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'y-Glutamyltransferase is not involved in the bulk uptake of amino acids,
peptides or y-glutamyl-amino acids in yeast (Saccharomyces cerevisiae)
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y-Glutamyltransferase activity has been measured in yeast (Saccharomyces cerevisiae)
and shown to be associated mainly with the membrane fraction. A similar level of
activity is found in a wild-type strain and in gap and gpp strains, the latter mutants
being defective in the general amino acid and peptide permeases respectively. The
activity is inhibited in whole cells by 6-diazo-5-oxo-L-norleucine (N20-Nle), aza-
serine and serine-borate complex; this inactivation seemingly acts from without, for
it is similar in (i) control and dicyclohexylcarbodi-imide-treated cells and in (ii) the
wild-type and a gap mutant, a treatment and a mutation that it has been shown pre-
vents uptake of the inhibitors. Thus a major portion of the y-glutamyltransferase
activity appears to exist in a membrane-bound form that is orientated with its y-
glutamyl-binding site facing the outside. Yeast cells in which y-glutamyltransferase
has been inactivated by N20-Nle show no significant change in their rates of uptake
of a variety of amino acids, dipeptides and y-glutamyl-amino acids. The results pre-
clude a major, direct role for y-glutamyltransferase in the transport ofthese substrates.

Some years ago, Meister (1973) suggested that
transport of amino acids and peptides might occur

by a group-translocation mechanism mediated
through the concerted action of a set of enzymes

constituting the y-glutamyl cycle. One of these
enzymes, y-glutamyltransferase [(5-glutamyl)-pep-
tide: amino-acid 5-glutamyltransferase; EC
2.3.2.2], located in the membrane, was pictured as

translocating extracellular substrates (amino acids
or dipeptides) by a vectorial transpeptidation reac-
tion involving intracellular glutathione, the prod-
ucts being a y-glutamyl derivative of the substrate
and the cleaved cysteinylglycine moiety. In subse-
quent steps of the cycle the free substrate is
released by peptidase activity and glutathione is,re-
synthesized. In short, 1 mol of amino acid (or di-
peptide) could be transported per mol of gluta-
thione degraded, one turn of the cycle consuming
3mol of ATP. Subsequently, considerable
information on the activities of the y-glutamyl-
cycle enzymes in mammalian tissues in vivo and in
vitro has been obtained (Meister & Tate, 1976;
Meister, 1981, 1983), and from this, Meister (1980)
has concluded that 'Although a direct and un-

equivocal demonstration that the y-glutamyl cycle

Abbreviations used: N20-Nle, 6-diazo-5-OxO-L-nor-
leucine; DCCD, NN'-dicyclohexylcarbodi-imide;
CCCP, carbonyl cyanide chlorophenylhydrazone.

functions in amino acid transport is still required,
the data that are available seem strongly to support
the transport hypothesis'.

In micro-organisms the distribution of y-glu-
tamyltransferase activity is widespread (Meister,
1980; Milbauer & Grossowicz, 1965), although
only in the yeast Saccharomyces cerevisiae have all
the enzymes of the cycle been demonstrated (Mooz
& Wigglesworth, 1976). Evidence to support the
view that the y-glutamyl cycle functions in the
absorption of amino acids in yeast has been pre-

sented by Osuji (1979a,b, 1980), but other reports
have indicated the methodological problems in
these studies and invalidated the conclusions
(Penninckx et al., 1980; Jaspers & Penninckx,
1981; Robins & Davies, 1980, 1981).
To test directly for the functioning of the y-glu-

tamyl cycle in transport it seems necessary to estab-
lish a relationship between the rate of substrate
transport and either the turnover rate of gluta-
thione or the activity of the key enzyme y-glutamyl-
transferase. On the basis of the first test, Robins &
Davies (1981) concluded that, in the yeast Candida
albicans, '... the y-glutamyl cycle plays no role in
the absorption of L-amino acids...'. In the present
paper we have applied the second test. We provide
evidence that, in Saccharomyces cerevisiae, y-glu-
tamyltransferase activity is located mainly in the
cell membrane and that it can be inactivated from
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the outside by covalent modification with glu-
tamine analogues. This inhibition of its activity in
vivo is without significant effect on the transport of
L, or D-amino acids, dipeptides or y-glutamyl-
amino acids. We conclude that y-glutamyltransfer-
ase, and hence the y-glutamyl cycle, does not func-
tion directly in the bulk movement of any of these
substrates, but speculate that it could play a co-
ordinating role in transmembrane regulation by
monitoring extracellular nutrient sources.

