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Glutamine-Stimulated Amino Acid and Peptide Incorporation
in Bacteroides melaninogenicus

MEIR LEVt

Department ofMicrobiology and Immunology, Albert Einstein College ofMedicine, Bronx, New York 10461

The uptake of a number of amino acids and dipeptides by cells and spheroplasts
of Bacteroides melaninogenicus was stimulated by the presence of glutamine; 50
mM glutamine induced maximum uptake of glycine or alanine, and glutamine
stimulated the uptake of glycine over a wide concentration range (0.17 to 170
mM). Glutamine stimulated the uptake of the dipeptides glycylleucine and
glycylproline at significantly faster rates compared with glycine and leucine. The
amino acids whose uptake was stimulated by glutamine were incorporated into
trichloroacetic acid-precipitable material, and the inclusion of chloramphenicol
or puromycin did not affect this incorporation. The uptake of glutamine by cells
was concentration dependent. In contrast, in the absence of chloramphenicol 79%
of the glutamine taken up by cells supplied with a high external concentration
(4.4 mM) was trichloroacetic acid soluble. Glutamate and a-ketoglutarate were
identified in the intracellular pool of glutamine-incubated spheroplasts. The
amino acids and peptides were incorporated into cell envelope material, and a
portion (30 to 50%) of the incorporated amino acids could be removed by
trypsinization or treatment with papain. The effect of glutamine was depressed
by inhibitors of energy metabolism, suggesting that glutamine-stimulated incor-
poration is an energy-mediated effect.

Bacteroides melaninogenicus, a microorgan-
ism with complex nutritional requirements, is
usually cultured in a medium whose major com-
ponent is Trypticase (BBL Microbiology Sys-
tems), a pancreatic digest of casein. Substitution
of Trypticase with an acid hydrolysate of casein
does not support growth (5), and the ability of
Trypticase to support growth appears to be due
to its content of peptides, although these pep-
tides have not been studied in detail. Amino
acids also are utilized by B. melaninogenicus,
which thus derives its carbon and energy re-
quirements from both peptides and amino acids.
Further nutritional requirements are supplied
by yeast extract, heme (13), and vitamin K, (8).
Although there have been many studies on

the transport of amino acids by microorganisms,
very few have employed obligate anaerobes,
with the exception of Veillonella alcalescens
(3). The major studies of peptide uptake have
also employed aerobic or facultative anaerobic
microorganisms (16). A study of peptide uptake
in Bacteroides ruminicola has shown that oli-
gopeptides are utilized, whereas amino acids are
not (17). None of the microorganisms studied
previously have a peptide requirement analo-
gous to that of B. melaninogenicus.
Lev and Milford have shown that glutamine

stimulates the incorporation of sphingolipid pre-
t Present address: Department of Microbiology, Southern
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cursors into complete sphingolipids in washed
cells of B. melaninogenicus (10) and that the
effect of glutamine is energy mediated. In the
present study I show that glutamine stimulates
incorporation of amino acids and peptides into
the cell envelope. A description of this system is
presented.

MATERIALS AND METHODS
Bacterial cultures. B. melaninogenicus subsp.

levii (ATCC 29147; isolated from bovine rumen [10])
was used in the following experiments. Cells were
obtained from cultures grown in a Trypticase yeast
extract basal medium supplemented with 0.025% he-
molysed erythrocytes and 0.1 ,.g of vitamin K, per ml.
Cells were harvested from mid-log phase cultures at a
turbidity of 125 to 145 Klett units (red filter) (2 to 2.5
mg [wet weight] per ml) after 10 to 16 h of growth.
They were incubated at 37°C under an atmosphere
containing 95% H2 and 5% CO2 in a specially designed
apparatus (8) containing 200 ml of medium.

