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SUMMARY 

Escherichio coli contains a binding protein for glutamine 
which has been isolated by osmotic shock, purified, and 
characterized. It has a KD of 3 X 1OV M and, of the natu- 
rally occurring amino acids, only glutamine is bound. The 
y-glutamylhydrazide and y-glutamylhydroxamate competi- 
tively inhibit both the binding reaction and the uptake of 
glutamine by intact cells. The protein exhibits native 
tryptophan fluorescence with an emission maximum at 336 
nm when excited at 280 nm. Addition of 1 PM glutamine 
specifically causes a spectral shift and quenching of fluores- 
cence. The kinetics of binding have been investigated by 
following the fluorescence change using a stopped flow 
apparatus. The k for the forward reaction is 9.8 X lo7 M-~ 

set-i and the k for the back reaction is 16 set-l. 
The transport of glutamine is also highly specific, with a 

Km of 0.8 X lo-? M. A mutant has been isolated which has 
a 3-fold higher initial rate of transport and 3.0 times more 
binding protein than the parent strain. Other mutants, 
resistant to y-glutamylhydrazide, have been isolated which 
have only 10% of the initial rate of transport and about 10% 
of the binding protein. These data suggest a role for the 
glutamine binding protein in active transport. Furthermore, 
growth in a rich medium represses both transport and the 
formation of binding protein. Additional evidence is pro- 
vided by the fact that the initial rate of glutamine uptake is 
reduced 90% by osmotic shock while certain other transport 
systems are maintained, and this is associated with release 
of the glutamine binding protein. 

It has previously been shown that Escherichia coli accumulates 
amino acids by systems which are specific for individual amino 
acids and by systems which are general for groups of amino 
acids (l-5). For example, on the basis of kinetic evidence, 
transport systems have been described that are specific for leu- 
tine (6) on the one hand, and specific for leucine, isoleucine, and 
valine on the other (7). Associated with the presence of these 
transport systems is the occurrence of shock-releasable binding 
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proteins of similar specificities. In the present communication 
we are concerned with the highly specific uptake system for 
glutamine; no other natural amino acid competes for active 
transport. When our strain of E. coli was subjected to osmotic 
shock, a binding protein was released, also highly specific for 
glutamine. The protein has been purified to homogeneity and 
its properties are described. The kinetic data of the binding 
reaction have been measured using stopped flow methods. Ex- 
amination of mutants and other studies are described which 
lead us to believe that the glutamine binding protein is involved 
in active transport. 

MATERIALS AND ME’JXODS 

Bacteria and Media-E. co& strain 7 (8), a derivative of K-12 
Hfr Cavalli, was the gift of Dr. E. C. C. Lin. A mutant which 
could grow on glutamine as sole carbon source, GLNP 1 (9), was 
derived from strain 7 by mutagenesis, using N-methyl-N-nitro- 
N’-nitroso guanidine (10). Strain GLNP 1 was used in all 
experiments except as noted. Strain GH 20 was selected from 
GLNP 1 by its resistance to 5 x 10e4 M y-glutamylhydrazide. 
Unless otherwise stated, all cultures were grown in a synthetic 
minimal medium described by Tanaka, Lerner, and Lin (II), 
supplemented with 1% sodium succinate (Baker and Adamson, 
Morristown, New Jersey). For studies of repression of synthesis 
of the glutamine binding protein associated with repression of 
transport, a complex medium containing 3% dehydrated Tryp- 
tone and 4% yeast extract was used (both from Fisher Scientific). 
Bacterial cultures were maintained on nutrient agar slants that 
were transferred monthly. The mutants were single colony 
isolates and, like the parent strain, were sensitive to f2 phage 
and were alkaline phosphatase negative. 

Chemicals-For most studies L-[U-14C]glutamine (212 mCi per 
mmole) was diluted IO-fold with nonradioactive glutamine. 
The isotopic material was obtained from New England Nuclear, 
and nonradioactive L-amino acids from Mann Research. The 
y-glutamylhydrazide was purchased from Nutritional Biochem- 
icals, and chloramphenicol from Sigma. The y-glutamylhydrox- 
amate (L-glutamic acid-y-monohydroxamate) was the gift of 
Dr. A. L. Neal. Bio-Gel P-10 was from Bio-Rad Laboratories, 
Richmond, California, and Whatman DEAE-cellulose DE-52 
from H. Reeve Angel and Company, Clifton, New Jersey. 

