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If washed suspensions of Staphylococcu8 aureus
(Micrococcu8 pyogene8 var. aureu8) are incubated in
buffered salt solution containing glutamic acid and
glucose, the amino-acid enters and accumulates in
the free state within the cells (Gale, 1947). The
passage of glutamic acid into the cells is energy-
linked and can be uncoupled from glycolysis by
inhibitors such as sodium azide, 2:4-dinitrophenol,
aureomycin and 8-hydroxyquinoline (Gale, 1949,
1951a; Gale & Paine, 1951). If a complete mixture
of natural amino-acids is added to the extemal
medium, the accumulation of free glutamic acid
within the cells ceases, and glutamic acid becomes
incorporated within the cellular material in a com-
bined form from which it can be liberated by acid
hydrolysis (Gale, 1951 b). The addition ofincomplete
mixtures of amino-acids to the extemal medium
results in a reduction in the rate of accumulation of
free glutamic acid within the cells (Gale, 1951 b),
and the present communication deals with the
mechanism of this inhibition.

EXPERIMENTAL

Organi8m. The organism used throughout this work was
Staphylococcu8 aureus Duncan (Gale & Taylor, 1947).

Conditions ofgrowth. The organism was grown for 16 hr. at
300 in the 'deficient medium B' consisting of a salt-mixture

solution containing 1% glucose, 0-1% arginine and 0-2 %
marmite (Gale, 1947). The medium was distributed in
150 ml. quantities in Roux bottles.

Determination of glutamic and aspartic acids. Glutamic
acid was determined manometrically by use of the specific
glutamic acid decarboxylase preparation (Gale, 1945).
Aspartic acid was determined by the manometric method of
Krebs (1950) using glutamic acid decarboxylase in con-
junction with glutamic-aspartic transaminase. The accumu-
lation of these acids within the cells was studied by the
methods previously described (Gale, 1947, 1951 b).

Determination of combined glutamic acid. For the deter-
mination of total glutamic acid, thick suspensions of cells
were hydrolysed for 18 hr. in boiling 6N-HCI, the acid re-
moved by evaporation to dryness in vacuo, the hydrolysate
dissolved in water and the pH adjusted to 4-5 before estima-
tion with the decarboxylase preparation. The total glutamic
acid was then corrected for the free glutamic acid content to
give combined glutamate. Solutions obtained after removal
of cells by centrifuging were also examined for combined
glutamate in a similar fashion.

Chromatographic investigation of 8olutions. Incubation
mixtures were freed from bacteria by centrifuging and then
reduced to one-tenth oftheir original volume by evaporation
under reduced pressure at a temperature below 40°; after
neutralization they were deproteinized by the addition of
1 vol. ethanol and 6 vol. CHC13, the samples centrifuged and
the aqueous layer used for chromatographic examination.
The general procedures used for paper chromatography

were those described by Consden, Gordon & Martin (1944).
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Whatman filter papers nos. 1 or 4 were used, except for the
separation of larger amounts of material or to increase the
concentration of components present in small amount in
which case Whatman paper no. 3 was used. Two solvents
were used: butanol-acetic acid-water mixture (Woiwod,
1949) and a propanol-ammonia (0-3 %) mixture containing
80% (v/v) propanol. Chromatograms were coloured with
0.1% ninhydrin solution in chloroform containing 0.1%
collidine (Woiwod, 1949).
When new spots, possibly representing peptide material,

were found, large-scale chromatograms were run; strips were
cutfromthepapers andsprayedto locatethespotsor streaks;
horizontal strips were then cut out of the paper as indicated
by the guide strips and the material eluted with water.
Samples of eluted materials were run again to test the
accuracy of the separation. Other samples were hydrolysed
for 18 hr. at 105° in 6N-HC1 and the hydrolysates taken to
dryness at room temperature under reduced pressure;
excess HC1 was removed by addition of distilled water
followed by evaporation to dryness, the process being
carried out three times. Examination of the peptides for
identification of amino-acids carrying a free amino group
was carried out by the deamination method of Consden,
Gordon & Martin (1947) and by preparation ofdinitrophenyl
derivatives according to Sanger (1945, 1946).
When the incubation mixtures contained cysteine,

chromatograms showed a number of spots corresponding to
partial oxidation products and the spots showed 'tailing'.
Treatment of the solutions with bromine water (Consden &
Gordon, 1950) oxidizes cysteine to cysteic acid which gives
one clearly defined spot. However, during the course of this
work it was found that treatment of cysteine with bromine
water in the presence ofglutamic acid gave rise to a new spot,
running between glutamic acid and cysteic acid in butanol-
acetic acid, which behaved as though it were a simple
dipeptide of cysteic acid and glutamic acid (Van Halteren,
1951). An alternative treatment of cysteine-containing
solutions was to allow them to autoxidize by standing in an
open vessel for several days. Solutions so treated were pre-
served by addition ofCHC13. Chromatograms prepared from
such solutions showed that cysteine was largely converted to
cysteic acid and no new spots were observed as a result of
such treatment.

Staph. aureus cells contain high concentrations of certain
amino-acids in the free state within the cells (Gale, 1947;
Taylor, 1947) and in some experiments small amounts of
lysine, glutamic acid or alanine leaked out of the cells in the
course of incubation. When this occurred, the spots concerned
were also evident in the various control mixtures. Woiwod &
Proom (1950) have pointedout thaty-aminobutyricacidmay
sometimes leak out ofthe cells. This type ofleakage ofsoluble
cell constituents is most marked with staphylococciwhen
incubation takes place in the absence of glucose.

