v/v),
and were centrifuged (30 s, 12000 g) in a Sarstedt MH2 micro-
centrifuge with a swing-out rotor (Salter et al., 1986a; Knowles
et al., 1987). After aspiration of the top aqueous and silicone oil
layers, a further 180 #u1 of HC104 was added and the pellets were
resuspended. After recentrifugation, portions were removed and
radioactivity was counted by liquid scintillation spectrometry.
The intracellular and contaminating extracellular spaces were
determined simultaneously by measurement of the 3H20- and
[U-14C]sucrose-permeable spaces (Salter et al., 1986a). The in-
tracellular space was 1.92 + 0.23,u1/mg dry wt. (mean+ S.E.M.
for three independent observations); this value is similar to that
reported by Siess et al. (1982).

Glutamine catabolism
Incubations were as described above, except that the substrate
was 0.5 mM L-[2-3H]glutamine (1.48 kBq per assay) and reactions
were terminated by addition of 0.1 vol. of HC104 (20 %, v/v).
Portions of 1.5 ml were removed and centrifuged (1 min, 12000 g)
in a Sarstedt MHK-2 fixed-angle cooled Microfuge. Samples of
the supernatants were removed for analysis. Labelled glutamine
and water in neutralized samples were separated by ion-exchange
chromatography essentially as described in Pishak and Phillips
(1979). Recoveries throughout were close to 100%. Counts in
the fraction containing glutamate were small (< 5-10% of those
in 3H20) and did not change significantly with length of
incubation; label was otherwise retained only in glutamine and
water. Release of 3H as 3H20 was linear during the period of
incubation.

Experiments with mitochondria
Mitochondria, isolated and characterized as described in Rick-
wood et al. (1987), were resuspended in 2-4 ml ofhomogenization
medium. Preliminary experiments showed that mitochondria
remained fully coupled (as judged by the maintenance of the
respiratory control ratio with malate and glutamate as substrates)
during the time courses subsequently employed.

Glutamine transport
The incubation volume was 0.2 ml, containing 20,u1 of mito-
chondrial suspension and L-[2-3H]glutamine (3.5 mM final;
2.22 kBq per assay); experiments with ['4C]glutamine gave similar
results. Transport was terminated as described in Curthoys and
Shapiro (1978) after quenching with 0.5 ml of ice-cold incubation
buffer.

Glutamine catabolism
A portion of mitochondrial suspension (20,u1) was added to

480,l of buffer (pre-incubated at 37 C) containing 130 mM
KC1, 20 mM Hepes, 0.2 mM MgSO4, 2.5 mM potassium
phosphate, 2 mM ADP (K+ salt), 5 mM pyruvate, pH 7.5, with
3.5 mM L-[2-3H]glutamine (2.22 kBq per assay) and inhibitors as
appropriate. Incubations were terminated by addition of 0.05 ml
of ice-cold HC104 (12%, v/v). Subsequent analysis was as
described above for cell experiments. Release of 3H as 3H20 was
linear during the period of incubation.

Assays
Protein concentration was determined using the bicinchoninic
acid method (Smith et al., 1985). The intracellular concentrations
of glutamine and histidine were determined with a Biotronik
LC6001 amino acid analyser (Biotronik, Munchen, Germany)
and a Biotronik cation-exchange resin (Taylor et al., 1989).
Glutamate was determined as described by Lund (1983). L-
Glutamate y-hydrazide concentrations in extracts were deter-
mined as follows. Portions of extracts containing the hydrazide
were added to liver cell incubations containing 0.5 mM L-[2-
3H]glutamine; the release of 3H20 was measured as described
above. The degree of inhibition was compared with standard
curves generated by addition of various concentrations of the
hydrazide to parallel cell incubations. Appropriate controls
corrected for glutaminase in the 'unknown' extracts.
The activities of glutaminase in freeze-thawed mitochondria

and of glutamate dehydrogenase were measured as described by
McGivan and Bradford (1983) and Low et al. (1990) respectively.
Under these conditions (without added ammonia), glutaminase
remains associated with the membrane and exhibits a Km value
for glutamine of 6 mM (McGivan et al., 1980; Kovacevic and
McGivan, 1983). Aspartate aminotransferase (EC 2.6.1.1) was
measured in crude extracts (Herzfeld and Greengard, 1971) as
described by Cooper (1985). Glutamine transaminases K
(EC 2.6.1.64) and L (EC 2.6.1.15) were assayed in crude extracts
(Cooper, 1988) as described by Cooper and Meister (1985a) and
Cooper and Meister (1985b) respectively.