Transport Assays-The temperature was maintained at 23” 
throughout the following procedure. Cells were harvested by 
centrifugation, twice washed with minimal medium, and sus- 
pended in the same medium (1 g, wet weight, per 40 ml). For 
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transport measurements a fract,ion was incubated for 5 min in 
the presence of 10 mnr glucose and 80 fig per ml of chlorampheni- 
col. A portion of this suspension (usually 30 ~1) was added to 
the final reaction mixture so that 0.5 ml contained 10 mM glu- 
cose, 6 PM labeled glutamine, and 80 pg per ml of chlorampheni- 
col, in minimal medium. After 15 and 30 set, a 0.2-ml portion 
was filtered on a 25-mm nitrocellulose filter (type HA, 0.45 p, 
Millipore Corporation, Bedford, Massachusetts), and washed 
with 10 ml of 0.01 M Tris-HCl, pH 7.3-0.15 M NaCl-5 X 10V4 11z 
MgC12. This wash medium has been shown to give consistently 
good results, with very low blank values for poisoned cells, and 
the retention of transported amino acid was often greater than 
when cells were washed with growth medium. In all experi- 
ments, including determination of K, values, the concentration 
of bacterial cells was adjusted so that less than 10% of the sub- 
strate was taken up. The filters were dried and counted in a 
Nuclear Chicago Unilux II liquid scintillation counter, using a 
solution of 15 g of 2,5-diphenyloxazole and 0.2 g of 1,4-bis[2- 
(4.methyl-5-phenyloxazolyl)]b enzene dissolved in 3.81 liters of 
toluene. 

Binding Assays-For quantitative work, equilibrium dialysis 
was carried out in Plexiglass chambers, as previously described 
(6). Side A contained protein, 0.01 M potassium phosphate, 
pH 7.0, 0.05 M NaCl, and a near saturating concentration of 
chloroform in a total volume of 0.1 ml. Side B contained iso- 
tope, 0.01 M potassium phosphate and 0.05 M NaCl in 0.1 ml. 
The concentration of glutamine (20 mCi per mmole) was 10 
ptif unless otherwise stated. The chambers were rotated over- 
night at 2” after which 0.05.ml samples were removed from each 
side and counted by liquid scintillation in a solution consisting 
of 15 g of 2,5-diphenyloxazole, 0.188 g of 1,4-bis[2-(4-methyl-5- 
phenyloxazolyl)]benzene, 1 liter of Triton X-100, and 2 liters of 
toluene. To assay column fractions a filter binding assay was 
used (12). A final volume of 0.2 ml contained protein, 0.05 ml 
of 2 x 10e5 M glutamine, and water. Aft,er addition of 0.05 ml 
of 1 M MgC12, 0.2.ml portions were filtered on 25-mm B-6 filters 
(Schleicher and Schuell, Keene, New Hampshire) washed with 
0.5 ml of 0.2 M MgClz at room temperature, dried, and counted 
as in the transport assays. One unit corresponds to 1 nmole of 
glutamine bound and specific activity is expressed as units per 
mg of protein. 

Osmotic Shock-A modification of the procedure of Neu and 
Heppel (13) was used. For small scale, analytical studies, cells 
in midexponential stage were twice washed with cold Tris-HCl, 
0.01 M, pH 7.3, containing 0.03 hf NaCl. The cells were then 
suspended in 40 volumes (w/v) of 0.033 M Tria-HCl, pH 7.3, 
containing 20% sucrose and 0.2 mM EDTA, at 23”. The sus- 

TABLE I 

Purijication of glutamine binding protein 

Fraction Total Total Total Specific Re- 
protein units VOlUSIlC! activity covery 

mg  units ml uni1s/mg y. 
protein 

Crude shock fluid. 1900 moo 275 3.5 
DEAE-cellulose. 300 6400 25 22 95 
Electrofocusing. 18W 5400 7 34 85 

a This step was actually carried out three times on lOO-mg por- 
tions of the DEAE-cellulose fractiou. The electrofocusing elu- 
tion pattern has been published (9). 

pension was swirled for 5 min and celltrifuged. The pellet was 
rapidly resuspended in 40 volumes of cold 0.5 m&f Mg(‘12 and 
swirled for 10 min. The suspension was centrifuged at 2”, the 
shock fluid was removed, and the pellet of shocked cells was re- 
suspended in 0.033 M Tris-HCl, pH 7.3, at 23”. The supernntant 
(crude shock fluid) was concentrated by ultrafiltration in an 
Amicon model 401 ultrafiltration cell equipped with a I-M-10 
membrane (Amicon Corporat.ion, Lexington, Massachusetts). 

For preparation of binding protein on a large scale, cells were 
grown in 15-liter carboys and acrated with filtered compressed 
air through glass spargers. Cells ill late stationary phase were 
collected in a Sharples refrigerated centrifuge. The cells were 
twice washed in 20 volumes of cold 0.01 M Tris-HCl, p1-T 7.2, 
0.03 M NaCl. The packed cells were suspended in 15 volumes of 
0.033 M Tris-HCl, pH 7, 23”, ill a Waring Blendor; to this was 
added an equal volume of 0.033 M Tris containing 40% sucrose 
and 4 mM EDTA. The suspension was swirled for 5 min and 
centrifuged. The pellet of cells was rapidly dispersed in 30 
volumes of cold distilled water. After 3 min, MgCl, was added 
to a concentration of 1 mM, and the suspension was swirled for 
10 min. Shock fluid was obtained by centrifugation at’ 2” and 
concentrated as before. 