Synthetic peptide8. We are indebted to Sir Charles
Harington, F.R.S., for a sample of y-glutamylcysteine; to
Dr G. T. Young for a- and y-glutamylglycine; to Dr R.
Consden for oc-glutamylalanine, and to Dr W. T. J. Morgan
for samples of di-, tri-, and tetra-glycylglycine.

RESULTS

Preliminary work. During investigations of the
effect ofamino-acid mixtures on the accumulation of
free glutamic acid inside Staph. aureus (Gale, 1951 b)

it was found that mixttures of three or four amino-
acids reduced the rate of accumulation, and that the
degree of this reduction was increased by increasing
the number of amino-acids in the external mixture.
It was decided to test the action of amnino-acids,
other than glutamic acid, when added one at a time
to the experimental mixture of buffered salt, glucose
and glutamic acid. In the first place the other amino-
acids were added in a concentration equal to twice
that of the glutamic acid and the rates of accumula-
tion of free glutamic acid within the cells compared,
in each case, with the rate when glutamic acid was
the only amino-acid added to the external medium.
Table 1 shows the results obtained; the amino-acids

Table 1. Effect ofamino-acid8 on the rate ofaccumula-
tion of internal glutamic acid in Staphylococcus
aureus

(Washed suspensions of Staph. aureus Duncan, grown for
16 hr. at 300 in deficient medium, incubated in buffered
salt solution containing 1% glucose and 1-35!Amol. sodium
glutamate/ml. Effect on rate of accumulation of internal
free glutamic acid of addition of other amino-acids at con-
centration of 2-7,umol./ml. Results expressed as percentage
rate in absence of added amino-acids; figures in brackets
give range where number of tests was greater than 5.)

Amino-acid added

L-Aspartic acid
L-Cysteine
L-Cystine (sat. soln.)
L-Alanine
Glycine
L-Serine
L-Asparagine

L-Ormithine
L-Prolhne
D-Alanine
L-Phenylalanine
L-Methionine
L-Lysine
L-Tyrosine
L-Tryptophan
L-Arginine
L-Threonine
L-Histidine

L-Isoleucine
L-Valine
L-Leucine

Rate as
percentage control

(1)
30 (25-60)
40 (10-54)
54 (30-75)
55 (30-80)
65 (30-80)
75
82

(2)
97
98
100
103
103
104
107
107
107
110
110

(3)
112 (105-118)
117 (106-145)
118 (105-133)

fall into three groups: (1) those such as aspartic acid,
cysteine, alanine and glycine, which cause a marked
decrease in the rate of free glutamic acid accumula-
tion; (2) those which have no marked effect, and
(3) those such as valine and leucine which appear to
accelerate the rate of free glutamic acid accumula-
tion. L-Alanine has a marked inhibitory action
whereas D-alanine is without effect. Aspartic acid is
inhibitory whereas asparagine has little effect.

3-2
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In the course of more detailed i
became clear that the action of as
different from that of the other
group 1 and, accordingly, this am
dealt with separately.

nvestigations it
partic acid was
amino-acids in
ino-acid will be

Inhibition offree glutamic acid accumulation
by aspartic acid

Effect of concentration. The addition of aspartic
acid to the buffered salt solution containing glucose
and glutamic acid results in a decrease in the rate of
accumulation of free glutamic acid within the cells;
if the concentration of aspartic acid is twice that of
glutamic acid, then this rate is approximately halved.
Fig. 1 shows that the inhibition increases as the
concentration of aspartic acid, relative to that of
c c
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Fig. 1. (a) Effect of relative concentrations of aspartic and

glutamic acids on rate of accumulation of free glutamic
aiacidwithinStaph. aure Washedsuspensionsof'deficient'
Staph. aurei Duncan, incubated in buffered salt solution
containing 1% glucose, sodium glutamate at final concen-
tration 1o34 ( a)or 10-7 (0), mol./ml. and sodium
aspartate to give ratioi indicated by abscimae. Rate of
free glutamic acid accumulation within the cells deter-
mined over 60 mn. at 300. (b) Effect o relative concen-
trations of cysteine and glutamic acid on rate of accumu-
lation of free glutamic acid within Staph., aureus. Con-
ditions as for Fig. 1la with substitution of cysteine for
sodium aspartate.

glutamic acid, increases. The percentage inhibition
was determined for ratios of aspartic to glutamic
acid ranging from0-a to 4-0 for glutamic acid con-
centrations of 1-34 and 10-7 mbol./ml.; Fig. 1 shows
that the degree of inhibition of the accumulation of
free glutamic acid is determined by the ratio of the
two amino-acids and not by the absolute concen-
tration of either.