Calculation and expression of results
All values (including those in the text) are means + S.E.M. from
at least three independent observations. The significances of
differences between means were assessed by means of Student's
t test.
The transport and metabolism of glutamine were modelled

from theoretical calculations of elasticities and solution of the
control matrix as described by Sauro et al. (1987) using the
'MetaModel' program, version 2.0 (Cornish-Bowden and Hof-
meyr, 1991).

RESULTS AND DISCUSSION
Plan of experiments
In the context of the Metabolic Control Theory, flux control
coefficients (CJ) for individual components of a pathway indicate
the extent to which those components contribute to the overall
control under a given set of conditions. Flux control coefficients
can be measured in a number of ways (Salter et al., 1986b, 1993;
Fell, 1992); in this work we chose to use selective inhibitors and
compare the effect of each on their target steps and on overall
flux at a concentration of glutamine similar to that found in
portal blood in vivo (0.5 mM; Haussinger et al., 1985; Salter et
al., 1986b).
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Figure 2 Inhibition by L-histidine of L-glutamine transport into rat liver
cells through system N

Transport of L-glutamine into cells over a 30 s time period was measured as described in the
Materials and methods section. L-Tryptophan (25 mM) was present throughout to inhibit Na+-
independent transport of L-glutamine mediated by system L. Results are means of triplicate
determinations for three separate preparations. Glutamine concentrations: O,0.05 mM; A,
0.5 mM; 0, 2 mM.

Table 1 Effects of glutamine analogues on glutamine transport into isolated
rat liver cells

Transport into cells, was measured as described in the Materials and methods section. The
concentration of glutamine was 0.5 mM and that of analogues was 5 mM. The control rate of
glutamine uptake was 8.12 + 0.5 nmol/min per mg dry wt. for three independent observations.
Differences from control (Student's t test): *P < 0.05, **P < 0.005.

Figure 1 Time courses of the uptake of 0.5 mM L-glutamine into rat liver
cells

(a) In Krebs-Henseleit buffer (presence of Na+); (b) with NaCI and NaHCO3 in the buffer
replaced by choline chloride and choline bicarbonate respectively. *, Control; A, plus 25 mM
BCH. Transport was determined as described in the Materials and methods section. Data
represent means + S.E.M. from three independent determinations, with individual experiments
performed in triplicate.

Transport of glutamine across the liver cell plasma membrane
In the presence of Na+, the time course of glutamine transport
was curvilinear, with the initial rate of transport approximating
to linearity only over the first 30 s (Figure la). All measurements
were therefore made over this 30 s period.
The time course of glutamine transport in the absence of Na+

was similarly non-linear, and reached a plateau at about 1 min.
In the presence of 25 mM 2-amino-2-norbornanecarboxylate
(BCH) or 25 mM L-tryptophan, the kinetics followed a similar
pattern but the rate of glutamine transport was decreased to
12.5 + 9.50% (BCH) and approx. 150% (tryptophan; results not
shown) of the control value at 0.5 min (Figure lb).
Na+-dependent uptake accounted for 87 % of the total uptake

of L-glutamine, with the remaining uptake being inhibited by
BCH and L-tryptophan. L-Histidine inhibited overall glutamine
transport with an IC50 for the overall process of 0.57 + 0.09 mM.
This is consistent with the K; values for systems N and L of
0.21 mM (Figure 2) and 3 mM (Kilberg et al., 1983) respectively.
A number of glutamine and glutamate analogues were exam-

ined for their ability to inhibit glutamine transport into liver
cells. Of these, only L-glutamate y-hydroxamate inhibited
appreciably, although azaserine was weakly active at 5 mM

Additions Transport
(5 mM) (% of control)

None
Acivicin
Azaserine
6-Diazo-5-oxo-L-norleucine
N- Acetylglutamine
L-Glutamate t-butyl ester
L-Glutamate y-hydrazide
L-Glutamate y-hydroxamate
L-Glutamate y-methyl ester
L-Histidine

100 + 6
87 + 7
78+ 6*
94+ 8

110 +10
108 + 6
97 +11
35+ 4**

108 + 8
21+ 5**

(22% inhibition); glutamate y-hydrazide had no significant effect
(Table 1). The IC50 for L-glutamate y-hydroxamate was
0.38 + 0.03 mM; at 5 mM, this inhibitor decreased the uptake of
glutamine from 8.40 + 0.28 to 2.94 + 0.37 nmol/min per mg dry
wt. (results not shown). These results confirm observations with
sinusoidal membrane vesicles in which L-glutamate y-hydrox-
amate was shown to be selective for system N (Low et al., 1991).
In preliminary experiments, however, L-glutamate y-hydrox-
amate proved also to be an inhibitor of glutaminase (see Table
2); because of this it was not used further in these studies.