Experimental

Materials
L- and D-amino acids, y-glutamyl-amino acids, L-

y-glutamic acid p-nitroanilide, N20-Nle, L-azaser-
ine, fluorescamine, DCCD and CCCP were pur-
chased from Sigma, Poole, Dorset, U.K. Peptides
were from Sigma and from UniScience, Cam-
bridge, U.K.

Yeast strains
Saccharomyces cerevisiae wild-type I1278b, and

the isogenic amino acid permease mutants, strain
2512c, gap (general amino acid permease-
deficient), MG276, met-pl (methionine permease-
deficient), 5156d, gap met-pl, and the peptide per-
mease mutant PA7101 gpp (A.T.C.C. 42880) (Nis-
bet & Payne, 1979a) were maintained and grown as
described previously (Nisbet & Payne, 1979b).
Liquid media contained glucose (2%, w/v), yeast
nitrogen base lacking amino acids and NH4 +
(Difco 0335-15), and (unless otherwise stated)
proline (4mg-ml- 1) as nitrogen source. Cultures
were grown at 28°C with shaking to an A660
(measured on a Bausch and Lomb Spectronic 20
spectrophotometer) of 0.2-0.5 (approx. 5 x 106-
1.2x 107 organisms-ml-1, equivalent to 0.2-
0.5mg dry wt. ml- 1). Organisms were harvested
by membrane filtration and washed with 4vol. of
either 20mM-phosphate/citrate buffer, pH4.5, or
with 50mM-phosphate buffer, pH6.5, as required.

Transport assays
Uptake of L- and D-amino acids, y-glutamyl-

amino acids and peptides was measured by using
an automated fluorescence procedure that con-
tinuously measures the concentration of NH2-con-
taining substrate in solution (Payne & Nisbet,
1981). Briefly, cells are equilibrated in appropriate
media for 15min at 28°C, with stirring, with or
without transport inhibitors (see the Results sec-
tion). Cells pretreated with inhibitors were washed
and resuspended before use. The assay was initi-
ated by addition of the transport substrate, the sus-
pension was sampled continuously and passed
through an in-line filter to remove the yeast; the
filtrate was allowed to react with fluorescamine

and the concentration of the fluorescent product
was continuously measured by using a fluorimeter
equipped with a flow cell. Output from the fluori-
meter is fed directly to a microcomputer that pro-
vides interactive monitoring of uptake and trans-
port kinetic data (Payne & Nisbet, 1981; Payne,
1983; J. T. Gleaves & J. W. Payne, unpublished
work).

y-Glutamyltransferase activity
This was measured by using a modification of

the procedure described by Tate & Meister (1978).
Routinely, organisms were rendered permeable by
the freeze-thaw/Triton X-100 procedure of Mioz-
zari et al. (1978). 'Permeabilized' cells (about 3mg
dry wt. *ml - 1)were incubated with 2mM-y-glutamic
acid p-nitroanilide and 10mM-methionine as
acceptor at 28°C in 50mM-phosphate buffer,
pH8.5 (or 6.5); after 1 h the cells were sedimented
by centrifugation (12000g, 4min; Gelman
Hawkesley Microfuge) and the p-nitroaniline pro-
duced in the supernatant solution was measured
at 410nm. For comparative assays of activity in
membrane preparations and soluble extracts, cells
were sonicated by using an MSE Soniprep instru-
ment, centrifuged (12000g, 4min) and the pellet
and supernatant solution were used as the mem-
brane fraction and soluble extract respectively.
To study the effects of N20-Nle (or azaserine)

on enzyme activity, cells were pretreated with the
inhibitor at 28°C in 50mM-phosphate buffer,
pH6.5 or 8.5, containing 1% (w/v) glucose for the
appropriate time (see the Results section). Cells
were collected by centrifugation, washed once,
centrifuged and resuspended in the above buffer.
When serine-borate was used as inhibitor, it was
either washed off as above or allowed to remain
during the enzyme assay (see the Results section).
When serine-borate and N20-Nle were used
together, the cells were first incubated for 5min
with serine-borate and then N20-Nle was added
(see the Results section).

Results
y-Glutamyltransferase activity
By using the standard procedure to assay y-

glutamyltransferase, we first examined whole cells,
but were unable to detect any activity. However,
activity was high in a broken-cell preparation ob-
tained by sonication, with most of the activity
being associated with the pellet after centrifuga-
tion (Table 1). Quantitatively similar activity could
be measured in permeabilized whole cells after
freeze-thaw treatment (Table 1). We confirmed
the report (Penninckx et al., 1980) that the activity
is markedly affected by the nitrogen status of the
cells during growth; activity was about 10-fold
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Table 1. y-Glutamyltransferase activity ofsonicated andpermeabilized cells ofwild-type and transport mutants ofS. cerevisiae
Proline-grown yeast cells were pretreated and the enzyme was assayed at the indicated pH as described in the
Experimental section. Key to superscripts: acells were sonicated, all others were permeabilized by freeze-thaw
treatment with Triton X-100. Citrate reportedly inhibits the enzyme, so several buffers were tested at pH4.5:
bcitrate/phosphate; cacetate; d3,3-dimethylglutarate, each at 1OOmM.