Preparation of Antisera---New Zealand white rabbits were in- 
oculated with 1 mg of pure glutamine binding protein in Freund’s 
adjuvant. After 30 days they received booster injections of 0.5 
mg of protein by intravenous injection. Ten days later the 
rabbits were bled and the antisera obtained. Antibody titer was 
measured by serial dilutions in microcapillary tubes. Protein 
was determined by a modification of the procedure of Lowry 
et al. (14) with bovine serum albumin as standard. 

RESULTS 

Glutamine Binding Protein 

Puri$cation of Glutamke Binding Protein-Our previous 
method (9) has been modified in order to increase the yield; it is 
now possible to isolate about 200 mg of pure binding protein 
within a week. A mutant, GLNP 1, was used because it has 
elevated levels of transport and binding protein. No differences 
could be found between protein derived from mutant and parent, 
strain 7, or in the results obtained with cells in stationary and 
exponential phase. The bacteria were grown to late stationary 
phase in order to increase the yield. 

Four hundred grams (wet weight) of E. coli GLNP 1 were 
osmotically shocked and the crude shock fluid (12 liters) was 
concentrated by ultrafiltration using a 6-inch Amicon UM-10 
membrane. The concentrate (150 ml) was chromatographed on 
a Bio-Gel P-10 column of 1 liter capacity, equilibrated with dis- 
tilled water at 4”, to remove small molecules. The first protein 
peak to emerge (1800 mg) was concentrated to 300 ml by ultra- 
filtration and stored at -90”. Material at this stage had a 
specific activit’y of 3.5 units per mg (Table I). 

DEAE-cellulose Chromatography-A 200.ml column (2.5 X 41 
cm) of Whatman DEAE-cellulose DE-52 (microgranular, 1 
meq per g) was equilibrated at 4” with 5 mM Tris-HCl, pH 7.4. 
The concentrated Bio-Gel fraction was applied and the column 
was washed with 2 column volumes of 5 mM Tris-HCl, pH 7.4. 
The glutamine binding protein does not adsorb at this pH be- 
cause of its basic character and it appeared in the flowthrough 
fraction. Absorbance at 280 nm was monitored by means of a 
Uvicord II flow cell (LKB Products, Rockville, Maryland). 
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Fractions containing glutamine binding protein by the filter 
binding assay were pooled arrd concentrated to yield 300 mg of 
protein with a specific activity of 22 units per mg of protein. 

Isoelectric Focusing-The concent.rat#ed materisll from the 
DEAE-cellulose column was divided into three equal parts. 
Each portion (100 mg) was electrofocused in an LKR model 
8102 apparatus with a 446ml column containing lyO ampho- 
lytes in a sucrose gradient (0 to SO%, w/v) and with a pH gra- 
dient of 7 to 9. Sulfuric acid (1%) was used for the lower posi- 
tive electrode and ethanolamine (1%) for the upper negative 
electrode. The ampholytes were focused for 24 hours at 1000 
volt’s after which a sample of ampholytes and sucrose was re- 
moved from about 3 inches below the gradient-ethanolamine 
interfa,ce, evaporated to near dryness, and combined with the 
protein solut.ion. This material, of about the original volume, 
was reapplied to the column where it wa,s isopycnic. The volt- 
age was applied for a,nother 24 hours. The column was emptied 
by allowing the pH gradient to flow through an LKR Uvicord 
II flow cell spectrophotometer, which made it possible to follow 
the optical density at 280 nm. Fractions of 5 ml each were col- 
lected; their pH and binding capacity were measured. The 
binding protein appeared in the gradient a,t pII 8.6. Fract’ions 
containing glutamine binding activity were dialyzed against two 
changes of 0.1 M NaCl and then against three changes of water; 
186 mg of specific activity 34 units per mg were recovered in 85 y0 
yield. 

Tests oj Purity-The protein obtained from the isoelectric 
focusing step was judged to be homogeneous by the following 
four criteria. (a) The protein migrated as a single band in 
polyacrylamide disc gel electrophoresis a,t pI-I 9.5 in the Tris- 
glycine system of Ornstein and Davis (15) and in the pH 4.2 

fi-alanine system of Reisfeld (16) (Fig. 1). In addition, it 
migrated as a single band in gels of 6, 8, 10, and 12y0 acrylamide. 
(h) Antibody ma.& to purified glut,amine binding protein gave 
only one precipitin band in Ouchterlony double diffusion plates 
(18) using pure glutamine binding protein as antigen (Fig. 2). 
The antisera did not cross-react with the leucine-specific binding 
protein (B), the leucine-isoleucine-valine binding protein (7), the 
lysine-arginine-ornithine binding protein (5) and the cystme 
binding protein (19). (c) Sedimentation equilibrium centrifuga- 
tion gave a straight line in a plot of concentration versus r (see 
Fig. 3). (d) No cysteic acid was found when a sample of protein 
oxidized with performic acid (20) was hydrolyzed and analyzed 
for its amino acid composition. 