Transport of glutamine across the mitochondrial membrane
The concentration of glutamine used routinely in these experi-
ments was 3.5 mM, similar to values reported for liver cell
cytosol (Joseph et al., 1978; Fafournoux et al., 1983). At this
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Figure 3 Time course of the uptake of 3.5 mM L-glutamine into rat liver
mitochondria

Transport was determined as described in the Materials and methods section. Data represent
means+ S.E.M. from three independent determinations, with individual experiments performed
in triplicate.
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Figure 4 Inhibition of the metabolism of L-glutamine in rat liver cells by
L-histidine

Metabolism of 0.5 mM L-glutamine was measured over a 10 min period as described in the
Materials and methods section. Note that the ordinate begins at 60%. Results are means+ S.E.M.
for three separate preparations. The control rate was 1.12 + 0.11 nmol/min per mg dry wt.

concentration, glutamine was rapidly taken up into mito-
chondria, although again in a non-linear fashion (Figure 3).
Preliminary studies showed uptake to be approximately linear
with time at 5 and 10 s; a period of 10 s was chosen for
subsequent experiments. No inhibitors used in this study (at
concentrations up to 10 mM) had any significant inhibitory effect
on this process (results not shown). The calculated rate of uptake
of glutamine into mitochondria at 3.5 mM (52.5 + 6.9 nmol/min
per mg of mitochondrial protein) was at least 4-fold higher than
the rate of mitochondrial metabolism of glutamine at this
concentration, suggesting that transport is unlikely to exert
significant control on the catabolism of glutamine.

Glutamine metabolism In cells
Metabolism of 0.5 mM glutamine by whole cells was linear for at
least 20 min; in the presence of the inhibitors used in this study
the time course remained linear over at least 10 min (results not
shown). The time period adopted for further experiments was
10min.
Metabolic Control Analysis requires that the concentrations

of agents added to perturb flux should be sufficiently low that the
effect produced should be substantially linear with concentration.
The effect of 0.125 mM L-histidine (well below the Km for system
N) on glutamine metabolism (measured as the release of 3H20
from [2-3H]glutamine) is shown in Figure 4; histidine inhibited
flux by 8 %.
We used tryptophan as a selective inhibitor ofNa+-independent

glutamine transport, and measured the effect of this amino acid
(again at a concentration well below the Kj) on glutamine
metabolism. Apparently paradoxically, tryptophan enhanced the
rate of glutamine metabolism (Figure 5).

Glutamate y-hydrazide proved to be a useful and selective
inhibitor of the release of 3H20 from [3H]glutamine. It was
inactive, at 10 mM, against membrane transport (by either system
N or L; see above), glutamate dehydrogenase, aspartate amino-
transferase and glutamine transaminase L; glutamine trans-
aminase K was activated by approx. 35% by glutamate y-
hydrazide at 10 mM but was unaffected by lower concentrations.
Inhibition of glutamine catabolism was concentration-depen-
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Figure 5 Stimulation of the metabolism of L-glutamine in rat liver cells by
L-tryptophan

Metabolism of 0.5 mM L-glutamine was measured over a 10 min period as described in the
Materials and methods section. Note that the ordinate begins at 0.85 nmol/min per mg dry wt.
Results are means+ S.E.M. for three separate preparations.

dent, with an IC50 of 13.7+3.5 #M; maximal inhibition (77 %)
occurred at 0.1 mM (Figure 6). Why inhibition of glutaminase by
this compound is less than total at higher concentrations remains
unclear. One possibility is that the residual activity is associated
with transamination of glutamine (which would also lead to loss
of 3H from the substrate). Such activities are, however, cytosolic
and could not explain the incomplete inhibition in mitochondria.
Even ifsome transaminase activity is mitochondrial, as suggested
by Kovacevic and McGivan (1983), it is unlikely that this could
contribute to any measurable extent in extracts not supplemented
with oxo-acid substrates.