Activity [nmol * h-1 * (mg dry wt.)- I ]

Strain
X1278b wild-typea
X1278b wild-type
-1278b wild-type
Y1278b wild-type
5156d gap,met-pl
5156d gap,met-pl
PA7101 gpp
PA7101 gpp

pH
8.5
8.5
6.5
4.5
8.5
6.5
8.5
4.5

Pellet
41
47

42

Soluble
21
11

7

Total
57
56
59

1.5b, IC, 7d
61
54
52

1.5b 1 O0 3d

greater in cells grown with a poor nitrogen source
(proline) compared with NH4 + (results not shown).
Maximum activity was shown at an incubation pH
of 6.5-8.5, a similar range to that reported for the
soluble form of the yeast enzyme (Penninckx et al.,
1980) and for the mammalian enzyme (Meister &
Tate, 1976). Little activity was shown at pH4.5,
which is the pH at which the yeast is grown and is
the optimum for transport of the putative sub-
strates of the enzyme (see below).

y-Glutamyltransferase activity in amino-acid- and
peptide-transport mutants of S. cerevisiae
On the basis of the proposed role of the y-glut-

amyl cycle in transporting a range of amino acids,
it has been speculated that S. cerevisiae mutants
defective in the general amino acid permease (gap)
might be deficient in enzymes of the y-glutamyl
cycle (Mooz, 1979; Penninckx et al., 1980). How-
ever, Penninckx et al. (1980) reported a similar
activity for the soluble form of y-glutamyltransfer-
ase in the wild-type, in gap strains and in mutants
defective in certain specific amino acid permeases.
We have confirmed these conclusions for the y-
glutamyltransferase activity measured in perme-
abilized cells of the transport mutant strain 5156d
(Table 1).

Furthermore, a feature of the y-glutamyl-cycle
model is that y-glutamyltransferase could function
to transport small peptides as well as amino acids
(Meister & Tate, 1976; Meister et al., 1977). In-
deed, certain dipeptides are excellent acceptors in
the assay of the enzyme in vitro (Mooz & Wiggles-
worth, 1976; Meister & Tate, 1976). However, to
date there has been no reported test of its possible
involvement in peptide transport. We have
demonstrated the presence in S. cerevisiae of a
single permease for di- and oligo-peptides (general
peptide permease, gpp) (Nisbet & Payne, 1979a)
and isolated a specific gpp mutant (Nisbet &
Payne, 1979b). When we tested this gpp strain we
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found no significant difference between the level
of its y-glutamyltransferase activity and that of the
parent strain (Table 1).

Inhibition of y-glutamyltransferase activity
In mammalian tissues, y-glutamyltransferase

activity can be inhibited by the glutamine ana-
logues N20-Nle and L-azaserine (Meister, 1981).
We found they could also inhibit this enzymic
activity in sonicated cell preparations and in
permeabilized cells of S. cerevisiae (Table 2). More
importantly, whole cells were also inhibited (Table
1, Fig. 1). Inhibition with N20-Nle (or azaserine)
was rapid and irreversible, in accord with other
findings that these reagents form covalent active-
site derivatives (Inoue et al., 1977; Tate & M^eister,
1977). This is in contrast with serine-borate, which
it has been suggested forms an analogue of the
normal transition-state intermediate (Tate & Meis-
ter, 1978), for which inhibition was reversible and
activity could be restored by washing (Table 3).
Furthermore, serine-borate could protect against
the irreversible inhibition caused by N20-Nle
(Table 3). The mixture of amino acids present in
casein ;hydrolysate protected against N20-Nle
inhibition in whole cells, whereas glutathione, the
presumed natural substrate of y-glutamyltransfer-
ase, competed with the artificial substrate y-
glutamic acid p-nitroanilide in the standard assay
for the enzyme (Table 2).