Course of the accumuathion of intemal freeacpartic
and glutamic acids. In the first paper of this series
(Gale, 1947) it was shown by a non-specific method
that aspartic acid could not enter Streptococcu8
faecali8 unless glucose was being metabolized; the
passage of aspartic acid into the Gram-positive
bacterial cell thus occurred under conditions siimilar
to those required for the entry of glutamic acid. This
has now been confirmned in the ca-se of Staph. aureus

by the use of a method specific for aspartic acid
(Krebs, 1950). By this method it is possible to
determine both aspartic and glutamic acids on the
same sample of cells and Fig. 2 shows the rates of
appearance of these acids in the free state within
Staph. aureus cells incubated in the presence of
glucose and glutamic acid (curve A); aspartic
acid (curve D); and glutamic acid and one or two
equivalents ofaspartic acid (curvesB and C). It can
beseenthatnot onlydoes thepresence ofaspartic acid
inhibit the accumulation of free glutamic acid, but
that the presence of glutamic acid also inhibits the
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Fig. 2. Accumulation of glutamic and aspartic acids within
Staph. aureus. Washed suspensions of 'deficient' Staph.
aureus incubated, at final suspension density=2-0 mg.
dry wt. of cells/ml., in buffered salt solution containing
1% glucose and 1.34 ,&mol. sodium glutamate/ml. (curve
A), 1-341tmol. sodium glutamate+1-34,umol. sodium
aspartate/ml. (curve B), 1 34pmol. sodium glutamate +
2*7,umol. sodium aspartate/ml. (curve C), 1-34I&mol.
sodium aspartate/ml. (curve D). Incubation at 300 and
samples removed at intervals for estimation of internal
concentration of free glutamic acid (continuous lines) and
free aspartic acid (broken lines).

accumulation of aspartic acid. When the external
conicentration of aspartic acid is twice that of the
glutamic acid, the sum of the concentrations of
the two acids within the cell is markedly less than
the concentration of glutamic acid when that amino-
acid is the only one present. Consequently each
amino-acid must exert some inhibitory action on the
accumulation of the other.

Changes in the distribution of free and combined
glutamate during incubation with glutamic and
aspartic acids. When Staph. aureus is incubated with
glutamic acid and glucose, free glutamic acid accumu-
lates within the cells and this is drawn from the
external medium; the amount of free glutamic acid
removed from the medium is invariably greater than
the amount which appears within the cells and,
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Table 2. Changes in di8tribution of free and combined glutamate during incubation
of Staphylococcus aureus with apartic acid

(Washed suspensions of Staph. aureu8, suspension density=20 mg. dry wt. of cells/ml., incubated for 1 hr. at 370
in buffered salt medium containing 1% glucose, 1.34 jAmol. sodium glutamate/ml. with and without 2 7,mol. sodium
aspartate/ml. Results expressed as Jimol. glutamic acid/100 mg. dry wt. of cells.)

Incubation mixture
Change in internal free glutamate
Change in external free glutamate
Change in combined glutamate of
cells
Change in combined glutamate of
medium
Balance

Glucose +
... Glucose glutamate

-4*0 +33-3
+1.7 -53.9
-0*6 - 4.4

+0-8

-2-1

+ 0.8

-24-2

Glucose +
aspartate

+0.2
+9-2
-2-9

Glucose +
glutamate +
aspartate
+10i5
-7247
- 3-6

+1-7 + 1.9

++82 - 15-9

Initial
value
15-6
67-1
33*1

0.0

since there is no increase in the combined glutamate
of either the cells or the supernatant medium, the
glutamic acid which disappears on balance must
presumably have undergone metabolism (Gale,
1951 b; Gale & Mitchell, 1947). In Table 2 the
changes in free and combined glutamate of cells and
mediumwhich occurwhen Staph. aureus is incubated
with glucose and glutamic acid are compared with
those that occur when aspartic acid is also present.
The effect ofthe addition ofaspartic acid is to reduce,
byapproximatelythe same proportion, (1) the rate of
accumulation of free internal glutamic acid within
the cells, (2) the rate ofremoval of free glutamic acid
from the external medium and (3) the rate of dis-
appearance or metabolism of glutamic acid. There is
no significant appearance of combined glutamate in
the supernatant medium or increase in the com-

bined glutamate of the cells.
When the cells are incubated with glucose and

aspartic acid there is no significant increase in the
free internal glutamic acid of the cells, but some

glutamic acid appears in the external medium; this
must presumably arise as the result of transamina-
tion (Lichstein & Cohen, 1944).

Chromatographic examination of supernatant
media. In all the cases discussed above (Table 2) the
supernatant solutions, obtained by centrifuging
down the cells at the end of the incubation, were

concentrated in vacuo and examined by paper

chromatography. In no case was it possible to
demonstrate the presence of any ninhydrin-positive
material other than free glutamic and aspartic acids.

Inhibition by cy8teine, cy8tine, alanine or glycine
of accumulation offree glutamic acid

Concentration effects. Fig. 1 b shows the degree of
inhibition ofthe rate offree glutamic acid accumula-
tion produced by the presence of cysteine at con-

centrations from one to four times that of the
glutamic acid in the extemal medium. The inhibition
increases as the ratio of cysteine to glutamic acid
increases. In the case of aspartic acid the inhibition
was not affected by the absolute concentration ofthe

amino-acids, but Fig. 1 b shows that any given ratio
of cysteine to glutamic acid has a higher inhibitory
action when the concentration of glutamic acid
is 10-7 ptnol./ml. than when it is 1-34 ,umol./ml.
Similar effects of absolute concentration were ob-
tained in the cases ofinhibition by alanine or glycine.

0102 3

7.2

Ratio: alanine etc.Iglutamate
Fig. 3. Effect of amino-acids on rate of accumulation of free

glutamic acidinStaph. aureus. Washed suspensions of 'de-
ficient' Staph. auretsa incubated at 30° and final suspen-
sion density =2@0 mg. dry wt./ml. in buffered salt solution
containing 1% glucose, 1-34j.mol. sodiuam glutamate/mi.
and one of the above amino-acids at concentrations
relative to glutamic acid as indicated by the abscissae.
Rate of accumulation of free glutamic acid within the cells
determined over 0-60 min. and expressed, in each case, as
percentage of the rate when glutamic acid is the only
external amino-acid present.