Metabolism of glutamine in mitochondria
In a soluble extract obtained by freeze-thawing of rat liver
mitochondria (McGivan et al., 1980), glutaminase was
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Figure 6 Effect of glutamate y-hydrazide on L-glutamine metabolism

Rates of metabolism were determined as described in the Materials and methods section. Data
represent means+S.E.M. from three independent determinations, with individual experiments
performed in triplicate. 0, Intact liver cells with 0.5 mM glutamine; A, isolated mitochondria
with 3.5 mM glutamine. The rates of metabolism in the absence of glutamate y-hydrazide were
1.18+0.07 nmol/min per mg dry wt. of cells and 13.60+1.42 nmol/min per mg of
mitochondrial protein.

Table 2 Effect of glutamine analogues on glutamine metabolism in liver
cells and mitochondria
The concentrations of glutamine in incubations of cells and mitochondria were respectively
0.5 mM and 3.5 mM. Analogues were added at 5 mM. Procedures were as described in the
Materials and methods section. Results are means + S.E.M. from three independent
observations; n.d., not determined. The control values were 1.18 + 0.07 nmol/min per mg dry
wt. and 13.60 + 1.42 nmol/min per mg of protein for whole cells and mitochondria respectively.
Differences from control (Student's t test): *P < 0.005.

Glutamine metabolism
(% of control)

Additions (5 mM) Whole cells Mitochondria

None
L-Histidine
L-Glutamate y-hydroxamate
L-Glutamate y-hydrazide
N-Acetylglutamine
L-Glutamate t-butyl ester
L-Glutamate y-methyl ester

100 + 7
27+6*
33 + 9*
20+ 7*
97 + 9
92 + 4
86+ 9

100 +10
98+4
45 + 6*
18+6*

n.d.
n.d.
n.d.
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Figure 7 Effect of glutamate y-hydrazide on glutaminase activity in isolated mitochondria
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Glutaminase activity was measured as described in the Materials and methods section. Data
represent means+S.E.M. from three independent determinations, with individual experiments
performed in triplicate. Enzyme activity in the absence of glutamate y-hydrazide was

22.70+2.04 nmol/min per mg of protein.

inhibited by glutamate y-hydrazide to an extent similar
(IC50 37.8 + 7.7 ,uM) to that found for glutamine catabolism in
isolated mitochondria (Figure 7).

Metabolism of 3.5 mM glutamine by rat liver mitochondria
was linear for at least 10 min. Glutamate y-hydrazide (0.25 mM)
decreased flux from 11.5 + 0.8 to 3.8 +0.4 nmol/min per mg of
mitochondrial protein. Inhibition was concentration-dependent
(Figure 6), with an IC50 of 22.6+ 3.8 ,M; inhibition was maximal
(approx. 75 %) at concentrations above 0.1 mM. Mitochondrial
metabolism of 3.5 mM glutamine was unaffected by L-histidine
(up to 5 mM) (Table 2).

Figure 8 shows a comparison of the effects of low concen-

trations of glutamate y-hydrazide on glutamine metabolism in

Metabolism of glutamine was measured in cells (A) and isolated mitochondria (0) as

described in the Materials and methods section. Catabolic product analysis was as described
in the Materials and methods section. The concentrations of L-glutamate y-hydrazide in cell
experiments have been corrected (multiplied by 1.4) to allow for the gradient across the plasma
membrane. The concentration of L-glutamine in the medium was 0.5 mM (cells) or 3.5 mM
(mitochondria; Soboll et al., 1988). Note that the ordinate begins at 50%. Results are

means+S.E.M. for three separate preparations. The uninhibited rates were: cells,
1.18+0.07 nmol/min per mg dry wt. of cells; mitochondria, 13.60+1.42 nmol/min per mg
of mitochondrial protein.