Inhibition ofmembrane-bound y-glutamyltransferase
is mediated extracellularly
When whole cells of S. cerevisiae were incubated

with the inhibitors N20-Nle, azaserine or serine-
borate and their presence in the medium was moni-
tored continuously by using the automated
fluorescamine procedure, it was clear that each of
these amino acids was rapidly taken up by the cells.
This observation raised the possibility that the
inhibition of y-glutamyltransferase might actually
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Table 2. Inhibition of y-glutamyltransferase activity in whole and permeabilized cells
Yeast cells were prepared and treated with inhibitors as described for Fig. 1. After inhibition treatments the cells
were washed and residual activity assayed as in Table 3. Key to superscripts: acell types: WC, whole cells; PC,
permeabilized cells prepared by Triton X-l00 treatment.bValues in parentheses are pH ofinhibition treatment when
this differed from assay pH; for pH4.5, 200mM-phosphate/citrate buffer was used. cActivities in pellet; dactivity in
soluble extract. eReduced glutathione (GSH) was added only to the final enzyme assay incubation as a competitor for
the artificial substrate y-glutamic acid p-nitroanilide. CH is casein acid hydrolysate.

Inhibition treatment
Residual activity (%)

measured at:

Additions
N20-Nle (0.1 mM)
N20-Nle (0.1 mM)
N20-Nle (0.1 mM)
N20-Nle (0.1 mM)
N20-Nle (0.1 mM)
N20-Nle (0.1mM)
N20-Nle (1 mM)
N20-Nle ( mM))+CH (0.5%, w/v)
N20-Nle (lmM)+GSH (2mM)
CH (0.5%, w/v) or GSH (2mM)
N20-Nle (1mM)
N20-Nle ( mM))+ GSH (2mM)
N20-Nle ( mM))+CH (0.5%, w/v)
CH (0.5%, w/v) or GSH (2mM)
N20-Nle (0.1 mM)
N20-Nle (0.1 mM)
Azaserine (0.1 mM)
Azaserine (0.2mM)
Azaserine (0.2mM)
GSH (2mM)e
GSH (lOmM)e

be mediated intracellularly after uptake of the
inhibitors. That this is not the case is clear from the
following observations.

Firstly, in a gap mutant at. pH 6.5 the uptake of
N20-Nle is barely detectable (Table 4), but the
kinetics of y-glutamyltransferase inhibition resem-
bles that in the wild-type strain in which N20-Nle
is rapidly transported. Secondly, comparable
inhibition of y-glutamyltransferase activity oc-

curred in the wild-type strain whether the cells
were incubated with the inhibitor at pH4.5, 6.5 or

8.5, even though at pH 8.5 uptake of the inhibitors
(and most other transport substrates) was not
detectable. Finally, we tested the point specifically
by incubating S. cerevisiae with DCCD, which in-
activates the plasma-membrane-bound ATPase
responsible for generating a protonmotive force
that is coupled to the transport of amino acids and
peptides via the gap and gpp systems respectively
(Eddy, 1980; Serrano, 1980; Payne & Nisbet,
1981). Treatment with DCCD at pH6.5 inhibits
uptake of N20-Nle, but the kinetics of y-glutamyl-
transferase inhibition by N20-Nle remained simi-
lar to that with untreated cells (Fig. 2). Similar ob-

servations were made when the cells were pre-
treated at pH4.5 (results not shown). At 1mM,
DCCD was without noticeable effect on y-glu-
tamyltransferase activity, although at higher con-
centrations (5mM) it did cause some inhibition
(results not shown). Treatment with 0.1 mM-

CCCP, which dissipates the proton gradient and
inhibits transport (Payne & Nisbet, 1981), simi-
larly did not prevent inactivation of y-glutamyl-
transferase by N20-Nle (results not shown).
The above results lead us to conclude that, in S.

cerevisiae, extensive (but clearly not all) y-glutamyl-
transferase activity occurs at the plasmalemma,
and it is orientated so that a binding site is access-
ible to exogenous inhibitor analogues.

Relationship of amino acid transport to y-glutamyl-
transferase activity
The ability to inactivate y-glutamyltransferase

in whole cells makes it feasible to assess the
involvement of the enzyme in transport. Although
most of the substrates of interest are unavailable in
radioactively labelled form, precluding use of a

conventional transport assay, with the continuous
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Strain
E1278b
-1278b
-1278b
5156d
5156d
5156d
YEI278b
Y1278b
-1278b
YI278b
E1278b
Y1278b
X1278b
E1278b
Y1278b
21278b
-1278b
Y1278b
X1278b
Y-1278b
-1278b

Cell typea
WC
WC
WC
WC
WC
WC
WC
WC
WC
WC
PC
PC
PC
PC
WC
PC
WC
WC
PC
PC
PC

pH8.5
50 (4.5)b
55 (6.5)b
49
47 (4.5)b
50 (6.5)b
96
30
67
30
100

0
3
6

100

3 (c, od)
76
59
4

75
29

pH6.5

23
54
25
100
28
28
50
100

45 (45c, 47d)

55

150
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fluorescence procedure we can measure u'ptake of
all classes of substrate (Payne & Nisbet, 1981;
Payne, 1983). Furthermore, we showed previously
that use of radioactively labelled substrates in fact

0
1-

0° 80
(-

*- 60
C._

Cld

,' 40
CA

:.

