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A B S T RA C T The two enzymes required to synthesize
glutathione de novo have been purified from human
erythrocytes. Glutamylcysteine synthetase was purified
4300-fold and was approximately 80% pure based on
polyacrylamide gel electrophoresis. The purified enzyme
catalyzes the formation of 30.5 /Amoles of y-glutamyl-
cysteine per mg of protein per hr and is inhibited by
sulfhydryl inhibitors.

Glutathione synthetase was purified 6000-fold from
erythrocytes to homogeneity as determined by poly-
acrylamide gel electrophoresis. The erythrocyte enzyme
has a molecular weight of 150,000 and catalyzes the
formation of 35.9 jhmoles of glutathione per mg of pro-
tein per hr. Comparison of the amino acid composition
and some kinetic parameters of yeast glutathione synthe-
tase and the erythrocyte enzyme demonstrate similarities
between these enzymes.

INTRODUCTION
The two enzymes required to synthetize glutathione
were described by Bloch and Snoke in extracts from
yeast and pigeon liver (1-3). These workers purified
glutathione (GSH) synthetase' from yeast (2) and
partially purified glutamylcysteine (GC) synthetase
from hog liver (3) and studied the mechanisms of these
reactions. In more recent studies by Mooz and Meister
(4), the yeast GSH synthetase has been purified to
homogeneity, and the reaction mechanism and properties
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of this enzyme have been further elucidated. We have
recently described these enzymes in hemolysates of
human erythrocytes (5-7) and now report the purifica-
tion and properties of the erythrocyte enzymes. GC syn-
thetase has been purified 4300-fold from erythrocyte
hemolysates. The most highly purified preparations con-
tain several bands on polyacrylamide disc gel electro-
phoresis with the major band being identified as GC
synthetase. GSHsynthetase has been purified 6000-fold
to homogeneity from erythrocyte extracts as determined
by polyacrylamide disc gel electrophoresis and analytical
ultracentrifugation.

METHODS
GC synthetase was assayed by measurement of the incorpo-
ration of glutamic acid-8H into GC in the presence of ATP,
Mg++, and cysteine (7). GSH synthetase was assayed by
measurement of the incorporation of glycine-'4C into GSH
in the presence of GC, ATP, and Mg++ (7). GC and GSH
were isolated from the respective reaction mixtures as their
insoluble cadmium mercaptides (7). Assays were carried out
at 37°C. One unit of enzyme activity is defined as 1 jumole
of product formed per hr. All substrates were obtained or
prepared as described previously (7). The DEAE-cellulose
used was Whatman DE23. Protein concentration was deter-
mined by the method of Lowry, Rosebrough, Farr, and Ran-
dall (8). Disc gel electrophoresis was performed on 5%
polyacrylamide gels (9). Gels were stained with Coomassie
blue, or alternatively when active enzyme was to be eluted
from gels, bands were visualized with 0.004% analine
naptholsulfonic acid (ANS) (10).

Purification of GC synthetase. Extracts of erythrocytes
from 80 U of outdated bank blood were used in the purifica-
tion of the enzymes of glutathione synthesis. The initial
steps of purification were carried out in batches of approxi-
mately 1000 ml of packed erythrocytes, and all procedures
were performed at 4°C. Erythrocytes were sedimented from
ACD plasma by centrifugation for 10 min at 6000 g. After
the cells were washed twice in 0.15 M sodium chloride, they
were hemolyzed by addition of 10 volumes of cold distilled
water. Stroma was removed by centrifugation at 23,000 g
for 10 min.
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FIGURE 1 DEAESephadex chromatography of the enzymes
of GSHsynthesis. (See Methods for details.) -*-- GSH
synthetase; -- - * - - - 0, GC synthetase.