whole cells and in isolated mitochondria. Independent measure-

ments showed that the inhibitor was concentrated by cells and
that the ratio of the concentrations in the cytoplasmic
(0.35 +0.03 mM) and extracellular (0.25 + 0.02 mM) compart-
ments was 1.4; the kinetics of inhibition in both cell-free extracts
and isolated organelles indicated that there was no concentration
gradient of the inhibitor between cytoplasm and mitochondria.
When this factor was taken into account, as in Figure 8, the
gradients of the two slopes were very similar (2.5 %/,uM and
2.6% /,uM in mitochondria and cells respectively).
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Calculations of flux control coefficients
The concentration of L-glutamine in cells incubated with an
extracellular concentration of0.5 mM was found to be equivalent
to 3.58 mM, assuming that there was a single pool. It is known,
however, that glutamine is more concentrated in the mito-
chondrial matrix. When due allowance was made for this, using
values for the cytosolic and mitochondrial spaces of 1.57 and
0.19 ml of H20/g dry wt. respectively (Siess et al., 1982) and of
2.9 for the mitochondria/cytoplasm concentration ratio (Soboll
et al., 1988), we calculated that the cytoplasmic concentration
([Gln]i) was 2.96 mM.
The maximum rate of Na+-independent (system L) transport

of glutamine is 8.1 nmol/min per mg dry wt. (calculated from
data in Figure lb); the Km of system L for glutamine is 4 mM
(Fafournoux et al., 1983). The net rates (v) of glutamine uptake
by system L in cell incubations with and without L-tryptophan
(which is inactive against system N; Kilberg et al., 1980) were
obtained from equation (1), where [Gln]o = 0.5 mM, [Gln]i =
2.96 mM, [Trp]. = 0.25 mM, [Trp], = 0.20 mM (calculated from
data in Salter et al., 1986b) and the K1 for tryptophan was
assumed to be the same as the Km (1.65 mM; Salter et al., 1986a).

v = Vmax. x [Gln].
[Gln]0 + G ([TrPL + 1)

Vmax. x [Gln], (1)

[Gln], +KG'([TrPIi + )

The control (i.e. uninhibited) net rate was -2.54 and that with
tryptophan was -2.43 nmol/min per mg dry wt. From the data
in Figure 5 we calculated that flux was increased by 2.0% by
0.25 mM L-tryptophan. The flux control coefficient of system L
for glutamine metabolism (CJL) was calculated as follows:

CJ % inhibition of flux
L % inhibition of net uptake

-2 0.46 (2)
1- (- 2.43/- 2.54) x 100

Because system N is Na+-dependent, differences in intracellular
and extracellular [Na+] have to be taken into account. Sub-
stitution in equation (3)

vma-.=-([Na+] )([[Gln]+ m x 6.92 (3)

gives a value for the maximal rate of inward transport of
glutamine at saturating [Na+] (Vm...) of 24.77 nmol/min per mg

dry wt., where [Na+]. = 143.5 mM (Cantarow and Trumper,
1975), KNma = 17 mM (Kilberg et al., 1980), the external
glutamine concentration ([Glnl]) = 0.5 mM and Klm' = 1.1 mM
(Kilberg et al., 1980); 6.92 nmol/min per mg dry wt. is the
inward rate of Na+-dependent uptake of 0.5 mM L-glutamine in
this study.
With the calculated values for Vm.ax (24.77 nmol/min per mg

dry wt.) and [Gln], (2.96 mM), the known intracellular Na+
concentration ([Na+]1) of 34.2 mM (Berry et al., 1991), and with
the assumption that Vma. and KIm;n are the same for outward as
for inward transport, we could use an equation formally similar
to eqn. (3) to obtain a value for the actual rate of efflux of
12.06 nmol/min per mg dry wt. System N is, however, electro-
genic, glutamine entry being stimulated by the charge gradient

(M. J. Rennie, unpublished work). The value for V..ax in the
outward direction will therefore be reduced by a factor de-
termined by the Nernst equation. With a membrane potential of
-33.5 mV (within the range given by Moule and McGivan,
1990), this factor is 3.51. The net inward rate through system N
is therefore 6.92-(12.06/3.51) = 3.48 nmol/min per mg dry wt.
The rate of unidirectional inward transport (i.e. the 'forward'

rate, v,) of glutamine in the presence of 0.125 mM L-histidine was
obtained from eqn. (4), with the K1 as determined in this study
(0.21 mM; Figure 2).

f=6.92 / [Gln],+ Kr.-IVf= /~~~,[His].
t[Gln], + KGIn HI + I1

Ki'8 /

(4)