Fig. 3 shows the effect of increasing the concentra-
tion of each of the inhibitory ajmino-acids while
keeping the glutamic acid concentration constant.
Cystine at low concentrations proves markedly more
effective as an inhibitor than cysteine, but solubility
considerations prevented its investigation at higher
concentrations. The inhibitory effects obtained with
aspartic acid and cysteine were reasonably con-
sistent throughout the period covered by these
experimentS, but the effects of alanine and glycine
-evaried widetog :om time to time. In the case of
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glycine, the concentration necessary to produce
50% inhibition of the rate of accumulation of free
glutamic acid varied from three to twelve times that
of the glutamic acid.

40
* ~~~~A

E

0 30 60 90 120
Time (min.) at 350

Fig. 4. Effect of glycine, cysteine or cystine on rate of
accumulation of free glutamic acid in Staph. a-ureu.
Rate of accumulation of free glutamic acid within de-
ficient Staph. aureue incubated at 350 in buffered salt
solution containing 1% glucose and 1 34,utmol. sodium
glutamate/nd. with (A) no addition, (B) the addition
of 2e7smol. glycine/ml., (C) 2*7 ,umol. cysteine/ml.,
(D) cystine to givre saturated solution.

(Jonrse of the inhi,bitiwon. Fig. 4 shows the effect of
glycine, cysteine and cystine on the rate of the
accumulation of internal free glutamic acid.
Cysteine and glycine appear to inhibit this rate, but
do not decrease the final internal concentration
attained. In the case of cystine the inhibition in-

creases with time until, after 2 hr. at 370, accumula-
tion of free glutamic acid within the cells appears to
cease.
Experiments were performed in which the cells

were incubated for 1-2 hr. at 370 with glucose and
one of the inhibitory amino-acids prior to exposure
to glutamic acid and glucose in the absence of other
amino-acids. Such pretreatment with cystine for
2 hr. resulted in 30-50% decrease in the subsequent
rate of accumulation of free glutamic acid; in no
other case was any significant effect of pretreatment
observed. It seems possible that the inhibition
produced by cystine may be more complex than that
due to the other amino-acids investigated.

Changes in ditribution of free and combined
glutamate. Table 3 shows the changes that occur in
the distribution of free and combined glutamate of
cells and supematant medium when Staph. aureus is
incubated with glucose, glutamic acid and either
cysteine or alanine. The presence of either of these
amino-acids results in a decrease in the rate of
accumulation of free glutamic acid inside the cells,
whereas the rate of its removal from the extemal
medium increases. This effect on the extemal
glutamic acid is the opposite of that obtained when
aspartic acid is added (Table 2). The amount of
glutamate that disappears on balance is slightly in-
creased when cysteine or alanine is present; there is
no significant increase in the combined glutamate of
the cells, but a significant amount of combined
glutamate appears in the extemal medium. The
amount of combined glutamate appearing in the
medium is approximately equal to the decrease in
the amount of free glutamic acid accumulating
within the cells.

Table 3. Changes in di8tribution offree and combined glutamate during incubation
of Staphylococcus aureus with glutamic acid and either cysteine or alanine

(Washed suspensions of Staph. aureu8, suspension density=2-0 mg. dry wt./ml., incubated for 1 hr. at 370 in buffered
salt solution containing 1% glucose, 134pmol. sodium glutamate/ml. with 2-7iemol. cysteine or alanine/ml. as below.
Results expressed as jAmol. glutamic acid/100 mg. dry wt. of cells.)

Incubation mixture
Change in internal free glutamate
Change in external free glutamate
Change in combined glutamate of
cells
Change in combined glutamate of
medium
Balance

Incubation mixture
Change in internal free glutamate
Change in external free glutamate
Change in combined glutamate of
cells
Change in combined glutamate of
medium
Balance

... Glucose
-1*0.
+0-8
-2-0

+0.2

-2*0

Glucose +
glutamate

+28.0
-42-2
- 3-7

+ 0*8

-17-1

Glucose +
... Glucose glutamate

-4 0 +27-1
+3-8 -42-5
-0*6 - 4*2

+0-8 0.0

0 -19-6 +1-4

Glucose +
cysteine
+ 1.0
+0-4
-2-8

+1-8

-0 4

Glucose +
alanine
-1-7
+2'7
-4 0

+1.6

glutamate +
cysteine
+14.7
-51*0
- 2-6

+16.3

-23-6
Glucose +

glutamate +
alanine
+18.1
-58-0
- 4-1

+15.8

-28-2

Initial
value
24-2
67-0
35-0

0.0

Initial
value
30-4
67'1
37-2

0.0
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Similar results were obtained when either cystine

or glycine was added to the glutamic acid and
glucose incubation mixture, although the amounts
of combined glutamate formed under these con-
ditions were smaller than when cysteine or alanine
was added.

Effect of gluco8e. The accumulation of internal free
glutamic acid does not take place, under the experi-
mental conditions used, unless glucose is present
as energy source. The accumulation of combined
glutamate occurs, in these experiments, in the ex-
ternal medium and it was therefore of interest to

(b) Glutamate+glycine
.~~~~~~~~10

~~ ~ ~ ~ ~10 _

L.o. 8 oX o

6 e

°°wE 4-b/ E

8 2

0 30 60 -

Time (min.) at 370

(a) Glutamate+alanine
10 x

8 A

6

4 C

2

,D
0 30 60
Time (min.) at 370

Fig. 5. Effect of glucose on the formation of combined
glutamate in the medium during incubation of Staph.
aureus with glutamic acid and (a) alanine or (b) glycine.
Washed suspensions of 'deficient' Staph. aureus Duncan,
incubated at 37', final suspension density =2-0 mg./ml., in
buffered salt solution containing 1-34 ftmol. sodium gluta-
mate/ml., 1i34 umol. alanine (a) or 4 0 ,umol. glycine/ml. (b)