In order to show that the binding protein from GLNP 1 was 
identical with that from parent strain 7, three tests were applied. 
Antibody produced in rabbits against pure wild type protein 
gave one precipitin line with both proteins in Ouchterlony double 
diffusion plates. Both proteins were found to have a value for 
p1 of 8.6, when isoelectric focusing was carried out. Finally, 
both proteins showed similar dissociation constants of approxi- 
mately 0.3 ~.LM. 

Properties of Glutamine Binding Protein 

Molecular Weight-The molecular weight was measured by 
sedimentation equilibrium in a Spinco model E analytical ultra- 
centrifuge. A value of 24,000 was calculated from d log cldr 
(Fig. 3), assuming a 0 of 0.73. The molecular weight was also 
determined by filtration on a column (1.5 x 33 cm) of Sephadex 
G-150. The glutamine protein and a number of standards were 
separately chromatographed with a blue dextran dye marker. 
The volume from the dye peak to the center of the protein peak 
was plotted versus log of the molecular weight (Fig. 4). al 
molecular weight of 29,000 was determined. 

Amino Acid Conlposition-Purified glutamine binding protein 

were run as describeci m tne text, at 4 ma per Woe, at room tem- 
perature, for 30 min. Gels run at pH 9.5 -were fixed in 12.57, FIG. 2. Ouchterlony double diffusion precipitin test. Undi- 
trichloroacetic acid, stained with 0.05% Coomassie blue (17), luted sera (10 pl, see “Methods”) was placed in the center well 
and destained with 12.5y0 trichloroacetic acid. Gels run at pH of an 0.87, agarose plate. The plates were incubated for 24 hours 
4.2 were fixed in 10% acetic acid, stained with 0.1% Amido black, at 23” in a closed humidity chamber. Lest: A, leucine-isoleucine- 
and destained with 10% acetic acid. All gels were stored in 10% valine binding protein, 2 fig; B, same, 10 pg; C, cystine binding 
acetic acid to prevent shrinkage. A, crude shock fluid, pII 9.5, protein, 10 pg; D, glutamine binding protein, 10 pg; E, glutamine 
10% gel; B, DEAE-cellulose fraction, pH 9.5, 10% gel; C, DEAE- binding protein, 2 pg; F, water. Right: A, arginine-specific bind- 
cellulose fraction, pH 4.3, 10% gel; D, electrofocusing fraction, ing protein, 10 pg; B, glutamine binding protein, 2 pg; C, gluta- 
pH 4.3, 12y0 gel; E, electrofocusing fraction, pH 4.3, 8% gel; mine binding protein, 10 fig; D, lysine-arginine-ornithine binding 
F, electrofocusing fraction, pH 4.3, 6% gel. protein, 10 pg; E, leucine-specific binding protein, 10 fig; F, water. 
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r* 

FIG. 3. Sedimentation equilibrium molecular weight determina- 
tion. Glutamine binding protein was centrifuged at 34,000 rpm 
at 8” until equilibrium was reached, in a 12-mm double sector 
aluminum epoxy cell with sapphire windows. A O.l-ml sample con- 
taining 0.05 mg of binding protein in 0.05 M potassium phosphate 
buffer, pH 7.0, was added to one sector and 0.1 ml of buffer to the 
reference side. The abscissa is measured from the center of the 
rotor. The ordinate is the optical density of the solution meas- 
ured at 280 nm. 

50- 

ELUTION VOLUME (ml x fi 3) 

FIG. 4. Gel filtration molecular weight determination. A 
column (1.5 X 33) cm was filled with Sephadex G-150. The column 
was run at 30” and 1.3-ml fractions were collected. Each protein, 
about 0.1 mg, was separately chromatographed with a blue dex- 
tran dye marker. The elution volume is measured from the center 
of the dye peak to the center of the protein peak. BSA, bovine 
serum albumin; LIV-BP,leucine-isoleucine-valine binding protein. 

tubes and subjected to amino acid analysis in a Beckman model 
120C analyzer according to the method of Moore and Stein (21). 
The mean residues (Table II) were determined assuming 1 his- 
tidine per 26,000 molecular weight. It is interesting that the 
protein has no cysteine residues, in agreement with reports for 
other binding proteins. The large number of lysine and arginine 
residues account for its basic character. 

Binding Properties-Of the natural amino acids only glutamine 
is bound (Table III) with a KD of 3 x 101 M determined by 

TABLE II 

Amino acid analysis of glutamine binding protein 
Pure glutamine binding protein (150 rg) was hydrolyzed in 

6 N HCl in sealed evacuated tubes at 110” for 20 and 40 hours. The 
hydrolysate was evaporated to dryness and dissolved in 0.6 ml of 
water. Amino acid analysis was determined on a Beckman model 
120 C machine. Assays were done in triplicate. Cysteine was 
determined by performic acid oxidation to cysteic acid followed by 
hydrolysis in 6 N HCl and amino acid analysis (20). The number 
of tryptophan residues were determined by two procedures: (a) 
N-bromosuccinimide oxidation and measurement of the change 
in absorbance at 280 nm (22), (b) measurement of the 288/280 ratio 
in 6 M guanidine-HCl according to the procedure of Edelhoch 
(23). Mean residues were determined by assuming 1 histidine per 
26,000 molecular weight. 