This gave a value of 4.91 nmol/min per mg dry wt. The rate of
efflux of glutamine in the presence of the same concentration of
extracellular histidine was obtained by substitution in a similar
equation in which [His]. was replaced by [His],, the intracellular
concentration of histidine (0.41 +0.05mM; mean+ S.D. for
three determinations with a single cell preparation). The efflux
rate was calculated to be 2.25 nmol/min per mg dry wt. The net
inward rate with histidine present was thus 4.91 -2.25 =
2.66 nmol/min per mg dry wt.
At the low concentrations of histidine used in the experiments

in Figure 4, the inhibitor effect of histidine on transport was
essentially linear with concentration. These concentrations of
histidine will, however, also have an inhibitory effect on transport
of glutamine through system L (Fafournoux et al., 1983); this
can be appreciable because of the ratio of the concentrations of
the amino acid across the plasma membrane. A calculation
similar to that above with a Km value for glutamine of 4 mM
(Fafournoux et al., 1983) and a K1 for histidine of 3 mM (Kilberg
et al., 1983) shows that the net rate of glutamine transport by
system L is inhibited by 8.5 %. An equal decrease (calculation
not shown) is produced by the system L-selective inhibitor,
L-tryptophan, at a concentration (0.5 mM) that produces an
increase of 4% in the flux (loss of 3H from -labelled glutamine;
see Figure 5). Inhibition of system N gave an apparent 8%
inhibition of flux (see above); this must be corrected for the
impact of histidine on system L (8 % minus -4 %), giving 12%
as the actual decrease of the flux through glutaminase due to
inhibition of system N. The flux control coefficient for the N
system for glutamine uptake (CJN) was therefore calculated as
follows (cf. eqn. 2):

CJ 12
= 0.51

1 -(2.66/3.48) x 100 (5)

For any given change in the concentration of an inhibitor, the
flux control coefficient ofa particular enzymic reaction is obtained
by dividing &J/J by av/v (where J is the flux and v is the net rate
catalysed by that enzyme and measured under conditions where
the enzyme is 'isolated' from other flux-controlling reactions in
the pathway). For glutamine metabolism (see above, Figure 8),
the flux control coefficient of glutaminase (CJGlnase) is, therefore,
equal to 2.5/2.6 = 0.96.

In addition to these experimental studies, the pathway was
modelled using similar assumptions for systems N and L, and a
value of 6 mM for the Km of glutaminase for its substrate
(McGivan et al., 1980, 1984).

General discussion
Our experiments were designed to investigate the control struc-
ture of glutamine metabolism under a defined set of conditions.
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Table 3 Flux control coefficients for glutamine metabolism
Values were obtained as discussed in the text; n.d., not determined.

Flux control coefficient

Theoretical
Component Experimental (MetaModel)

System N
System L
Glutaminase
Proteolysis

0.51
- 0.46

0.96
n.d.

0.41
- 0.30

0.85
0.04

1.0

Scheme 1 Pathway of glutamine metabolism in liver: experimentally
derived fluxes in Incubations of rat liver cells with 0.5 mM L-glutamine

'N and 'L' represent systems N and L for amino acid transport across the plasma membrane.
Glutaminase catalyses the conversion of glutamine to glutamate; 3H from [2-3H]glutamine is lost
as 3H20 during the conversion of glutamate to 2-oxoglutarate (2-OG) by transamination or action
of glutamate dehydrogenase. GHz, glutamate y-hydrazide. Numbers are the net rates of specific
reactions, expressed as nmol/min per mg dry wt. of cells.

These results show that: (1) histidine is a selective inhibitor of
transport system N; (2) tryptophan is a specific inhibitor of
transport system L; and (3) glutamate y-hydrazide selectively
inhibits glutaminase. Because none of these compounds has, at
low concentrations, any appreciable action on other processes in
this pathway, their identification permits the determination of
those steps that are important in the control of glutamine
metabolism.

In using one fixed concentration ofglutamine, we have avoided
possible effects of volume changes (Haussinger et al., 1990;
Haussinger and Lang, 1991), and have also taken no account of
metabolic differences between cells from different parts of the
liver (Gebhardt, 1992). Perivenous cells contain glutamine syn-
thetase (Gebhardt and Mecke, 1983) and a relatively higher
concentration of system L than do periportal cells (Burger et al.,
1989), but the fact that the overall percentage of perivenous cells
is small suggests that errors due to 'averaging' are not crucial.
Our calculations also involve assumptions and acceptance of

literature values for some parameters. Specifically, we have
assumed that, firstly, the rates offorward and backward transport
are independent (as in eqn. 4), and, secondly, the kinetic constants
of the transporter systems are the same on both sides of the
plasma membrane.