and glucose as below. Supernatants collected at 30 and
60 min., evaporated in vacuo to one-tenth volume and
glutamic acid content determined before and after hydro-
lysis in 6N-HCl for 18 hr. Increase in glutamic acid during
hydrolysis =combined glutamate and expressed as in-
crease in combined glutamate/100 mg. dry wt. of cells.
Initial glucose content of media: (A) 0 5, (B) 0-2, (C) 0.1,
(D) 0.0% (w/v).

determine whether glucose was necessary for its
production. Experiments were first performed with
organisms washed twice in distilled water and then
incubated with glutamic acid and one of the in-
hibitory amino-acids; in no case could the formation
ofcombined glutamate in the external medium or the
accumulation of free glutamic acid within the cells
be demonstrated. The cells were then incubated with
glutamic acid, either alanine or glycine, and amounts
of glucose to give initial concentrations of 0, 0 1, 0-2
and 0-5% (w/v). Fig. 5 shows that a linear formation
of combined glutamate occurs throughout 60 min.
in the presence of 0 5% glucose, whereas in the
presence of0 1 % glucose there is an initial formation
of combined glutamate which decreases again after
the glucose is exhausted in approximately 30 min.
It is clear that the presence of glucose is essential for
the extracellular formation of combined glutamate
in these experiments.

Effect of internal free glutamic acid concentration.
When Staph. aureus is incubated with glucose and
a complete mixture of amino-acids, combined
glutamate becomes incorporated in the cellular
material and the rate of formation of cellular com-
bined glutamate is dependent on the concentration
of free glutamic acid within the cells (Gale, 1951 b).
The question arises whether the internal concentra-
tion offree glutamic acid plays any part in the forma-
tion of extracellular combined glutamate when the
cells are incubated with glucose and either cysteine
or alanine. To test this point a batch of cells was pre-
pared in the usualwayand divided into two portions;
one portion was incubated for 30 min. with glucose
and glutamic acid to build up a high internal concen-
tration offree glutamic acid; the otherportionwas in-
cubated with glucose only. The two suspensions were
then washed free from glutamic acid and each was
incubated with glucose and either cysteine, glycine
or alanine. Table 4 shows that the presence of either

Table 4. Effect on concentration of internal free
glutamic acid of incubation in presence of 'inhibi-
tory' amino-acid8

(Washed suspension of 'deficient' Staph. aureus Duncan
divided into two portions: each incubated for 30 min. at
370 in buffered salt solution containing (A) 1% glucose,
(B) 1% glucose + 1*34,umol. sodium glutamate/ml. Each
then washed twice in distilled water and incubated, at
suspension density=2-0 mg. dry wt. of cells/ml., for 30 min.
at 370 in buffered salt solution containing 1% glucose and
other amino-acids as below. Change in concentration of
internal free glutamic acid determined during second
incubation.)

First incubation
in presence of

(A) Glucose

(B) Glucose +
glutamic acid

Second incubation
in presence of
(Gumol./ml.)

Glutamic acid (134)
Glutamic acid (1-34)
+cysteine (2.7)

Glutamic acid (1.34)
+alanine (4-0)

Glutamic acid (1.34)
+glycine (4 0)

(Glucose only)
Cysteine (2.7)
Alanine (4 0)
Glycine (4 0)
(Glucose only)

Cysteine
Alanine
Glycine

unange m
internal free
glutamic acid
(,Amol./100 mg.
dry wt. of cells)

+35-2
+28.1

+26-1

+20-6

- 0*9
- 2-1
- 3-3
- 09
- 9.4

(2.7) - 9.4
(4 0) - 7.3
(4 0) - 9.1

of these amino-acids in the external medium had
little or no significant effect in removing free
glutamic acid from within the cells; consequently
the free glutamic acid accumulating within the cells
cannot readily enter into combination with either
cysteine, glycine or alanine outside the cell.
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Nature of extraceUular peptide8formed
Supernatant media obtained in each of the cases

discussed above were examined by paper chromato-
graphic methods. The results for each incubation
mixture will be discussed separately.

Incubation mixture: glutamic acid+ cysteine. Fig. 6
shows the chromatograms given by the supernatant
media obtained after incubation of Staph. aureus

with buffered salt solution, glucose and (II) glutamic
acid, (III) cysteine, and (IV) glutamic acid and
cysteine. The solutions were treated with bromine
water to oxidize cysteine to cysteic acid and the
papers run in butanol-acetic acid solvent. In IV
anew spot appears, running with anRF ofabout 0 10
between glutamic acid and cysteic acid. This new

substance does not appear in the supernatant after

M I I I 11 I III I IV I V I VI I VIl I M
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Fig. 6. Diagrammatic representation of paper chromato-
grams obtained from supernatant media obtained by in-

cubation of Staph. aureus with glucose, glutamate and
cysteine. Conditions as for Table 3. Concentrated super-
natants treated with bromine water and chromatograms
run in butanol-acetic acid solvent. M, Markers: cysteic
acid, i; glutamic acid (bottom), 0; I, supernatant from
incubation mixture containing glucose only; II, super-
natant from incubation mixture containing glutamic acid
and glucose; III, supernatant from incubation mixture
containing glucose and cysteine; IV, supernatant from
incubation mixture containing glucose, glutamic acid and
cysteine; V, material eluted from new intermediate spot in
IV; VI, material from V after hydrolysis for 18 hr. at 1050
in 6w-HCI; VII, material from V treated with nitrous
fumes before hydrolysis for 18 hr. at 105° in 6N-HCI.

incubation with glutamic acid only (II) and occasion-