Removal of hemoglobin. Whatman DEAE 23 was ini-
tially suspended in 1 M K2HPO4 (40 g DEAE/liter) and
stirred for 1 hr. The DEAEwas then collected on a Buch-
ner funnel, and this procedure was repeated twice. The
DEAEwas next washed on the funnel with water until the
filtrate was neutral and then resuspended in H20 at a
concentration of 8 g/100 ml, and the pH was adjusted to
7.0 with HCl or NaOH as necessary. This DEAE suspen-
sion was added to stroma-free hemolysate (1 g DEAE/2 g
Hb), and the mixture was stirred for 40 min. The DEAE
was then collected on a Buchner funnel and washed with
0.003 M potassium phosphate pH 7.0 until the filtrate was
colorless. The DEAE was then resuspended in 0.3 M pO-
tassium chloride also containing 0.003 M potassium phos-
phate pH 7.0 (2 ml of KCl solution per/ml original packed
erythrocytes). After stirring for 40 min, the eluate which
contained both GSH and GC synthetase was collected by
filtration.

First ammonium sulfate step. The DEAEeluate from the
previous step was adjusted to contain 0.1 M potassium phos-
phate pH 7.0 (using 1 M potassium phosphate), and solid
ammonium sulfate (25.8 g/100 ml) was added slowly with

stirring. After stirring for 15 min, the suspension was al-
lowed to settle for 30 min. The solution was then centrifuged
at 23,000 g for 10 min, and the precipitate was discarded.
Solid ammonium sulfate (19 g/100 ml) was then added to
the supernatant, and the suspension was stirred and allowed
to settle as described above. The precipitate of this fraction
contained both GSHand GC synthetase. The precipitate was
collected by centrifugation and was stored at 4VC until the
entire 80 U of erythrocytes were processed. Both enzymes
were stable when stored in this manner.

DEAE-cellulose column chromatography. The ammonium
sulfate pellets from the previous step were dissolved in a
minimal volume of 0.02 M potassium phosphate pH 7.0 and
dialyzed overnight against 20 liters of 0.02 M potassium
phosphate, pH 7.0, which contained 0.1 M potassium chloride
and 0.01 M 2-mercaptoethanol. The resulting solution (1140
ml) was then poured over a 6 X 115 cm column of DEAE-
cellulose previously equilibrated with this same buffer which
contained 0.1 M potassium chloride and 0.1 M 2-mercapto-
ethanol. After washing the column with 5 liters of this
buffer, the column was eluted with a 40 liter linear gradient
of KCl (0.1 -> 0.45 mole/liter contained in the same buffer,
and 20-ml fractions were collected. The GSHand GC syn-
thetase were eluted between conductivities of 10 and 15
mmho (4'C). The peak of GSH synthetase was eluted
slightly before GC synthetase, but the two were not effec-
tively separated and thus were pooled together. The pooled
fractions were concentrated by ultrafiltration to a volume of
200 ml in an Amicon concentrator using a UM-1 filter. This
solution was then dialyzed overnight against 20 liters of
0.02 M potassium phosphate, pH 7.0, which contained 0.15 M
potassium chloride and 0.01 M 2-mercaptoethanol.

DEAE Sephadex chromatography. The enzyme solution
was then poured over a 4 X 40 cm column of DEAESepha-
dex (A-50) previously equilibrated with the same buffer.
The column was washed with 500 ml of the equilibrating
buffer and was then eluted with 4200 ml of buffer in a
linear gradient from 0.15 to 0.35 M potassium chloride, and
20-ml fractions were collected. GSH synthetase was eluted
before GC synthetase (Fig. 1), and the fractions containing
each were pooled separately and concentrated as described
above. The GC synthetase solution was concentrated to 15
ml.