Spheroplast preparation. A 200-ml amount of
cells was freshly grown in the anaerobic apparatus (7),
and 30 ml was discarded. A solution of 30 g of sucrose
dissolved in 30 ml of medium was added by using a 30-
ml syringe and an 18-gauge needle. This sucrose solu-
tion was prewarmed under reducing conditions before
addition. Penicillin was then added to give a final
concentration of 500 ,ug/ml. The culture containing
sucrose and penicillin was stirred for 10 min; sphero-
plast formation was complete after an additional 5 h
of incubation. Conversion to spheroplasts was followed
by phase-contrast microscopy. The cells increased in
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diameter from 0.4 to 0.6 pm initially to 1.4 to 1.6 pm
after spheroplasting, and more than 95% of the cells
showed morphological change during this process.
These spheroplasts were sensitive to osmotic rupture.

Spheroplasts were collected by centrifugation at
21,000 x g for 45 min, suspended in 50 mM sodium
phosphate (pH 7.4) containing 10 mM Mg2", 1 mM
dithiothreitol, and 15% sucrose, recentrifuged, resus-
pended in the same buffer at a concentration of 8 to 9
mg of protein per ml, and stored at -70°C. Under
these conditions they maintained metabolic activity
for 3 to 4 weeks. Before use, the spheroplasts were
thawed by immersion in water at 37°C; energy was
depleted by incubation for 2 h at 37°C under 95% H2-
5% CO2, and the spheroplasts were diluted in sucrose
buffer to 1 mg of protein per ml.
The uptake of amino acids or peptides by sphero-

plasts was demonstrated as follows. A reaction mixture
containing 55 mM glutamine, the radioactive sub-
strate, and spheroplasts (0.5 mg of protein) in 0.5 ml
of sucrose-phosphate buffer containing Mg2' and di-
thiothreitol was placed into an anaerobic jar contain-
ing water at 37°C and incubated at 37°C under 95%
H2-5% CO2. After incubation, the reaction was stopped
by the addition of 4.5 ml of ice-cold sucrose buffer;
spheroplasts were filtered through type EH mem-
branes (0.5 pm; Millipore Corp.) and quickly washed
three times with 5 ml of buffer. The membranes were
placed in vials and counted in a dioxane-based scintil-
lation fluid. The radioactivity was plotted, and slopes
were determined by linear regression. The tempera-
ture of the washing buffer did not affect the uptake of
amino acids; ice-cold, room temperature, and 37°C
buffers gave similar results.

In other experiments, 0.5 ml of 10% trichloroacetic
acid was added to the reaction mixture, and the pre-
cipitate was diluted with 5% cold trichloroacetic acid-
phosphate buffer and filtered. The filters were washed
extensively with 5% trichloroacetic acid-phosphate
buffer, and the membranes were placed in scintillation
vials and counted.

Uptake studies with intact cells were performed in
the manner described above for spheroplasts, except
that cells were suspended in 50mM sodium phosphate.

Because this microorganism is an obligate anaerobe,
most experiments were performed in an H2-CO2 at-
mosphere. Subsequently, it was found that amino acid
incorporation proceeded as well aerobically, and initial
rates of uptake were determined under aerobic condi-
tions. In these aerobic experiments spheroplasts and
glutamine were incubated for 15 min at 37°C, and
reactions were initiated by the addition of labeled
amino acid or peptide.

Trypsinization of spheroplasts after glycylleucine,
leucine, or valine uptake was performed as follows.
Spheroplasts were incubated with 1 pCi of [1-'4C]gly-
cylleucine plus 55 mM glutamine for 10 min or with 1
pCi of leucine or valine for 40 min. They were diluted
in sucrose-phosphate buffer and washed three times
by centrifugation. The sedimented spheroplasts from
the last wash were suspended in sucrose buffer, and
the suspension was divided into two parts. To one-
half, 1% (wt/vol) trypsin was added, and both samples
were incubated for 2 h at 37°C. An equal volume of
10% trichloroacetic acid was added to both samples,

which were then filtered, washed with 5% trichloro-
acetic acid-phosphate buffer, and counted.