ally appears in trace amounts in the control incuba-
tion mixture containing cysteine only (III). (Staph.
aureus contains high concentrations of free glutamic
acid within the cells.) The material corresponding to
the new spot has been eluted (V) and hydrolysed,
when it gives rise to cysteic and glutamic acids only
(VI). The trace of free glutamic acid appearing in V
may be due to incomplete separation of the peptide
from glutamic acid during the primary separation or

to some degree of hydrolysis occurring during the
elution and running in acid solvent. If the eluted
material is deaminated before hydrolysis, the
cysteic acid spot disappears completely or, occasion-
ally, remains as a ghost spot (VII). These results

indicate that the new material is a simple peptide of
glutamic acid and cysteine, the cysteine carrying
a free amino group. This was confirmed by applica-
tion of Sanger's terminal group method (Sanger,
1945, 1946); treatment of the eluted peptide with
fluorodinitrobenzene gave a single spot of the dini-
trophenyl derivative with B. value about 0-6 when
run in butanol-acetic acid solvent; on hydrolysis
the cysteic acid spot disappeared while the glutamic
acid spot remained and gave the usual ninhydrin
reaction.
The peptide was run alongside y-glutamylcysteine

and was not identical with the synthetic peptide.
Some doubt was felt concerning the interpretation

of these results in view of the artifacts found by Van
Halteren (1951) to follow bromine treatment of
cysteine in the presence of other amino-acids.
However, controlled experiments showed that the
amount of material obtained by elution of the new
spot in IV was greatly in excess of the amount
obtained from a similar position after the 'artifact
reaction' only. To confirm the true nature of the
biological material, all procedures were repeated
using supernatant solutions that had been allowed to
autoxidize instead of being treated with bromine
water. Separation ofthe spotswas not so clean, butit
was possible to repeat and confirm the observations
outlined above.
No othernewninhydrin-positive material has been

found in the incubation mixture containing glucose,
glutamic acid and cysteine.

Incubation mixture: glutamic acid+ cy8tine. Super-
natant solutions obtained after incubation of Staph.
aureus with glucose, glutamic acid and cystine
showed, after treatment with bromine water or after
autoxidation, a new spot running between cysteic
acid and glutamic acid. The new material ran in the
same position as that obtained from the incubation
mixture containing glutamic acid and cysteine. The
yield of material was small, owing to the low solu-
bility of cystine, and no detailed investigations were
carried out.

Incubation mixture: glutamic acid+ alanine. The
chromatograms ofsupernatants obtained after incu-
bation of Staph. aureus with glucose, glutamic acid
and alanine showed two new spots running between
those of glutamic acid and alanine in either solvent
employed (Fig. 7, I: Y and Z). One of these spots
(Y) runs with an R. value slightly less than that of
glycine. The material (Y) was eluted, run again to
ensure that no free glycine was carried with it, and
hydrolysed when it split to give glutamic acid,
glycine and alanine (Fig. 7, V). None of the com-
ponents disappeared after deamination or treatment
of Y with fluorodinitrobenzene before hydrolysis.
The second new spot (Fig. 7, 1: Z) runs slightly more
slowly than alanine; the material was eluted
(Fig. 7, VI) and split on hydrolysis to alanine and
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glutamic acid only (Fig. 7, VII). After deamination
and hydrolysis, the alanine spot disappeared
(Fig. 7, VIII) suggesting that (Z) is a simple peptide
of glutamic acid and alanine, the alanine carrying
the free amino group.
On one occasion a third new spot, running slower

than glutamic acid, was obtained (Fig. 7, I: X)
in propanol-amnonia solvent. On hydrolysis the
material obtained from this spot (Fig. 7, II) split to
give a well marked glutamic acid spot and a trace of
alanine (Fig. 7, III).

M II I I1 I |v VI VI I Vil |VIII |M

Fig. 7. Diagrammatic representation of paper chromato-
grams obtained from supernatant media obtained by
incubation of Staph. aureus with glucose, glutamic acid
and alanine. Washed suspensions of 'deficient' Staph.
aureus Duncan, incubated for 1 hr. at 370 with glucose,
sodium glutamate and alanine (conditions as for Table 3).
Organisms removed by centrifuging and supernatants

concentrated to dryness at room temperature. Chromato-
grams run in propanol-ammonia solvent. M, Markers:
glutamic acid, 0; glycine, E[3; alanine, E. I, supernatant
from incubation mixture containing glucose, glutamate
and alanine; II, material eluted from position I, X;
III, X after hydrolysis for 18 hr. at 1050 in 6N-HCI;
IV, material eluted from position Y in I; V, Y after hydro-
lysis for 18 hr. at 1050 in 6N-HCI; VI, material eluted from
position I, Z; VII, Z after hydrolysis for 18 hr. at 105° in
6N-HC1; VIII, Z deaminated by treatment with nitrous
fumes before hydrolysis and then hydrolysed for 18 hr. at
1050 in 6N-HCI.

None of the components X, Y or Z corresponded
onthechromatogramwiththepositionofac-glutamyl-
alanine. None of the new spots appeared in control
incubation mixtures containing glutamic acid and
glucose only, although faint spots were obtained in
the positions of Y and Z when incubation took place
with alanine and glucose only.

Incubation mixture: glutamic acid+ glycine. Super-
natants obtained from incubation mixtures con-

taining glutamic acid, glycine and glucose showed
a strong new spot running more slowly than glycine