Sephadex G-150 chromatography. 6 ml of the resulting
GC synthetase solution was then added to a 2.5 X 100 cm
column of Sephadex G-150 and eluted with 0.05 M potas-

TABLE I
Purification of Glutamylcysteine Synthetase

Total Total Specific Fold
Step protein activity activity purified

g Units Units/
mg

1. Hemolysate 5000 35,000 0.007
2. Batch DEAE-cellulose, 45-75% ammonium sulfate 105.7 23,800 0.225 32
3. DEAE-cellulose column 5.86 16,800 2.87 410
4. DEAESephadex column 1.1 9,280 8.44 1205
5. Sephadex G-150 column 0.675 8,900 13.1 1870
6. 50-60% ammonium sulfate 0.131 4,000 30.5 4350

Assays used in the purification of GCsynthetase were performed as described previously (7) except that 15-min
incubations were used and potassium phosphate pH 7.0 was used as buffer. Wesubsequently discovered that the
results using phosphate buffer are 1.5- to 2.0-fold lower than those obtained with imidazole buffer.
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TABLE I I
Purification of GSHSynthetase

Total Total Specific Fold
Step protein activity activity purified

g
Units Units/

mg

1. Hemolysate 5000 30,000 0.006
2. Batch DEAE-cellulose, 45-75% ammonium sulfate 105.7 27,000 0.256 44
3. DEAE-cellulose column 5.86 25,700 4.4 730
4. DEAESephadex column 0.91 8,900 9.7 1610
5. 45.55% ammonium sulfate 0.35 8,300 23.7 3950
6. Sephadex G-150 column 0.12 3,520 29.3 4880
7. Heat 50° C for 60 min 0.085 3,050 35.9 6000

GSHsynthetase was assayed as described previously (7).

sium phosphate, pH 7.0, which contained 0.001 M dithio-
threitol and in some cases 0.001 M ATP. (ATP was added
because it seemed to stabilize the enzyme slightly at this
stage of purification.) This column step was repeated using
an additional 6 ml of enzyme solution, and the fractions
containing GC synthetase from both columns were pooled
and concentrated by ultrafiltration to a volume of 20 ml.

Second ammonium sulfate step. The GC synthetase solu-
tion was then adjusted to 0.1 M potassium phosphate, pH
7.0, and solid ammonium sulfate (25.8 g/100 cc) was added
with stirring. After stirring 20 min, the suspension was al-
lowed to settle for 20 min. After centrifugation at 50,000 g
for 10 min, the precipitate was discarded, and ammonium
sulfate (2.9 g/100 ml) was added to the supernatant solu-
tion. This suspension was again stirred and allowed to settle
as described above, and after centrifugation the precipitate
was discarded. Solid ammonium sulfate (6 g/100 ml) was
added to the supernatant solution, and after stirring and
settling, the resulting precipitate was collected and then dis-
solved in a minimal volume of 0.05 M potassium phosphate,
pH 7.0, which contained 0.001 M dithiothreitol. The results
of the purification are shown in Table I. The purified en-
zyme was stored frozen at - 120'C and was stable for at
least several months under these conditions. The purified
enzyme was relatively unstable when stored at 40C and lost
50% of its activity in 1 wk when stored in dilute solution.

Purification of GSH synthetase. GSH synthetase was
purified along with GCsynthetase until the DEAESephadex
column step where the two enzymes were separated. The
pooled fractions from this column containing GSHsynthetase
were concentrated to a volume of 100 ml.

Second ammonium sulfate step. The GSH synthetase
solution was adjusted to 0.1 M potassium phosphate, pH 7.0,
which contained 0.001 M dithiothreitol, and ammonium sul-
fate (25.8 g/100 ml) was added with stirring. After mixing
and centrifugation as described above, the precipitate was
discarded, and ammonium sulfate (5.9 g/100 ml) was added
to the supernatant solution. The resulting precipitate was
dissolved in a minimal volume 0.03 M potassium phosphate,
pH 7.0, which contained 0.001 M dithiothreitol and 0.001 M
ATP.

Sephadex G-150 chromatography. The GSH synthetase
solution was next poured onto a 2.5 X 100 cm column of
Sephadex G-150 and eluted with 0.05 M potassium, pH 7.0,
which contained 0.001 M dithiothreitol. The fractions con-
taining GSH synthetase were pooled and concentrated by
ultrafiltration to a volume of 10 ml.