Amino acid 

Lysine. .................. 
Histidine ................ 
Arginine. ................ 
Aspartate ............... 
Threonine ................ 
Serine ................... 
Glutamate ............... 
Proline. ................. 
Glycine .................. 
Alanine. ................. 
Valine ................ 
Methionine .............. 
Isoleucine. ............... 
Leucine. ................. 
Tyrosine ................. 
Phenylalanine ............ 
Tryptophan. ............. 
Cysteine ................. 

- 
Hydrolysis 

for 20 hours 
Hydrolysis 

for40 hours 
(600 ia) 6500 a) 

0.440 0.360 
0.016 0.014 
0.070 0.071 
0.407 0.430 
0.154 0.120 
0.092 0.094 
0.217 0.210 
0.081 0.082 
0.242 0.210 
0.298 0.280 
0.181 0.190 
0.038 0.043 
0.139 0.140 
0.236 0.240 
0.118 0.120 
0.132 0.130 

Meall 
residues 

27 
1 
5 

30 
9 
6 

15 
6 

15 
20 
13 
3 
9 

17 
8 
9 
2 
0 

TABLE III 

Competition for binding and transport of 
glutamine by other amino acids 

Transport and binding assays were performed as outlined in 
“Methods.” A concentration of 10 pM glutamine and 200 pM 
competing amino acid was used. Binding protein obtained by 
isoelectric focusing was used for all experiments in this paper. 

Amino acid in 
addition to glutamine 

None.................. 
Lysine. 
Arginine. 
Alanine. 
Asparagine 
Aspartic.. _.. 
Glutamine. 
Leucine . 
Methionine............ 
Phenylalanine . 
Isoleucine 
Tryptophan. 
Serine 
Hydroxy-n-proline. 
Valine. . 
Glutamic acid. . . 

- 

-- 

- 

Binding 
remaining 

% % 

100 100 
88 98 
85 100 
93 99 
84 100 
84 100 

6 5 
89 99 
89 94 
96 105 
89 104 
99 104 
95 103 

133 116 
101 102 

96 97 

Transport 
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FIG. 5. Scatchard plot of glutamine binding protein. Binding 
assays were performed with 3 pg of-glutamine binding protein and 
variable amounts of glutamine. V, nmoles glutamine bound per 
nmole of protein. C, free concentration of glutamine (micro- 
molar concentration). 

TABLE IV 

Competition for binding and transport by analogues of glutamine 

Transport assays and binding assays were performed as out- 
lined in methods. Analogues were used at a 20-fold excess over 
glutamine (10 PM glutamine and 200 PM analogue). 

Analogue 

None ........................... 
Glutamic acid. ................. 
Aspartic acid. ................ 
Asparagine ..................... 
7.Glutamylhydroxamate ........ 
r-Glutamylhydrazide. .......... 
Azaserine ................ ..... 
G-Diazo-5-0x0-L-norleucine. ..... 
n-Acetyl glutamine. ............ 

Transport Binding remaining 

% % 

100 100 

97 96 

100 84 
100 84 
49 51 
66 64 
95 110 

105 110 
98 95 

equilibrium dialysis (Fig. 5). The Scatchard plot (Fig. 5) in- 
dicates that 1 mole of glutamine is bound per mole of protein. 

A number of analogues of glutamine have been assayed for in- 
hibition of binding (Table IV). The limited survey suggests 
that alterations are tolerated only at the amide nitrogen; thus 
y-glutamylhydrazide and y-glutamylhydroxamate inhibit bind- 
ing competitively (see below). The commonly used glutamine 
antagonist, 6-diazo&oxo-L-norleucine, is inactive. 

The equilibrium level of glutamine binding is unaffected by 
pH over the range 3 to 9. It is also unaffected by alteration of 
ionic strength of the range 0.01 to 0.25 M. The labeled glutamine 
appeared to be unaltered after the binding reaction. It was 
chromatographically identical with a standard solution of glu- 
tamine by thin layer chromatography in butanol-acetic acid- 
water (4 : 1: 5) and phenol-water (3 : 1). 

Absence of Enzyme Activities-The protein was assayed for 
glutaminase activity accordin g to the method of Meister (24) 
and for L-glutamine tRNA synthetase (25). Appropriate con- 
trols were run and 30 kg of protein were used per assay. No 
activity could be detected. 