Incorporation of D-alanine into peptidoglycan was
determined by the procedure of Mirelman and Nucha-
mowitz (14). Spheroplasts (0.5 mg of protein) were
incubated for 40 min with 1 pCi of D-alanine in the
presence of 55 mM glutamine. The reaction mixture
was treated with 1.5 ml of hot (100°C) 4% sodium
dodecyl sulfate for 5 min. The insoluble material was
collected by filtration through a 0.22-pum membrane
filter (Millipore Corp.).
The content of the intracellular pool of spheroplasts

after glutamine uptake was examined as follows.
Spheroplasts (0.5 mg of protein) were incubated with
['4C]glutamine (5 ,uCi; 22 pumol) for 40 min, after which
they were collected on a 0.45-pum Millipore filter and
washed twice with 5 ml of sucrose-phosphate buffer.
The membrane filter was placed in a tube containing
2 ml of water, and the tube was immersed in boiling
water for 5 min (1). The filter was removed, and the
solution was centrifuged. The supernatant was re-
duced in volume under a vacuum, and a sample was
applied to a 0.1-mm cellulose thin-layer plate. This
was developed with propan-2-ol-formic acid-water
(10:2:10) (2), and the locations of the radioactive spots
were determined by radioautography, as described
previously (10).
The radioactive spot corresponding to a-ketoglutar-

ate was scraped off the plate, eluted with phosphate
buffer, and incubated in a reaction mixture (0.5 ml)
containing 50 mM NH4CI, 20 mM NADH, and 200 U
of glutamate dehydrogenase. After incubation the re-
action mixture was heated in boiling water and centri-
fuged, and the supernatant was applied to a thin-layer
plate and developed as described above. Location of
the radioactivity was determined by radioautography.

Chemicals. "C-labeled amino acids and peptides
were obtained from the following sources. L-[U-'C]-
phenylalanine (355 mCi/mmol), L-[U-'4C]proline (260
mCi/mmol), i4U-'4C]valine (301 mCi/mmol), L-['4C]-
threonine (205 mCi/mmol), L-[U-'4C]leucine (309
mCi/mmol), L-[U-'4C]arginine (112 mCi/mmol), and
5-amino-[1-'4C]valeric acid (3 mCi/mmol) were ob-
tained from Schwarz Bio Research, Inc., Orangeburg,
N.Y.; DL-[3-'4C]serine (49.6 mCi/mmol), a-amino-[1-
'4C]isobutyric acid (49.25 mCi/mmol), L-[U-'4C]glu-
tamate (230 mCi/mmol), L-[U-'4C]glutamine (235
mCi/mmol), [1,2-'4C]taurine (56.6 mCi/mmol), acetyl-
[1-'4C]alanine (1 mCi/mmol), [1-'4C]glycine (57 mCi/
mmol), L-[glycine-2- 'H]glutathione (2.48 mCi/mmol),
and L-t['S]methionine (500 Ci/mmol) were obtained
from New England Nuclear Corp., Boston, Mass.; and
L-[U-'4C]alanine (105 mCi/mmol), D-[l-'4C]alanine
(21 mCi/mmol), [carboxyl-"4C]sarcosine (1.4 mCi/
mmol), and L-[U-'4C]asparagine (140 mCi/mmol) were
from California Biochemical Corp., Burbank, Calif. [1-
4C]glycyl-L-leucine (20 mCi/mmol) and glycyl-L-[U-
'4C]leucine (16 mCi/mmol) were from Amersham
Corp., Arlington Heights, Ill. [1-'4C]glycyl-L-proline
(12.7 mCi/mmol) was a gift from F. Naider. [1-14C]-
ethionine (1.7 mCi/mmol) was from ICN, Irvine, Calif.
N,N'-dicyclohexyl carbodiimide and carbonyl cyanide-
m-chlorophenyl hydrazone were from Sigma Chemical
Co., St. Louis, Mo. p-Trifluoromethoxyphenylhydra-
zone was a gift from A. Finkelstein. 6-Diazo-5-oxo-L-

754 LEV



GLUTAMINE-STIMULATED INCORPORATION

norleucine was donated by the Drug Synthesis and
Chemistry Branch, Division of Cancer Treatment, Na-
tional Cancer Institute. Glutamate dehydrogenase (EC
1.1 1.3) was obtained from Boehringer Mannheim
Biochemicals, Indianapolis, Ind. Cellulose-coated thin-
layer plates (0.1 mm; type MN300) were obtained from
Brinkmann Instruments, Westbury, N.Y.