E 20

9

0
[N20-Nlel (mM)

Fig. 1. Inhibition ofy-glutamyltransferase activity by treat-
ment of whole cells with N20-Nle

Cells of strain X1278b were suspended at 10mg dry
wt.-ml1 in 200mM-potassium phosphate buffer,
pH6.5 (M) or pH8.5 (O), containing 1% (w/v) glu-
cose and the indicated concentrations of N20-Nle,
and incubated at 28°C for 15min. The samples were
immediately centrifuged (3min) and the cells
washed in their respective buffer before being resus-
pended in the same buffer for permeabilization and
enzyme assay.

gives marked underestimates of true uptake rates
(Payne & Nisbet, 1980).
The amino acids studied were selcted on the

basis of their good acceptor activity for y-glutamyl-
transferase (Meister & Tate, 1976). In addition,
citrulline and D-amino acids were studied, because
they are specific substrates for the general amino
acid permease (Rytka, 1975; Eddy, 1980). In all
cases it was found that prior inhibition of y-glu-
tamyltransferase by incubation of whole cells with
N20-Nle was without significant inhibitory effect
on the transport ofany tested amino acid (Table 4).
In addition, we studied the pH optimum for trans-
port so that we could compare it with the pH opti-
mum of y-glutamyltransferase. For this study (Fig.
3) methionine was chosen, as this has been
reported to be a good substrate for y-glutamyltrans-
ferase (Meister & Tate, 1976); in addition, uptake
of y-glutamylglycine was studied. This study con-
firmed previous reports (Eddy, 1980) that a pH of
about 4.5 is optimal for transport, and this should
be contrasted with the optimum for y-glutamyl-
transferase at pH6.5-8.5.

Relationship ofpeptide transport to y-glutamyltrans-
ferase activity

Peptide transport can also be measured by using
the fluorescence assay (Payne & Nisbet, 1981).
When this was used with a variety of peptides, up-
take was not noticeably affected by pretreatment
of wild-type cells with N20-Nle (Table 4). How-
ever, uptake of these and all other tested peptides is
not detectable in the gpp mutant, although it is the
same in gap mutants as in the wild-type strain
(Table 4; Payne & Nisbet, 1979a; J. W. Payne &
T. M. Nisbet, unpublished work).

Table 3. Effect of serine-borate on y-glutamyltransferase activity
Exponential-phase cells of strain Y1278b were suspended at approx. 1.5 x 108 cells -ml1 in 0.25ml of 50mM-
potassium phosphate buffer, pH6.5 or 8.5, containing 1% (w/v) glucose, plus serine and borate as shown and
incubated at 28°C for 5min. N20-Nle was added as shown and incubation continued for 15min. For washing,
samples were centrifuged, washed with 1 .Oml of 50mM-potassium phosphate buffer, pH6.5 or 8.5, centrifuged, and
resuspended in 0.25 ml of200mM-potassium phosphate buffer, pH6.5 or 8.5. A Sul portion of2.5% Triton X-100 was
added and the cells permeabilized by freezing in liquid air and then thawing. Non-washed cells were permeabilized
immediately after incubation. After dilution to l.Oml by addition of methionine (10mM) and y-glutamic acid
p-nitroanilide (2mM) residual y-glutamyltransferase activity was measured.

Residual activity
(%) measured at:

Additions
None
Borate (10mM)
Serine (2mM)+borate (10mM)
Serine (2mM)+borate (10mM)
Serine (5mM)+ borate (10mM)
Serine (5mM)+ borate (10mM)
Serine (2mM)+borate (lOmM)+N20-Nle (1 mM)
Serine (5mM)+borate (lOmM)+N20-Nle (1 mM)
N20-Nle (1 mM)

Sample
washed
Yes
Yes
No
Yes
No
Yes
Yes
Yes
Yes

pH6.5 pH8.5
100 100
- 89
55 34
81 92
- 23
- 89
50

15
58
36
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Table 4. Uptake ofamino acids, peptides and y-glutamyl-amino acids in S. cerevisiae with and without N20-Nke treatment
Exponential-phase cells were washed and resuspended in phosphate/citrate buffer, pH4.5 or 6.5, to give 7-10mg dry
wt *ml- I and equilibrated for 0min at 28°C. 1 mM-N20-Nle was added and the cells incubated for 15min. After
washing and resuspension at 1mg dry wt- ml- I cells were equilibrated for 15min at 28°C in buffer containing 1%
(w/v) glucose. Substrate (0.1 mM) was added and uptake measured continuously for up to 15 min using the
fluorescamine procedure.