Stability-Like a number of other binding proteins (7, 26, 27) 
the glutamine binding protein is stable to storage at 3” and 
-90” for at least 6 months, and it is fully active after exposure 

+50- - +I0 

-+a 
a 

[Rq; +25- 
-+6 

x 10-z 
-1; [@I: 

MOLAR 

MEAN - 0 ROTATION 

RESIDUE --2 x 10-5 
ROTATION 

--4 

--6 

--8 

-5n - --IO 

FIG. 6. Optical rotatory dispersion spectrum of glut.amine 
binding protein. Spectra were run in a Jasco optical rotatory 
dispersion-ultraviolet model 5 instrument with a path length of 1 
mm and a protein concentration of 80 /*g per ml in water at 23”. 
A sca.le of 0.5 millidegrees was used. a, native protein; b, protein 
in 6 M guanidine hydrochloride. 

to 100” for 10 min. It was reversibly denatured by 7 M urea 
and 6 M guanidine hydrochloride. 

Optical Properties-The protein has a normal absorption spec- 
trum with a 280:260 ratio of 1.65. From optical rotatory dis- 
persion spectra (Fig. 6) it is clear that the a helical and /? struc- 
ture in going from native to denatured protein is drastically 
altered. The negative Cotton effect is abolished in guanidine 
hydrochloride. Plotting the long wave length data according to 
the method of Moffit and Yang (28) allows an estimate of helical 
content. The native protein yielded a bo = -300”; a value of 
zero was obtained for the protein in guanidine hydrochloride, 
suggesting a random coil. Assuming that a value of b0 = - 630” 

corresponds to 100% helix (29), then the glutamine binding 
protein is approximately 45% o( helix. No alteration in optical 
rotatory dispersion spectrum could be detected in the presence 
of 10 PM glutamine. 

The protein exhibited native tryptophan fluorescence when 
excited at 280 nm. The emission maximum was at 336 nm in an 
Aminco-Bowman fluorometer. The emission wave length was 
calibrated using a mercury lamp to generate standard emission 
wave lengths. Tryptophan in solution has an emission maxi- 
mum at 348 nm; thus the tryptophan in the glutamine biudiug 
protein is shifted to a lower wave length, indicating a more 
hydrophobic environment (higher energy) than for tryptophau 
in water. Addition of 1 PM glutamine caused the spectrum to 
shift towards the blue (higher energy), possibly indicating t.hat 
tryptophans were now exposed to an even more hydrophobic 
environment. A drop in amplitude was also noted (Fig. 7). 
These changes were specific for glutamine. The closely related 
amino acids asparagine and glutamate caused no shifts (Fig. 7). 
The quenching of fluorescence at 340 nm could be titrated with 
glutamine. This yielded a K, = 3 x 10v7 1\1, a value similar 
to the dissociation constant determined by equilibrium dialysis. 
The fluorescence was shown to be entirely due to the two tryp- 
tophan residues. Oxidation of the two tryptophans with 
N-bromosuccinimide (22) in 0.1 M acetate buffer at pH 4.5 com- 
pletely destroyed the fluorescence at a molar ratio of 6 N-bromo- 
succinimide molecules per tryptophan. The oxidation of 
tryptophan residues caused by N-bromosuccinimide was pre- 
vented by glutamine (Fig. 8). However, as the destruction of 
tryptophan does not alter the binding activity, it is not possible 
to state whether tryptophan is at the active site and hidden by 
glutamine or whether glutamine causes a conformational change 
which buries the tryptophan residues. 
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FIG. 7. Fluorescence of glutamine binding protein. A protein 
concentration of about 12 pg per ml in water at 23” was used. 
The protein was excited at 280 nm in an Aminco-Bowman spectro- 
fluorometer using a l-cm path length and appropriate entrance 
and exit slits. The fluorescence was determined as a function of 
wave length. - - -, relative fluorescence of the protein. --, 
relative fluorescence when 1 PM of the appropriate amino acid was 
added. The amino acid was added in a small volume (O.lyO vol- 
ume change) and no correction was made for the volume change. 

Kinetics of Binding-As mentioned above, addition of glu- 
tamine to the glutamine binding protein causes a quenching of 
fluorescence at 340 nm. With the use of a stopped flow appa- 
ratus (30) it is possible to measure the fluorescence change as a 
function of time and thus determine t,he rate constants of t,he 
binding reaction. Glutamine and glutamine binding protein at 
various concentrations were rapidly mixed in the stopped flow 
machine, the mixing chamber was excited at 284 nm and the 
fluorescence at 340 nm was measured. In Fig. 9 the rate of 
formation of the protein-glutamine complex is given for the 
following reaction, in which BP is binding protein and g is glu- 
txmine. 