RESULTS

Amino acid uptake. The addition of gluta-
mine to washed cells of B. melaninogenicus
resulted in a marked stimulation of ["4C]glycine
and L-["C]leucine uptake. The radioactivity was
found in trichloroacetic acid-precipitable mate-
rial, and chloramphenicol (100lg/ml) did not
reduce this incorporation. The glutamine-stim-
ulated incorporation resulted from uptake by
the cells and incorporation into macromolecules.
In most experiments spheroplasts were used
since they showed incorporation activity similar
to intact cells, and they retained this activity for
considerably longer periods when stored at
-700C.

Figure 1 shows the effect of glutamine on
glycine incorporation. Starting approximately 5
min after the addition of glutamine, there was a
linear incorporation for the 40-min experimental
period. In the absence of glutamine, a very low
level was incorporated, and this level did not
increase with time. This glutamine-stimulated
incorporation was found also with L-["4C]alanine
and L-['4C]leucine. The 5-min lag in glutamine-
stimulated glycine uptake was eliminated by
preincubation of the spheroplasts with gluta-
mine before the addition of labeled glycine. The
initial rate of glycine incorporation was linear
from zero time to 9 min (see below).

Figure 2 shows the incorporation of glycine in
the presence of increasing concentrations of glu-
tamine. Maximum incorporation occurred at ap-
proximately 50 mM, and similar results were
obtained for L-[14C]alanine incorporation.
Glutamine stimulated glycine uptake at con-

centrations ranging from 0.17 to 170 mM (Fig.
3), although at the highest concentration the
stimulating effect of glutamine was reduced.
However, over a 10:3-fold increase in glycine con-
centration, the stimulating effects of glutamine
were similar.
The uptake of L-[ 14C]glutamine was examined

at concentrations ranging from 0.044 to 440 mM
(Fig. 4). Uptake was linear with respect to exter-
nal concentration from 0.044 to 4.4 mM, and the
concentration of glutamine taken up was ap-
proximately equal to the external concentration,
assuming that the water content of the sphero-
plast preparation was 2 ,lI.
The effect of glutamine on the uptake of a

number of amino acids and related compounds
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FIG. 1. StiMulation of glycine incorporation by
glutamine. Spheroplasts (0.5 mg ofprotein) were in-
cubated in a water bath at 370C in an anaerobicjar
under an atmosphere containing 95% H2 and 5% C02
with 18 nmol of glycine plus 55 mM glutamine, as
described in the text. The reaction was stopped by
dilution with cold sucrose-phosphate buffer, and the
solution was filtered rapidly. Symbols: 0, glutamine;
x, no glutamine.
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FIG. 2. Incorporation of glycine as a function of
glutamine concentration. Spheroplasts were incu-
bated with 18 nmol of ['4CJglycine (118 mCi/nmol)
and increasing concentrations of glutamine for 40
min, as described in the text.

was then examined. The amino acids fell into
the following three groups (Table 1): (i) those
showing significant stimulation of incorporation
by glutamine; (ii) those showing a lower stimu-
lation with glutamine; and (iii) those not stimu-
lated by glutamine. Of interest was the finding
that the degree of D-alanine incorporation was
similar to the degree of L-alanine incorporation.
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FIG. 3. Effect of glycine concentration. Sphero-

plastpreparations (0.5mg ofprotein) containingfrom
8.5 nmol to 85 pmol ofglycine (0.17 to 170 mM) and 1

MCi of[l4Clglycine were incubated for 40 min at 37°C.
The preparations were then filtered, washed, and
counted as described in the text. Symbols: 0, with 55
mMglutamine; 0, without glutamine.
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FIG. 4. Uptake of glutamine. Spheroplast prepa-

rations (0.5 mg ofprotein) containing from 0.022 to
220 Mnol ofglutamine (0.044 to 440 mM) and 5 fLCi of
glutamine were incubated for 40 min at 37°C. The
preparations were filtered, washed, and counted.