Heat step. The GSH synthetase from the preceding step
was diluted to a concentration of 3.0 mg/ml in 0.02 M po-
tassium phosphate, pH 7.0, which contained 0.005 M dithio-
threitol and 0.03 M GSH. This solution was heated at 50°C
for 1 hr. The resulting flocculent precipitate was discarded
after centrifugation, and the supernatant solution containing
GSH synthetase was concentrated to a volume of 6 ml by
ultrafiltration. The summary of the purification of GSH
synthetase is shown in Table II. The final preparation was
stable at 40C for at least several months when stored in
GSH.

Physical studies. Sedimentation constants of the purified
enzymes were determined by sedimentation velocity experi-
ments at 59,780 rpm in a Beckman model E ultracentrifuge
using Scheieren optics in artificial boundary cells. The dif-
fusion constant of GSHsynthetase was determined similarly
at 42,040 rpm (11). The molecular weight was calculated
from these values using a partial specific volume of 0.74 cc/g
which was calculated from the amino acid composition of
homogeneous GSH synthetase (11). Alternatively, the mo-
lecular weight was determined by equilibrium sedimentation
at 21,000 rpm (11). The amino acid composition of GSH
synthetase was determined, after acid hydrolysis in sealed
evacuated tubes in constantly boiling HCO for 22 hr, on a
Beckman 120 C amino acid analyzer (12).

RESULTS
Purification of enzymes. GSH and GC synthetase

were difficult to separate from each other and copurified
until DEAE Sephadex chromatography (Fig. 1). At
this step the two enzymes are largely resolved. Thus,
the GC synthetase-containing fractions pooled from this
column contained 10% of the GSHsynthetase activity,
and conversely, the GSH synthetase-containing frac-
tions were contaminated with 16% of the GCsynthetase
eluted from this column.

GC synthetase. The final preparation of GC synthe-
tase was purified over 4000-fold and had a specific ac-
tivity of 30.5 U/mg. This preparation appeared to be
homogeneous both by velocity sedimentation in the
analytical ultracentrifuge and by rechromatography on
DEAE Sephadex where there was correspondence be-
tween protein and enzyme activity. Despite the evidence

Glutathione Synthesis in Human Erythrocytes 1639



FIGURE 2 Polyacrylamide gel electrophoresis of the purified
enzymes of GSH synthesis. Gel on left: 150 ,ug GC synthe-
tase. Gel on right: 50 Ag GSH synthetase. These gels were

stained with Coomassie blue. The protein bands on the two
gels shown cannot be directly compared for migration dis-
tance since the runs were done at different times.

of homogeneity, the preparation contained residual GSH
synthetase activity. Thus, in fresh hemolysates the ratio
of GC synthetase/GSH synthetase is 2.2/1 while in the
final preparation this ratio is 56/1. This residual GSH
synthetase activity could be removed by rechromatog-
raphy on DEAE Sephadex, but no increase in specific
activity resulted from this procedure. Disc gel electro-
phoresis of this preparation disclosed one major protein
band and several smaller bands which comprised about
20% of the total protein as shown in Fig. 2. The pro-

tein bands were detected in an unstained gel in 0.004%
ANS with ultraviolet light (10) to establish that the
major protein band was GC synthetase. Each of the
bands was then cut from the gel, and the protein was

then eluted from the gel slices by homogenizing in 0.02
M potassium phosphate which contained 0.001 M dithio-
threitol. 87% of the GC synthetase activity eluted from
the gel was contained in the maj or band with the re-

maining activity in the slices adjacent to this band on

either side. We were unable to determine whether the
contaminant minor bands contain the remaining enzyme
activity (i.e., isozymes). Further attempts to remove the
contaminants including chromatography on hydroxy-
apatite and cellulose phosphate were unsuccessful. The
contaminating bands were not sufficiently separated
from the enzyme to allow efficient separation by prepara-
tive disc gel electrophoresis.