d[(g)(BP)I 
dt 

= k,,[(g)(BP)I - k,rrI(g)(BP)l 

A computer was used to find the best fit to the data by the 
method of least squares. The value of k,, was 9.8 x 10’ Me' 

see-1, S.D. = 0.82 x 107, and koff was 16 set-1, S.D. = 1.7. 
This gives a KD directly of 0.16 ,UM which is in good agreement 
with the KD determined by equilibrium dialysis. The stopped 
flow measurements present special technical difficulty, combining 
an unusually high rate of reaction (1 x lo* M-I set-I) with a 
rather small percentage change in fluorescence, and a require- 
ment for excitation at 284 nm, where the output of the source 
is low. This combination of factors results in low precision and 
a poor signal to noise ratio which was only partly overcome by 
averaging 10 to 20 individual reaction records for each curve of 
Fig. 8. 
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FIG. 8. Titration of tryptophan fluorescence by N-bromosuc- 
cinimide. Glutamine binding protein (3 nmoles) in 0.1 M acetate 
buffer, pH 4.5, was excited at 280 nm. Fluorescence was meas- 
ured at 340 nm in an Aminco-Bowman spectrofluorometer, in- 
creasing amounts of N-bromosuccinimide were added. O-O, 
3 nmoles of glutamine binding protein; O-O; 3 nmoles of 
glutamine binding protein plus 100 nmoles of glutamine. 
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FIG. 9. Fluorescence kinetics of the glutamine binding reac- 
tion. Glutamine (0.2 ml) and binding protein (0.2 ml) in 0.01 M po- 
tassium phosphate buffer at pH 7.2 were mixed. The ordinate is 
an arbitrary voltage scale obtained by estimating the total fluores- 
cence change (and corresponding voltage change) at saturation 
for each amount of protein, and subtracting the voltage obtained 
at each time point after mixing, thus yielding a positive curve. 
The abscissa is time in milliseconds. 0, experimeatally deter- 
mined points; -, best computer fit to the data. The first 
point was taken 23 msec after mixing and the lines were extra- 
polated to zero time. A, 2.5 .uM glutamine and 2.5 pM glutamine 
binding protein; B, 1.25 pM glutamine and 1.25 pM glutamine bind- 
ing protein; C, 0.625 pM glutamine and 0.625 pM glutamine binding 
protein; D, 0.625 PM glutamine and 0.312 pM glutamine binding 
protein. 

Transport oj Glutamine 

General Properties-The K, for transport of glutamine was 
0.8 x 10-7 BI both for strains 7 and GLNP 1 (Fig. lo), and the 
corresponding values for I’, were 10 and 30 nmoles per min per 
mg of protein (Table V). The uptake was linear for at least 3 
min in strain 7 and for 1 min in GLNP 1 (Fig. 11). Of the 
analogues tested, only y-glutamylhydrazide and y-glutamyl- 
hydroxamate compete for glutamine transport (Table II). The 

y-glutamylhydrazide showed a K i of 75 PM for both transport 
and binding (Fig. 12, a and b). 

Nature of Product of Transport-This was examined as follows. 
Cells were allowed to take up glutamine for 30 set, washed on a 
Millipore nitrocellulose filter as in the transport assay, and then 
shocked with 10 ml of cold distilled water to release the small 
molecule pool. The extract was lyophilized and chromato- 
graphed on thin layer cellulose-gel plates, in butanol-arctic 
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FIG. 10. K,,, of glutamine uptake by strain GLNP 1. FIG. 10. K,,, of glutamine uptake by strain GLNP 1. O--O, O--O, 
initial rate of uptake, nanomoles per mg of protein per min (V). initial rate of uptake, nanomoles per mg of protein per min (V). 
O---O, (8)/V, molar per nmole per mg per min. O---O, (8)/V, molar per nmole per mg per min. 
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FIG. 11. Time course of uptake of glutamine by E. coli strains. 
A--A, parent strain 7; O---O, GLNP 1; O--O, GLNP 1 
plus 0.6 mM azaserine. Cells were previously incubated at 23” 
for 15 min with and without azaserine. Uptakes were performed 
as outlined in “Methods.” 

Comparison of the initial rate of glutamine uptake and amount oj 
glutamine binding protein released by osmotic shock in E. coli 

7 and in mutants derived from this strain 

Transport assays, binding assays and composition of media 
are described in “Methods.” 

moles/mg/mir units/g, wet 
wei&, cells 

7 Minimal 10 7.4 
7 Complex 3 2.0 
GLNP 1. Minimal 34 18 
GH20 Minimal 1 0.8 

acid-water (4: 1:5). The product of transport was not gluta- 
mine, but rather chromatographed almost entirely with a marker 
of glutamic acid. 

In spite of this conversion to glutamic acid, we believe that 
our kinetic transport data for glutamine are reliable, for the 
following reasons. (a) When the cells were previously incubated 
for 10 min at 23” in 0.6 mrvr azaserine, an inhibitor of y-glutamyl 
transfer reactions, no significant, change in initial (15 set) rate of 
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FIG. 12. A: Ki determination for y-glutamylhydrazide inhibi- 
tion of glutamine binding to purified glutamine binding protein. 
Binding assays performed as outlined in “Methods.” A, 5 pM 
glutamine; B, 10 JLM glutamine. B: Ki determination for r-glu- 
tamylhydraaide inhibition of glutamine transport. Transport 
assays performed as outlined in “Methods.” A, 5 pM glutamine; 
B, 10 pM glutamine. 

uptake was measured (Fig. 11). Under these conditions, 85% 
of the glutamine taken up remains as free glutamine. (b) Addi- 
tion of a large excess of nonradioactive glutamate did not alter 
the initial kinetic parameters as would be expected if glutamine 
were first hydrolyzed and taken up as glutamate. 