A number of other compounds, including ser-
ine and asparagine, were examined for their
capacity to stimulate incorporation of glycine or
L-leucine by spheroplasts. Asparagine possessed
approximately 40% of the activity of glutamine,
whereas serine was inactive. This effect of as-

paragine was distinct from that of glutamine
since 5 mM 6-diazo-5-oxo-L-norleucine, a gluta-
mine antagonist, completely inhibited the effect
of glutamine but did not affect the stimulation
by asparagine. Asparagine (50 mM) also did not
stimulate glutamine or glutamate uptake. 6-

Diazo-5-oxo-L-norleucine (5 mM) did not sig-
nificantly reduce glutamine uptake. ATP, AMP,
adenosine, and ribose 1-phosphate, which to-
gether with glutamine are active in stimulating
sphingolipid synthesis from a precursor (10),
were inactive in stimulating amino acid incor-
poration.
Peptide incorporation. Since peptides play

an important role in the nutrition of B. melanin-
ogenicus (5), experiments were performed with
the dipeptide glycylleucine. Incorporation of gly-
cylleucine was not linear but followed a curve
which reached a maximum at 40 min (Fig. 5).
The level of glycylleucine taken up was signifi-
cantly greater than the level of glycine or leucine
taken up (Fig. 1 and Table 1). The initial rates
of incorporation of glycine-labeled glycylleucine
and glycine were examined. The spheroplast
preparation was preincubated for 15 min with
glutamine, and incorporation was determined
after the addition of glycine or glycylleucine.
The initial rate of incorporation of the peptide
was approximately 15 times that of the amino
acid (Fig. 6). A similar result was found when
the initial rates of uptake of glycyl-_[4C]leucine
and leucine were compared. The uptake of gly-
cylproline in the presence of glutamine pro-
ceeded at a rate similar to the uptake of glycyl-
leucine.

TABLE 1. Effect ofglutamine on the incorporation
of amino acids

Degree of incor- . . Concn
poration' (pmol)

Significant Glycine 360
L-Alanine 428
D-Alanine 416
L-Valine 85
L-Serine 162
L-Threonine 158
L-Leucine 175

Lowb L-Asparagine 25-50
L-Arginine 25-50
L-Methionine 25-50

None L-Proline <10
L-Phenylalanine <10
Ethionine <10

"Spheroplasts (0.5 mg of protein) were incubated
at 37°C for 40 min anaerobically with 20 nmol (1 ,uCi)
of the above compounds with or without 55 mM
glutamine. The spheroplasts were then washed on a
Millipore filter and counted as described in the text.
The values are corrected for the control (no glutamine)
incorporation.

b Asparagine, arginine, and methionine incorpora-
tions were to a significant degree equal with or without
glutamine. A number of compounds were not incor-
porated by spheroplasts; these included L-glutamate,
D-leucine, acetylalanine, a-aminoisobutyric acid, 8-
aminovaleric acid, taurine, sarcosine, and glutathione.
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was completely inhibited by 2 ,ug of chloram-
phenicol per ml. Higher levels of chloramphen-
icol (200 and 400 ,ug/ml) and puromycin (50 ,ug/
ml) reduced incorporation by 20 to 40%; in these
experiments no glycine or leucine pool was de-
tected.
An experiment on the uptake of ["4C]glycine

0
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FIG. 5. Stimulation of [1-'4CJglycylleucine incor-
poration by glutamine. Spheroplasts were incubated
in a solution containing 50 nmol ofglycylleucine (20
mCi/mmol) and 55 mM glutamine (0) or no gluta-
mine (x). Conditions were as described in the legend
to Fig. 1.