Uptake rates [nmol-min- -(mg dry wt.) -]

pH6.5 pH4.5

Strain Substrate
-1278b Arg

Gln
Leu
Met
D-Ala
D-Leu
Citrulline
N20-Nle
Ala-Ala
Ala-Met
Leu-Leu
y-Glu-Ala
y-Glu-Gly
y-Glu-Glu
y-Glu-Leu

5156d Arg
Gln
Met
Citrulline
Ala-Ala
Ala-Met
y-Glu-Gly
N20-Nle

Untreated
34
29
33
38

0
17
25
2
2
1
0

18
4
3
0

0
<1

N20-Nle-treated
32
25
32
37

20
27
2
2
1
0

17
4
4
0

Untreated

40

17
1

35

3
3
1
3
6

<1
0

3
3:

N20-Nle-treated

40

18
1

33

3
3
1
2
6

3
3

Transport of y-glutamyl-amino acids
Meister and colleagues (Griffith et al., 1979;

Meister, 1983) have presented evidence for the up-
take of y-glutamyl-amino acids by mammalian
tissues through a mechanism that is distinct from
that used by typical a-amino acids and have sug-
gested that it-may involve y-glutamyltransferase.
The fluorescence assay can also be used with y-glu-
tamyl-amino acids, and so we studied their uptake
by S. cerevisiae. Some were transported quite
rapidly, whereas uptake ofothers was undetectable
(Table 4). Those showing most uptake were
studied further, and it was found that their trans-
port was not impaired in cells in which y-glutamyl-
transferase activity had been inhibited by N20-
Nle (Table 4). Furthermore, their rate of uptake
was not diminished in the peptide-transport mu-
tant gpp, in which uptake of normal x-linked pep-
tides, e.g. a-glutamylalanine, is not detectable. In
contrast, uptake of all tested y-glutamyl-amino
acids was lost in a gap mutant studied over a range
ofpH (Fig. 3 and Table 4). We conclude that, in S.

cerevisiae, y-glutamyl-amino acids are recognized
as amino acid (glutamine) analogues by the general
amino acid permease and their bulk uptake does
not involve y-glutamyltransferase.

Discussion
Current views on role ofthe y-glutamyl cycle in trans-
port

Debate continues over the proposal, made
originally by Meister (1973), that the y-glutamyl
cycle may function in amino acid and dipeptide
transport (Meister, 1973, 1980; Meister & Tate,
1976; Meister et al., 1977). Circumstantial evi-
dence for this view is the observation that the key
enzyme, y-glutamyltransferase, is frequently found
in tissues associated with high levels of amino acid
absorption (Meister, 1981). Most attempts to test
the hypothesis have been carried out with mam-
malian cells and limited to amino acid absorption,
and for technical reasons have generally been in-
direct in nature. No definitive answer has been
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Fig. 2. Kinetics of inhibition of y-glutamyltransferase
activity by treatment ofwhole cells with N20-Nle and effect

ofpretreatment with DCCD
Cells of strain I1278b were suspended at 0mg dry
wt. ml-' in 100mM-potassium phosphate buffer,
pH 6.5, containing 1% (w/v) glucose and incubated
with (open symbols) or without (closed symbols)
1 mM-DCCD for 15min at 28°C. Incubations were
continued for the indicated times after addition of
N20-Nle as follows: 0.2mM (A), 0.5mM (V), 1mM
(U and l), controls with no addition (0 and 0).
After centrifugation and washing, cells were perme-
abilized and assayed for y-glutamyltransferase in the
standard way.

reached, and evidence for and against the proposal
has been forthcoming (see Meister & Anderson,
1983, for latest review).

In micro-organisms, studies aimed at testing the
proposed transport function have been limited to
amino acid uptake and confined to yeast, in which
all enzymes of the cycle have been demonstrated
(Mooz & Wigglesworth, 1976). The balance of
evidence from these results is against the cycle
playing a role in amino acid uptake. Thus, Osuji's
(1979a,b, 1980) claims to the contrary have been
rightly criticized (Robins & Davies, 1980; Meister,
1980) and the turnover of glutathione shown to be
too slow for its stoichiometric involvement in the
amino acid uptake observed in the yeast Candida
utilis (Robins & Davies, 1981). In addition, a find-
ing (Mooz, 1979) that a mutant with a deficiency in
the general amino acid permease (gap) showed an

associated decrease in levels of glutathione and
glutathione synthesis activity has been questioned
(Jaspers & Penninckx, 1981).
A direct test of the hypothesis is to investigate

the relationship between the activity in vivo of the
key enzyme, y-glutamyltransferase, and the trans-
port capability of the cells (Novogrodsky et al.,
1977). Our development of a procedure to measure
uptake of any peptide or amino acid without the
need for these to be radioactively labelled (Payne &
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Fig. 3. Influence ofpH on the uptake ofmethionine and y-
Glu-Gly in S. cerevisiae