Properties of GCsynthetase. The sedimentation con-
stant (s2ow) for GC synthetase was 5.4S as determined
by velocity sedimentation in the analytical ultracentri-
fuge. Since the final preparation was obviously impure,
molecular weight and amino acid composition were not
determined. The sedimentation constant and position of
elution from Sephadex G-150 suggest that GC synthe-
tase has approximately the same molecular weight as
GSHsynthetase. This enzyme was less stable than GSH
synthetase both on storage at 4°C and upon heating
(see below). The activity of GC synthetase with vary-
ing pH is shown in Fig. 3. The optimum pH for ac-
tivity is approximately 7.5. The activity of GC synthe-
tase with varying substrate concentrations was mea-
sured and plotted by the method of Lineweaver and
Burk (13) as shown in Fig. 4. The Michaelis constants
calculated from these curves for L-glutamic acid, cys-
teine, and ATP were 2.2 X 10-'moles/liter, 3 X 10'
moles/liter, and 4.3 X 10-' moles/liter, respectively. The
enzyme was inactive (< 1%) when D-glutamic acid was
substituted for L-glutamic acid at 10-2 moles/liter.

20 200

A~~~~

5 7 9 11
pH

FIGURE 3 Effect of varying pH on the activity of the en-
zymes of GSH synthesis. Reaction mixtures were prepared
at 3 times the standard volume excluding enzyme and
glycine-l4C or glutamic acid--3H respectively, for GSH and
GC synthetase. The pH of the reaction mixtures were ad-
justed with 1 M imidazole or 1 M Tris to the desired pH,
and aliquots were then taken and used in the standard as-
says. A *, Imidazole buffer; * O. Tris buffer; *, potas-
sium carbonate buffer; -, GSH synthetase-, GC
synthetase.
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The effect of sulfhydryl inhibitors on GC synthetase
is shown in Table III. Enzyme was initially treated
with either iodoacetamide or N-ethylmaleimide, and sub-
sequently dithiothreitol was added to destroy excess in-
hibitor. Sulfhydryl inhibitors could not be added directly
to enzyme assay reaction mixtures since inhibition in
this case could be due to reaction with the substrate
cysteine. Both iodoacetamide and N-ethylmaleimide in-
hibit GC synthetase suggesting that a sulfhydryl group
is essential for activity of this enzyme.

GSHsynthetase. The final preparation of GSHsyn-
thetase was purified 6000-fold and has a specific ac-
tivity of 35.9 U/mg. The enzyme was homogeneous by
velocity sedimentation in the analytical ultracentrifuge
and gave a single band on polyacrylamide gel electro-
phoresis (Fig. 2). The GSH synthetase preparation
after the second ammonium sulfate fractionation con-
tained residual GC synthetase with the ratio of GC to
GSHsynthetase being 0.09. The residual GC synthetase
was removed by heat treatment. In preliminary experi-
ments it was determined that both GC synthetase and
GSHsynthetase were rapidly inactivated by heating at
60'C. GC synthetase activity is destroyed with a t1 of
4 min at 50°C while GSH synthetase activity is
largely retained (Table IV). When the enzyme was
heated in the presence of GSH, the enzyme was stabi-
lized, and two-thirds of the original activity was re-
covered after heating 1 hr while GC synthetase was
entirely destroyed. The activity of GSHsynthetase with
varying pH strikingly parallels that for GC synthetase
with a broad curve with optimum pH between 7 and 8
(Fig. 3). The activity of GSH synthetase at varying
substrate concentrations is shown in Fig. 5 as plotted by
the method of Lineweaver and Burk (13). The Mi-
chaelis constants calculated from these data for ATP,
y-glutamylcysteine, and glycine were 5 X 10'moles/
liter, 2 X 10-' moles/liter, and 3.6 X 10-' moles/liter, re-

S (M X 104)

FIGURE 4 Effect of varying substrate concentrating on the
activity of GC synthetase. Glutamic acid, A A A; cysteine,
0 0 0; ATP, * 00. The concentrations of the unvaried
substrates were as follows: 10-'M glutamic acid, 1.1 x 10-2M
cysteine, and 3.5 X 10-3M ATP.

spectively. GSH synthetase was not inhibited by either
N-ethylmaleimide or iodoacetamide (Table III) sug-
gesting that the requirement for dithiothreitol in the
GSH synthetase reaction serves only to maintain the
substrate GC and the product GSH in a reduced state.