The nature of glutamine-stimulated peptide
uptake was examined by the following inhibition
experiments (Table 2). When nonradioactive
glycylglycine or glycine was included in reaction
mixtures at 10 times the molar concentration of
['4C]glycylleucine, the glycylglycine caused a

marked inhibition of glycylleucine uptake, and
the glycine caused a smaller but nonetheless
significant inhibition. In contrast, the inclusion
of leucine or leucylleucine caused no inhibition.
In a similar experiment, the uptake of glycine
was inhibited by glycylglycine and to a lesser
degree by glycylleucine, whereas leucine and
leucylleucine had little or no effect. The inhibi-
tion of glycylleucine uptake by glycine suggests
that after uptake, hydrolysis of the peptide oc-

curs before incorporation.
Further experiments were then performed

with leucine-labeled glycylleucine. As Table 2
shows, neither glycine nor glycylglycine was in-
hibitory; significant inhibition was found when
leucine and leucylleucine were used.
Incorporation of amino acids and pep-

tides into trichloroacetic acid-precipitable
material. With ['4C]glycine or ['4C]leucine all
of the glutamine-stimulated uptake was found
in the trichloroacetic acid-precipitable fraction
after a 40-min incubation, and the addition of
100 ,ug of chloramphenicol per ml to the reaction
mixtures did not reduce incorporation into tri-
chloroacetic acid-precipitable material. In other
experiments the growth of B. melaninogenicus
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FIG. 6. Initial rates of glycylleucine and glycine
incorporation. Spheroplast preparations (0.5 mg of
protein) werepreincubated with 55 mMglutamine (15
min, 37°C) under aerobic conditions. The reactions
were started by adding 50 nmol of [1-`4C]glycylku-
cine or 50 nmol ofglycine at the same specific activity
(20 mCi/mmol). The reactions were incubated, fil-
tered, washed, and counted. Symbols: 0, glycine;-,
glycylkucine.

TABLE 2. Inhibition ofglycylleucine and glycine
incorporation'

% Inhibition

Inhibitor [1C -[U- [Clyy c
glcL- [-[Cgy

leucine cine

Glycylleucine 51 59 62
Glycylglycine 73 0 75
Glycine 22 0 8
Leucylleucine 0 55 0
Leucine 0 45 9

"Inhibition is expressed as percent depression of
['4C]glycylleucine or ['4C]glycine incorporation; inhib-
itors were added at 10 times the molar concentration
of glycylleucine (50 nmol; 100 mM) or glycine (18
nmol; 36 mM) to suspensions containing deenergized
spheroplasts (0.5 mg of protein) and 50mM glutamine.
Reactions were incubated for 40 min at 37°C.
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at increasing concentrations of glycine in the
presence of glutamine (similar to the experiment
shown in Fig. 4) showed that more than 95% of
the radioactivity was trichloroacetic acid precip-
itable at a concentration of 0.17 mM, but this
value decreased to 72% at a concentration of 170
mM. This experiment was performed in the ab-
sence of chloramphenicol. In contrast, trichlo-
roacetic acid precipitation of spheroplasts incu-
bated with glutamine (5 ,uCi; 22 ,Lmol) and with-
out chloramphenicol resulted in a loss of 79% of
the total radioactivity after filtration.
Effect of inhibitors of energy metabolism

on glutamine-stimulated incorporation.
The effects of a number of inhibitors on the
glutamine-stimulated incorporation ofL-alanine,
L-leucine, and [1-_4C]glycylleucine were deter-
mined (Table 3). Carbonyl cyanide-m-chloro-
phenyl hydrazone and p-trifluoromethoxy-
phenyl hydrazone were the most effective,
whereas N,N'-dicyclohexyl carbodiimide and
others were less inhibitory.
Incorporation ofamino acids into the cell

envelope. (i) Incorporation of D-alanine into
peptidoglycan was determined by incubation of
cells with D-alanine in the presence of 55 mM
glutamine. The reaction mixture was then
treated with 4% sodium dodecyl sulfate at 100°C
for 5 min and filtered. A control was incubated
with D-alanine and glutamine, trichloroacetic
acid precipitated, and filtered through a 0.45-,um
membrane. Compared with the control, 75 to
79% of the D-alanine label was retained after
treatment with hot sodium dodecyl sulfate. (ii)
The distribution of the label after rupture of the