in butanol-acetic acid solvent; in some samples there
was evidence of other material running between this
spot (Fig. 8, I: A) and that of glycine. On elution
(Fig. 8, II) and hydrolysis, the material correspond-
ing to the new spot gave rise to glycine only (Fig. 8,
III). The spot gave an initial yellow colour when
treated with ninhydrin and the colour turned the

normal purple on standing. The material of spot A
was compared, in butanol-acetic acid solvent, with
tetra-, tri- and di-glycylglycine. The RF value of the
polyglycine preparations decreased with increasing
molecular weight and the material (A) had the same
Rp value as tetraglycylglycine (Fig. 8, IV-VI). The
polyglycine spot appeared whenever Staph. aureus
was incubated with glucose and glycine. When
glutamic acid was also present, the amount of poly-
glycine decreased when judged by the strength of
the ninhydrin reaction on the paper. It has been
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Fig. 8. Diagrammatic representation of paper chromato-
grams of supernatant media obtained by incubation of
Staph. aureus with glucose, glutamic acid and glycine.
Conditions as for Fig. 7 with glycine substituted for
alanine; chromatograms run inbutanol-acetic acidsolvent.
M, Markers: glutamic acid, ®; glycine, Q. I, supernatant
from incubation mixture containingglucose, glutamateand
glycine; II, material eluted from position I, A; III, A after
hydrolysis for 18 hr. at 1050 in 6N-HC1; IV, tetraglycyl-
glycine; V, triglycylglycine; VI, diglycylglycine; VII,
material eluted from position I, B; VIII, B after hydrolysis
for 18 hr. at 105° in 6N-HCI.

mentioned above that the action of glycine on
glutamic acid uptake is erratic and the chromato-
graphic results were also inconsistent. A peptide
has been isolated from supernatant solutions run in
butanol-acetic acid solvent; it runs between the
polyglycine and glycine (Fig. 8, I: B) and complete
separation has not been achieved. On hydrolysis the
material eluted from position (B) (Fig. 8, VII)
-liberated glutamic acid and glycine, the increase in
the glutamic acid spot being markedly greater than
that of the glycine spot (Fig. 8, VIII).

Effects of simple mixture8 of amino-acid8
Table 5 shows the effect, on the rate of accumula-

tion of free glutamic acid within the cells, of the
presence of certain other amino-acids. The inhibition
produced by the presence of cysteine is increased by
the further addition of cystine, glutathione, alanine
or glycine. In general, the inhibitions produced by
any of the 'inhibitory group' of amino-acids appear
to be additive when these amino-acids are present
together. On the other hand, the inhibition pro-
duced by either cysteine or alanine is largely re-
leased by the further addition of valine or leucine.
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This can be correlated with the fact, noted above,
that valine and leucine produce an acceleration ofthe
rate ofaccumulation ofglutamic acid within the cell.

Table 5. Effect of 8imple mixturec of amino-acids
on the accumulation of free glutamic acid within
Staphylococcus aureus

(Washed suspensions of 'deficient' Staph. aureus Duncan
incubated in buffered salt solution containing 1% glucose
and 1-34,umol. sodium glutamate/ml. with other additions
as below. Rate of accumulation of free glutamic acid
within the cells determined and expressed as percentage
rate occurring in absence of amino-acids other than
glutamic acid.)

Amino-acids present in
addition to glutamic acid

(concentrations in jpmol./ml.)
None
Cysteine (1-34)
Cystine (sat. soln.)
Glycine (4-0)
Glutathione (2.7)
Cysteine (1 34) + cystine (sat.)
Cysteine (1-34) +glycine (4-0)
Cysteine (1-34) +glutathione (2-7)
Cystine (sat.) +glutathione (2.7)
Cystine (sat.) +glycine (4-0)
Cysteine (2-7)
Alanine (4-0)
Valine (2.7)
Leucine (2-7)
Cysteine (2 7) +valine (2 7)
Cysteine (2-7) +leucine (2-7)
Alanine (4-0) +valine (2.7)
Alanine (4 0) +leucine (2-7)

rbaTie Ox accUmuiation
of internal free
glutamic acid as

percentage ofthat in
control without

added amino-acids
100
70
60
79
91
9
8
7
0

0

54
72
106
108
92
94
87
96

DISCUSSION

When Staph. aureus is incubated with glutamic acid
in the presence of glucose, the amino-acid enters and
accumulates in the free state within the cells. If
certain other amino-acids are present, the accumula-
tion of the free glutamic acid within the cells is
reduced, but peptides containing glutamic acid
accumulate in the external medium. Quantitative
analysis of the changes occurring within a given

time shows that the amount of combined glutamate
accumulating outside the cells as peptide is approxi-
mately equal to the reduction in the amount of free
glutamic acid accumulating within the cells. Both
accumulation of internal free glutamic acid and of
external combined glutamate require the presence

of glucose. There would appear to be a connexion
between the processes involved in the transfer of
glutamic acid into the cell on the one hand and in
extracellular peptide formation on the other. The
fact that the transfer of glutamic acid can be dis-
sociated from glucose fermentation by the action of
uncoupling agents (Gale, 1951a) has led to the
suggestion that some energy-linked metabolism of

glutamic acid must take place before or during its
transfer across the osmotic barrier of the cell wall.
Since the process can be shunted, by the presence of
certain other amino-acids outside the cell, to form
extracellular peptides, it is possible that peptide-
bond formation, or a transpeptidation reaction, may
be part of this 'transferring metabolism'. The action
of valine and leucine in accelerating the accumula-
tion of glutamic acid, and in releasing the inhibition