Physical properties of GSH synthetase. The sedi-
mentation constant (sao) for GSHsynthetase was 5.6S,
and the diffusion constant (dwo,) was 3.68 X 10-7 cm2
sec1. The molecular weight calculated from these values
was 148,000. The molecular weight was also determined
by equilibrium sedimentation, and a value of 152,000
was obtained. The amino acid composition of GSHsyn-
thetase is shown in Table V, and the results are ex-

pressed assuming a molecular weight of 150,000.

TABLE I II
Effect of Sulfhydryl Inhibitors on the Enzymes of Glutathione Synthesis

GCsynthetase, GSHsynthetase,
Inhibitor %inhibition %inhibition

lodoacetamide, 5 X 10-4 moles/liter 24 0
lodoacetamide, 2 X 10-3 moles/liter 66 0

N-Ethylmaleimide, 9 X 10-4 moles/liter 18 0
N-Ethylmaleimide, 2.5 X 10-3 moles/liter 47 7

GSH synthetase (0.03 mg) was incubated with the indicated concentrations of
inhibitor in 0.02 Mpotassium phosphate buffer pH 7.0 for 10 min at 370 C. An excess
of dithiothreitol was then added to destroy the inhibitor, and after further incuba-
tion at 37'C for 10 min, aliquots were taken for enzyme assay. Experiments with
glutamylcysteine synthetase were identical except that 0.04 mg of enzyme was
used.
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TABLE IV
Heat Treatment of GSHSynthetase

GSHsynthetase GCsynthetase

Unlits/ml Units/ml

Control 69 6.8
Heated - GSH 21
Heated + GSH 50 0

GSH synthetase, purified through the second ammonium
sulfate step, was diluted to 3 mg protein/ml in 0.02 M potas-
sium phosphate pH 7.0 containing 0.005 M dithiothreitol and
0.03 M GSHwhere indicated. Solutions were heated at 500 C
for 60 min. After centrifugation to remove denatured protein,
enzyme activity was measured in the supernatant solution.

DISCUSSION

GC synthetase has been previously demonstrated in sev-
eral species and has been partially purified from pig
heart (3) and wheat germ (15). These preparations
catalyzed the formation of approximately 0.5 mole of
GC per mg of protein per hr compared with the value
of 30.5 reported here for highly purified enzyme from
human erythrocytes. The mechanism of y-glutamyl pep-
tide bond formation remains unexplained although Web-
ster and Varner (15) suggested that a high energy glu-
tamate complex might be involved. No such inter-
mediate has been directly demonstrated since highly
purified enzyme was not available in these early studies.
The fact that GC synthetase is inhibited by sulfhydryl
group inhibitors suggests that a cysteine residue may be

I
( Mx 105) ( *)

0.2 0.4 0.6
l l

0.2 0.4 0.6
( M x 10 4 ) ( O. A)

FIGURE 5 Effect of varying substrate concentrations on the
activity of GSH synthetase. y-Glutamylcysteine, 00 0 ;
ATP, A A A; glycine, 0 0 0. The concentrations of the
unvaried substrate were as follows: 6 X 10-4M y-glutamyl-
cysteine, 3.5 X 10-'m ATP, and 8.5 X 10-'AI glycine.

important in the reaction. The Michaelis constants for
glutamate and for ATP are quite similar for enzyme
from wheat germ and human erythrocytes while the
Km for cysteine was 10-fold higher (4 X 10' moles/liter)
in wheat germ than in erythrocytes.