TABLE 3. Effect of inhibitors of energy metabolism
on glutamine-stimulated incorporation of L-alanine,

L-leucine, and [1-`4C]glycylleucine'
% Inhibition

Inhibitor Concn L-Leu-L.-Alanine Glycyl-
cine leucine

Azide 1 mM ND' 86 48
DNP 50mM ND 9 7
DCCD 20 ItM 60 78 55
CCCP 20MM 92 91 74
FCCP 20 ,uM 93 91 72

a Spheroplasts (0.5 mg of protein) were incubated
for 40 min at 37°C in solutions containing amino acids
or peptide plus inhibitor and 55 mM glutamine. They
were then filtered and counted as described in the
text. Activity is expressed as percent inhibition of the
L-['4C]alanine, L-['4C]leucine, and [14C]glycylleucine
control values (350 pmol of L-alanine, 75 pmol of L-
leucine, and 3.0 nmol of glycylleucine incorporated).

h DNP, 2,4-Dinitrophenol; DCCD, N,N'-dicyclo-
hexyl carbodiimide; CCCP, carbonyl cyanide-m-chlo-
rophenyl hydrazone; FCCP,p-trifluoromethoxyphenyl
hydrazone.
'ND, Not done.

cells was determined. Cells were incubated with
['4C]glycine or ["C]ileucine in the presence of
glutamine, washed three times with 0.05 M phos-
phate buffer, and ruptured by sonication. The
membranes were then sedimented by centrifu-
gation (40,000 x g for 15 min); 30 to 35% of the
'4C label was associated with the pellet, and 79%
of the cell protein was in the supernatant. (iii)
Removal of incorporated glycylleucine, leucine,
and valine with trypsin was examined by using
spheroplasts or intact cells which had been in-
cubated with [1-'4C]glycylleucine, leucine, or va-
line in the presence of glutamine and treated as
described above. The results of this procedure
were variable, and a loss of 30 to 50%o of the label
was found after trypsinization and precipitation
with trichloroacetic acid. A similar loss of label
was found after spheroplasts incubated with gly-
cylleucine plus glutamine were treated with 10
mg of papain per ml (15).
Metabolic fate of glutamine. After incuba-

tion of a spheroplast preparation with ['4C]glu-
tamine, thin-layer chromatography of a boiling
water extract revealed two radioactive spots.
The major spot cochromatographed with gluta-
mate and contained 70% of the radioactivity.
The minor spot ran close to the front, as does
a-ketoglutarate in this system. The minor spot
was identified as a-ketoglutarate as follows. It
was extracted and incubated with NADH,
NH4Cl, and glutamate dehydrogenase. Subse-
quent chromatography revealed a radioactive
spot which cochromatographed with glutamate.
Attempts to produce active vesicles. A

number of attempts were made to produce mem-
brane vesicles which would show glutamine-
stimulated amino acid uptake. Vesicles prepared
by sonication or French pressure cell rupture
showed no activity. The procedure of Konings
and Kaback (4), which is adapted to anaerobi-
cally grown bacteria, also produced inactive ves-
icles in a number of experiments. Spheroplasts
which were subjected to a mild osmotic shock
by dilution of 1 g of spheroplasts in 3 ml of 0.05
M phosphate buffer and which did not show
complete lysis also did not show glutamine-stim-
ulated amino acid uptake.