due to cysteine or alanine, might likewise depend
upon the formation of peptides which could pene-
trate the cell wall more rapidly than the glutamic
acid metabolite itself. Experiments are now being
carried out with synthetic peptides in order to test
this hypothesis.

Identification of the various peptides formed
between glutamic acid and cysteine, alanine or
glycine has not been completed. In the cases of
alanine and glycine, the chromatographic results
indicate that a complex system is involved. One of
the peptides formed from alanine and glutamic acid
appears to be a simple peptide, and the properties of
the peptide obtained from glutamic acid and cysteine
are consistent with a dipeptide structure; in both
cases, deamination and terminal-group tests indicate
that the free amino group belongs to the amino-acid
other than glutamic acid. Consequently the peptide
bond involves the amino group of glutamic acid.
The action of aspartic acid is clearly different

from that of cysteine, alanine and glycine. No
evidence can be obtained for the accumulation of
a peptide ofglutamic and aspartic acids. The transfer
of aspartic acid into the cell also occurs only in the
presence of glucose and it may be that aspartic acid
and glutamic acid enter the cell by processes in-
volving a common step so that each appears to
compete with the other.

SUMMARY

1. The accumulation of free glutamic acid within
Staphylococcus aureu8, which occurs when the cells
are incubated with glutamic acid and glucose, is
reduced if aspartic acid, cysteine, alanine or glycine
is also present. The presence of either valine or
leucine produces an acceleration of the rate of
accumulation of free glutamic acid.

2. The inhibition produced by aspartic acid is
dependent upon the relative concentrations of
aspartic and glutamic acids present. The presence of
aspartic acid also reduces the rate at which glutamic
acid is withdrawn from the medium. The accumula-
tion of aspartic acid within the cells also requires
glucose and is inhibited by the presence of glutamic
acid.

3. The inhibition produced by (i) cysteine, (ii) ala-
nine, or (iii) glycine increases as the ratio of each
to glutamic acid increases; the inhibition produced
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by any given ratio depends also on the absolute
concentrations.

4. The decrease in the rate of accumulation of
internal free glutamic acid in these cases is accom-
panied by the formation of combined glutamate in
the medium. Chromatographic examination shows
that peptide formation has occurred. In the three
cases, the extracellular peptides have been hydro-
lysed and then give glutamic acid and (i) cysteine,
(ii) either alanine or alanine and glycine (two
peptides), (iii) glycine; a polyglycine is also formed

in (iii), but its formation is independent of the
presence of glutamic acid.

5. The presence of glucose is esential for the
synthesis of these extracellular peptides.

One of the authors (M.B.V.H.) is indebted to the British
Council for a scholarship, during the tenure of which part of
this work was carried out. Both authors wish to express
their thanks to Dr F. A. Isherwood and to the Director ofthe
Low Temperature Research Station for facilities and advice
on chromatographic procedures, and to Dr F. Sanger for the
gift of fluorodinitrobenzene and assistance in its use.
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Studies in Vitamin A
16. PREPARATION OF NEOVITAMIN A ESTERS AND NEORETINENE1

BY P. D. DALVI AND R. A. MORTON
Department of Biochemi8try, Univer8ity of Liverpool

(Received 7 February 1951)

From the time that the structure of vitamin A was
established the possibility had to be admitted that
fish-liver oils might contain isomers other than the
all-trans form, although steric considerations might
restrict the number. The most convincing evidence
for the existence of ci8-tran8 isomers depends:
(a) on the low yield ofcrystalline all-trans-vitamin A
from solutions ofthe richest concentrates, and (b) on
the evidence of Robeson & Baxter (1945) that some
of the vitamin A in oils and concentrates is slow to
react with maleic anhydride. The portion which
reacts readily is the all-trans formwhich also crystal-
lizes first. The remainder is neovitamin' A, a ci8-
isomer in which only the double bond nearest to the
-CH20H or -CH20COR group possesses the ci8
configuration. Robeson & Baxter obtained crystal-
line derivatives of neovitamin A differing from the
corresponding derivatives of all-trans-vitamin A.
They also devised an analytical procedure for
determining neovitamin A in fish-liver oils. Their
results and those of Meunier & Jouanneteau (1948)

indicate that neovitamin A makes up a substantial
butvariableproportionof the total vitamin Ainliver
oils. The existence of neovitamin A makes it desir-
able to know whether the biological activity of fish-
liver oils varies with the proportion of the total
vitamin A present in the neo form. It is not easy to
establish quantitatively a difference between the
biological potency of all-tran8- and neo-vitamin A.
Robeson & Baxter failed to find any significant
difference, but their experiments may not have
been on a scale sufficiently large to establish a small
difference.
The existence of neovitamin A also makes it

necessary to compare very closely the ultraviolet
absorption shown by all-trans- and neo-vitamin A.
The precise form ofthe absorption curve is important
in the analysis of liver oils, when, as is the rule,
irrelevant absorption needs to be allowed for. The
simpler procedures for 'correcting' for irrelevant
absorption are based on a reference curve for pure
all-tran8-vitamin A and if the vitamin A present in