Cellular protein contains approx. 100% glutamine (Orr and
Watt, 1957), and liver cells incubated in simple media exhibit a
net proteolytic rate of 4% /h (Seglen, 1975). From these data we
calculated a net rate of production of glutamine from protein of
0.32 nmol/min per mg dry wt. of cells. When the dilution of the
cytoplasmic glutamine pool was taken into account, the true flux
through glutaminase was 1.22 (as- opposed to an uncorrected
value of 1.18) nmol/min per mg dry wt. of cells; this value is
incorporated into Scheme 1, which shows the balance between
the various fluxes under the conditions of this study. The
computer model gave steady-state values for the various para-
meters of the pathway that are very close to those determined
and calculated as described in this paper. Table 3 shows the flux
control coefficients obtained by both methods.

According to the Summation Theorem (Kacser and Burns,
1973; Fell, 1992), the sum of all flux control coefficients in a

pathway is 1.0. Under our conditions the sum of the flux control

c

0

C.)
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-50 -40 -30 -20 -10 0
Membrane potential (mV)
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1.2 E
0
0.

1.0 *c
E
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0.4 X

0.2,~
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0O

Figure 9 Modelling of the effect of membrane potential on flux control
coefficients for glutamine metabolism and flux through glutaminase

Modelling was performed with 'MetaModel', version 2.0, as described in the text. Flux control
coefficients (CJ): 0, glutaminase; E1, system N; V, system L; A, proteolysis. Flux through
glutaminase is shown by *.

coefficients (see Table 3) for system N, system L and glutaminase
is 1.01. It is plausible in theory that transport across the
mitochondrial inner membrane plays a part in the control of the
pathway. In preliminary experiments, however, we found that
the unidirectional rate of this step was fast (7.7 + 0.7 nmol/min
permg dry wt.) in comparison with that catalysed by glutaminase,
so that a significant role is unlikely. From the Summation
Theorem the sum of the control coefficients of glutamate
dehydrogenase, glutamine aminotransferase, protein synthesis
and degradation and other reactions in which glutamine is a
participant must be small.
While the numerical values we report for the control coefficients

are consistent both internally and with theoretical prediction (see
Table 3), they are not precise, and may vary according to the
correctness or otherwise of the mechanisms assumed and par-
ameter values used. They do, however, clearly indicate how
glutamine metabolism may be controlled in liver and help to
reconcile the competing views expressed in earlier literature, in
that a significant degree of control is exerted both by glutaminase
(see Verhoeven et al., 1985) and by uptake across the plasma
membrane (see Hiussinger et al., 1985).

Glutamine metabolism is known to be sensitive to certain
hormones (Joseph and McGivan, 1978) that also affect the
membrane potential (Moule and McGivan, 1990). We have

Mitochondrial

IGlu-0--2-OG
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therefore modelled the effect of varying the membrane potential
acting on system N on both the rate of glutamine metabolism
and the distribution of control (Figure 9). The predicted effect of
changes in membrane potential on flux through glutaminase is
consistent with the known effect of glucagon on these parameters
(Joseph and McGivan, 1978). As can be seen in Figure 9, the
positive and negative control values for systems N and L
respectively decline markedly and reciprocally as the cell mem-
brane is depolarized. This is a consequence of a progressive
decline in the rate at which glutamine 'cycles' between medium
and cytoplasm through the two transport systems (in through
system N, out through system L; Fell and Sauro, 1985), and of
the associated decrease in the intracellular steady-state glutamine
concentration.
Where there are concentrative and non-concentrative amino

acid uptake systems for transport of a given substrate, these
systems in principle will, under most circumstances, have flux
control coefficients of opposite sign; this arises from the internal
accumulation of the shared substrate and therefore net efflux
through the non-concentrative transporter. If both transporter
systems exert appreciable control, such a combination permits
fine regulation of the intracellular concentrations of amino acids,
with retention of sensitivity to fluctuations in the external
medium. This is of particular significance for glutamine, which is
at the 'cross-roads' of several pathways in most tissues.

S.Y.L. was the holder of a Science and Engineering Research Council CASE
studentship supported by Wellcome Research Laboratories.
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