DISCUSSION
Glutamine stimulated incorporation of a num-

ber of amino acids and dipeptides by cells and
spheroplasts of B. melaninogenicus. Previously,
glutamine was shown to stimulate incorporation
of a sphingolipid precursor in this microorgan-
ism (10). There is no available evidence on the
participation of glutamine in stimulating the
assimilation of substrates by other microorgan-
isms.
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Maximum uptake of glycine and L-alanine was
found with 50 mM glutamine, and this level of
glutamine stimulated glycine incorporation over
a wide glycine concentration range. This glycine
system was saturable at high glycine concentra-
tions. The uptake of glycine without glutamine
was concentration dependent and may represent
facilitated diffusion. The uptake of glutamine
was also concentration dependent but differed
significantly from the uptake of glycine. At the
concentrations used to stimulate amino acid in-
corporation, approximately 80% ofthe glutamine
accumulated in a trichloroacetic acid-soluble
form in an experiment performed in the absence
of chloramphenicol. Glycine at similar concen-
trations did not accumulate in a trichloroacetic
acid-soluble form to a significant degree. This
accumulation of ['4C]glutamine was the only
indication of an amino acid pool found in these
studies.
The incorporation of peptides differed from

the incorporation of amino acids both in kinetics
and in the level incorporated. The fact that
glycine can compete with glycine-containing
peptides and vice versa for incorporation indi-
cates that the incorporation step occurs after
uptake and hydrolysis of the peptide.
The glutamine-stimulated uptake does not

represent solely transport across the cell mem-
brane since the amino acids and glycylleucine
were incorporated into the trichloroacetic acid-
insoluble fraction. Chloramphenicol at 100lOg/
ml did not reduce this incorporation. These re-
sults could indicate that chloramphenicol and
puromycin do not inhibit protein synthesis or
that glutamine stimulates amino acid incorpo-
ration by a special mechanism at the post-trans-
lational level. However, in B. melaninogenicus
protein synthesis was inhibited by both anti-
biotics when incorporation by growing cultures
was examined. Thus, puromycin (50 ,ug/ml) com-
pletely inhibited incorporation of ['4C]leucine
(9), and in other experiments chloramphenicol
(100 ,ug/ml) completely inhibited incorporation
of ['4C]valine. High levels of chloramphenicol
and puromycin did inhibit incorporation of
amino acids to a small degree. However, this
reduction in incorporation did not result in the
accumulation of an amino acid pool.
These are several lines of evidence which in-

dicate that glutamine stimulates incorporation
primarily into the cell envelope. A significant
proportion of glycine or leucine is associated
with the envelope fraction after breakage, even
though this procedure has been shown to result
in the loss of some membrane components, such
as the membrane-associated enzyme 3-ketodi-
hydrosphingosine synthetase (9). Glutamine
also stimulates incorporation of D-alanine into

peptidoglycan, and furthermore, significant pro-
portions of the amino acids and glycylleucine
incorporated via the action of glutamine were
removed by trypsin or papain, indicating that
the site of incorporation is at or near the cell
surface. The incorporated amino acids which
were removed by trypsin were trichloroacetic
acid soluble, indicating digestion of the incor-
porating protein.
An analogous system for amino acid incorpo-

ration has been described by Vambutas and
Salton (19), who showed that glycine incorpo-
ration into membrane proteins of Micrococcus
lysodeikticus was not inhibited by chloramphen-
icol.
The other compound found to date which

stimulates amino acid incorporation is aspara-
gine. The function of asparagine differs from
that of glutamine since the action of the latter is
inhibited by 6-diazo-5-oxo-L-norleucine, whereas
that of asparagine is not. 6-Diazo-5-oxo-L-nor-
leucine, which inhibits amido transfer reactions
of glutamine, does not inhibit uptake signifi-
cantly.
Glutamine most probably acts as an energy

source for amino acid and peptide incorporation
since inhibitors of energy metabolism, such as
carbonyl cyanide-m-chlorophenyl hydrazone, p-
trifluoromethoxyphenyl hydrazone, and N,N'-
dicyclohexyl carbodiimide, inhibit the effect of
glutamine. The generation of glutamate and a-
ketoglutarate from glutamine suggests a mech-
anism for energy generation after formation of
succinyl coenzyme A via an a-ketoglutarate thio-
clastic reaction (12). Succinate is an important
factor in the metabolism of certain subspecies of
B. melaninogenicus (6,18).
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