Yeast cells were suspended at I mg dry wt.-ml1 in
20mM-phosphate/citrate buffer, pH 3.5-7.0, or
50mM-phosphate buffer, pH 7.5-8.5, containing 1%
(w/v) glucose. Uptake rates were measured by using
the fluorescamine assay. Uptake of methionine
(0.025mM) is shown for wild-type strain E1278b
(O), strain MG276met-pl (A), strain 5156dgap,met-
p1 (V), and at 0.25mM for strain MG276met-pl (A).
Uptake of y-Glu-Gly (0.1 mM) is shown for strain
-1278b (E) and for strain 5156d gap, met-pl (0).

Nisbet, 1981; Payne, 1983) offered an opportunity
to explore this possibility in S. cerevisiae.

y-Glutamyltransferase activity in S. cerevisiae
We started by examining y-glutamyltransferase

activity in S. cerevisiae. In previous studies a
soluble form of the enzyme from yeast was des-
cribed (Mooz & Wigglesworth, 1976; Penninckx et
al., 1980). It seems probable that, in broken cells,
several enzymes may be able to show activity to-
wards the artificial substrate y-glutamic acid p-
nitroanilide. However, the enzyme needs to be
membrane-bound to function in transport accord-
ing to the y-glutamyl-cycle model (Meister, 1973)
and so we sought evidence for its association with
the yeast plasmalemma. In whole cells, at pH 8.5,
we could detect no activity, perhaps because the
substrate y-glutamic acid p-nitroanilide may be un-
able to penetrate the cell envelope. However, after
subjecting cells to a simple freeze-thaw procedure,
considerable activity was found. By using this tech-
nique we confirmed a previous renort (Penninckx
et al., 1980) that activity is increased about 10-fold
when S. cerevisiae is grown on a poor nitrogen
source in place of NH4+; accordingly, we used
proline-grown cells in our studies. Cells grown on
proline also show a similar increase in the trans-
port of peptides (Nisbet & Payne, 1979b) and of
amino acids via the gap permease (Eddy, 1980). In
broken cell preparations, activities were compar-
able with those in permeabilized cells, a.nd the bulk
of the activity was associated with the pellet, with
only about 20% in the supernatant extract. We
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could not distinguish between these activities by
using various criteria, e.g. pH optimum, effects of
inhibitors, although others have suggested that two
forms of the activity may exist (Penninckx et al.,
1980).

It is not clear from such studies with broken cells
whether the observed distribution of enzyme
activity reflects the situation in the original cell,
but supporting evidence for a membrane location
of y-glutamyltransferase came from the effects in
vivo of inhibitors that covalently modify the
enzyme (Inoue et al., 1977; Tate & Meister, 1977).
Thus N20-Nle, azaserine, and serine-borate in-
activate the enzyme under conditions in which
these amino acids are not taken up. For example,
the kinetics of enzyme inactivation by N20-Nle
was similar for DCCD-treated cells, in which up-
take of N20-Nle was inhibited, and for normal
whole cells. In addition, y-glutamyltransferase was
inactivated by N20-Nle or azaserine in whole cells
of a wild-type strain and of a gap mutant, although
the gap mutant was unable to transport the inhibi-
tors. Finally, in whole cells the transferase is most
effectively inhibited by N20-Nle at a high pH
(8.5), although its uptake is barely detectable (pH
optimum for uptake is about 4.5), although
anomalously we did find that the gap mutant was
only marginally inhibited at pH8.5.
We conclude that, in S. cerevisiae, a major pro-

portion of y-glutamyltransferase activity exists in a
membrane-bound form that is orientated so that its
y-glutamyl-binding site is accessible to inhibitory
analogues acting at the outside surface. This con-
clusion on the location and orientation of the
enzyme parallels results with mammalian cells
(Kuhlenschmidt & Curthoys, 1975; Horiuchi et al.,
1978; Meister et al., 1980; Inoue & Morino, 1981).

y-Glutamyltransferase activity in transport mutants
of S. cerevisiae

Penninckx et al. (1980) reported a similar
activity for the soluble form of y-glutamyltransfer-
ase in a wild-type strain of S. cerevisiae and a gap
mutant. We confirmed this conclusion here for the
combined activity of membrane and soluble forms
of the enzyme in strains carrying mutations in gap
and in the peptide permease, gpp. Clearly, the
transport defects in these mutants cannot be
related to their levels of y-glutamyltransferase. If y-
glutamyltransferase is a component of the gap per-
mease, as has been speculated (see Penninckx et
al., 1980), then it would be expected that N20-Nle
should inhibit its own uptake, for we have shown
that N2O-Nle enters via the gap permease (no up-
take in gap mutant); in fact, when N20-Nle is
incubated with whole cells, y-glutamyltransferase
is rapidly inhibited, but uptake of N20-Nle con-
tinues at a steady rate.