GSH synthetase has been previously purified from
yeast (2, 4) and pigeon liver (1). The homogeneous
yeast enzyme is striking in that the intrinsic specific ac-
tivity is 20-fold higher than that of the erythrocyte en-
zyme. Despite this difference there are similarities be-
tween the yeast and erythrocyte enzymes. Thus, the
molecular weight of yeast GSH synthetase is 123,000
(4) while the molecular weight of the -erythrocyte en-
zyme determined in the present study is 150,000. There
is some similarity between the amino acid compositions
of the two enzymes with essentially identical contents of
isoleucine, histidine, proline, and glutamic acid. All of
the remaining amino acids are present in both enzymes
in amounts which agree within 20% with the exception
of i cystine, methionine, lysine, and arginine (4). The
Michaelis constants for glycine and GCwere essentially
identical comparing yeast GSH synthetase with the
erythocyte enzyme, while the Km for ATP was 3-fold
higher with the latter enzyme (4).

Little is known about the regulation of GSHsynthe-
sis in erythrocytes. Since the potential for GSH syn-
thesis far exceeds that needed to maintain normal GSH
levels in erythrocytes (7), it is possible that variations

TABLE V
Amino Acid Analysis of Glutathione Synthetase

Amino acid Residues/mole*

Lysine 73
Histidine 27
Arginine 72
Aspartic acid 112
Threonine 64
Serine 109
Glutamic acid 160
Proline 59
Glycine 116
Alinine 135
2 Cystine$ 42
Valine 98
Methionine 33
Isoleucine 61
Leucine 152
Tyrosine 30
Phenylalanine 53

Samples were hydrolyzed and analyzed as described in
Methods. Tryptophane content was not measured.
* Assuming that 1 mole of GSHsynthetase = 150,000 g.

Measured as cysteic acid after performic acid oxidation (14)
of protein samples before acid hydrolysis.
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in the in vivo activity of these enzymes may be impor-
tant in defending erythrocytes against oxidative stress.
The factors which may modulate the activity of these
enzymes in vivo include levels of either GSH, GSSG,
NADP, NADPH, or of the respective substrates. A
further factor which may be important in determining
enzyme activity is the potential association of these
enzymes to form a multienzyme complex. The difficulty
in separating the two enzymes suggests a possible as-
sociation between these enzymes. In some experiments
the two enzymes did not separate on DEAE Sephadex
further indicating an association between these enzymes.
The factors which determine such association remain to
be elucidated.

After this work was submitted for publication, a re-
port by Orlowski and Meister (16) appeared on the
purification and properties of GC synthetase from rat
kidney. It is interesting that the properties of the rat
kidney enzyme are very similar to those of human
erythrocyte GC synthetase with respect to stability,
sedimentation constant, substrate affinities, and inhibition
by sulfhydryl poisons. The specific activity of the kidney
enzyme was reported to be 10-fold higher than erythro-
cyte enzyme although the great difference in assay tech-
niques used makes direct comparison of specific activi-
ties difficult. These workers report that the high con-
centration of -y-glutamyl cyclotransferase (an enzyme
which metabolizes GC to cysteine and pyrrolidone
carboxylic acid) makes direct assay of GCsynthetase in
kidney homogenates difficult. Weperformed the follow-
ing experiment to exclude the possibility that y-glu-
tamyl cyclotransferase in erythrocytes metabolizes GC,
thus causing an underestimation of GC synthetase in
crude hemolysates. GC, tritium-labeled in the glutamyl
moiety, (2 X 10-' moles/liter) was incubated with eryth-
rocyte hemolysate under conditions of the GC synthe-
tase assay using unlabeled -glutamic acid. After 60 min
incubation at 370C, 94% of the original labeled GCwas
isolated as its cadmium mercaptide indicating that there
is no significant degradation of GC under these condi-
tions. A similar result was obtained when ATP was
omitted from reaction mixtures so that no unlabeled GC
could be formed during the incubation. The amount of
GC added in these experiments was equivalent to that
formed after 60 min incubation in a standard assay.
Thus, it appears that there is no significant Y-glutamyl
cyclotransferase activity in erythrocytes under these
conditions.
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