Role ofy-glutamyltransferase in transport in S. cere-
visiae
The essence of the present findings is that, when

y-glutamyltransferase is largely inactivated in S.
cerevisiae, there is no significant change in the rates
of uptake of amino acids or dipeptides. We con-
clude that, in contrast with the role envisaged for it
in the original form of the y-glutamyl cycle
(Meister, 1973; Meister & Tate, 1976), y-glutamyl-
transferase is not directly involved in mediating up-
take of amino acids or dipeptides.
Two points need to be made concerning the con-

clusion as stated above. Firstly, in all discussions of
the y-glutamyl cycle, Meister has emphasized his
belief that its transport role represents but one
mode of (say) amino acid uptake. Significantly, no
speculation has been made about the proportion of
total uptake that might be mediated via the cycle.
Thus we conclude that, in S. cerevisiae grown as
described, bulk uptake of amino acids, dipeptides
and y-glutamyl-amino acids does not involve y-
glutamyltransferase directly. Our procedures do
not permit us to exclude the possibility that (say) a
few per cent of the measured uptake might be
mediated directly by y-glutamyltransferase (see
below). Secondly, the y-glutamyl cycle has been
modified from its original form (Meister, 1973).
Thus, primarily to accommodate evidence indicat-
ing the 'outward' orientation of y-glutamyltransfer-
ase, the cycle has recently been depicted (Meister
et al., 1980; Meister, 1983) as having a discrete step
for outward translocation of intracellular gluta-
thione that does not involve y-glutamyltransferase.
This glutathione is shown as reacting with accep-
tors to form y-glutamyl adducts through the action
of y-glutamyltransferase. These adducts are pic-
tured as being absorbed subsequently in separate
steps. It is possible for our results to be accommo-
dated by the current model.

Hypothetical role for y-glutamyl derivatives in trans-
port regulation

Finally, we propose that the role of the cycle in
transport may not be as generally presented, i.e.
simply a translocation mechanism for amino acids
and dipeptides, but rather it may serve to
communicate to the cell interior information on
the availability of extracellular nutrients. The
information would be contained in the types and
amounts of y-glutamyl derivatives being absorbed,
and could be used to co-ordinate the supply of
extracellular nutrients with the activities of the pri-
mary transport systems involved in their uptake
and of the enzymes involved with their intracellu-
lar metabolism. This hypothesis is based on a
number of premises. Thus, because it is more effi-
cient to transport actively a preformed nutrient
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than to synthesize it from simpler precursors, a
major portion of cellular energy is devoted to trans-
port, and we assume there will have been great
selective pressure to evolve efficient regulation of
these transport processes (Payne, 1980). However,
active-transport mechanisms are characterized by
the fact that their substrates are accumulated in
an unmodified form, and after uptake are
indistinguishable from endogenously synthesized
molecules. This identity of form serves well for
regulating the intracellular biosynthetic and cata-
bolic pathways that are controlled by the intra-
cellular concentration of the molecule, but it pro-
vides no effective means to regulate transport in
response to exogenous supply. We speculate that
uptake of y-glutamyl derivatives, produced
through reaction of particular nutrients with gluta-
thione and y-glutamyltransferase at the cell mem-
brane, could supply specific messengers for use as
one means of transmembrane regulation; uptake
in the y-glutamyl form need be only a tiny fraction
of that of the unmodified form by active transport.
To perform this function, however, it is logical that
y-glutamyltransferase should occur in regions of
high transport activity.

It seems significant to us that glutamine and cys-
tine, key substrates in nitrogen and sulphur nutri-
tion respectively, should be particularly good
acceptors for y-glutamyltransferase. It may be that
the y-glutamyl derivatives of glutamine and cystine
could play roles in nitrogen and sulphur regulation
similar to that played by cyclic AMP in carbon
regulation. In general, there appears to be a posi-
tive correlation between good acceptor activity
(e.g. glutamine, cystine, methionine, serine, gly-
cine and peptides) and nutritional value.

We gratefully acknowledge the financial support of
the Science and Engineering Research Council for this
work.
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