In the presence of aaaserine the internal concentration of 
glut.amine at steady state was approximately 4 x 10m3 M, based 
on an estimate of cell water of 0.73 ~1 per mg, wet weight (31). 
This represents a 400-fold concentration of glutamine over the 
external medium. 

Under a variety of conditions, parallel changes in the initial 
rate of transport and the level of binding protein were observed. 
Thus, osmotic shock caused a 90% decrease in initial rate of 
transport correlated with the release of binding protein. In the 
mutant, GLNP 1, which can use glutamine as sole carbon source, 
the initial rate of transport was increased 3-fold, together with a 
comparable a-fold increase in level of binding protein. Starting 
from strain GLNP 1, a second mutant, GH 20, was isolated on 
the basis of resistance to y-glutamylhydrazide. Strain GH 20 
had only 3% of the initial rate of uptake and about 5% of the 
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TABLE VI 

Effect of energy inhibitors on glutamine transport 
in E. coli strain GLNP 1 

Cells were grown in minimal medium (“Methods”) supple- 
mented with 1% sodium succinate. They were harvested at a 
density of 8 X lo* cells per ml, washed three times with minimal 
medium, and suspended in 20 volumes of the same medium. Af- 
ter being incubated for 2 hotus at 37” without a carbon source, 
t,he cells were centrifuged and resuspended in an equal volume of 
0.12 M Tris-HCl, pH 8.0 (Tris cells). A fraction of the suspension 
was treated with 8 mM 15DTA: incttbated at 37” for 2 min, and di- 
luted in 10 volumes of minimal medium (Tris-EDTA cells) (32). 

Carbon source Inhibitor Concentration 

Tris 
Glucose. 
Sltccinate. 
Succinate. 
Sltccinate. 
Succinate. 

Tris-EDTA 
Glucose. 
Succinate. 
Glucose 
Glucose........... 
Glucose. 
Glucose. 
Glucose. 
Succinate 
Succinate. 
Succinate. 
Succinate 
Succinate 

Dinitrophertol 2rnM 

FCCP” 10 J.&M 

KCNb 10 rnM 

Dinitrophenol 2rnM 

DCCI)c 50 PM 
Azide 10 rnM 

FCCP 10 ,uM 

KCN 10 rnM 

Dinitrophenol 2 rnM 

DCCD 50 /AM 

Aaide 10 rnM 

FCCP 10 .uM 

KCN 10 rnM 
- 

Uptake 
remaining 

% 

100 
100 

1 
1 
1 

100 
100 

2 
73 
50 
20 
41 

2 
41 
41 

3 
10 

0 Carbonyl cyanide p-trifluoromethoxyphenylhydrazone. 
* Potassium cyanide. 
c Dicyclohexyl carbodiimide. 

binding protein of strain GLNP 1 (Table V). Actually, the 
glutamine uptake seen in GH 20 is probably due to another 
system for it is inhibited completely by a IO-fold excess of non- 
radioactive glutamate. This component is not detected in wild 
type cells because of the low initial rate (1 nmole per min per 
mg of protein) and unfavorable K, (6 to 8 PM), compared with 
the specific glutamine transport system. 

When strain 7 was grown on a rich medium consisting of 3% 
yeast extract and 4”j, Tryptone, the initial rate of glutamine 
uptake fell to + of that observed with minimal salts medium. 
The level of binding protein fell by the same fraction. 

Energy Requirements for Glutamine Uptake-The uptake of 
labeled glutamine was usually stimulated a-fold in the presence 
of 1 X lop2 M glucose, glycerol, or succinate. Cells grown on 
synthetic medium supplemented with glycerol showed a lo-fold 
stimulation by an exogenous energy source after the following 
treatment: incubation at 37” in synthetic medium for 2 hours, 
without a carbon source, followed by storage for 2 days at 3’, 
followed in turn by a second 2-hour incubation at 37”. In the 
presence of glucose, the active transport of glutamine was equal 
to that of fresh cells. 

Experiments on the effect of inhibitors and uncouplers of oxida- 
tive phosphorylation are shown in Table VI. The uptake of 
[Y]g!utamine was inhibited by dinitrophenol, cyanide, azide, 

dicyclohexyl carbodiimide, and carbonyl cyanide p-trifluoro- 
methoxy phenylhydrazone. 

DISCUSSION 

The transport of n-glutamine is one of the most active of the 
bacterial amino acid uptake systems; in GLNP 1 it exceeds 30 
nmoles transported per min per mg of bacterial protein. Fur- 
ther, the transport is highly specific; no other naturally occurring 
amino acid competes for uptake. In this E. coli mutant we find 
a shock-releasable binding protein present in unusual abundance, 
and the binding protein is specific for glutamine. y-Glutamyl- 
hydrazide and y-glutamylhydroxamate competitively inhibit 
both binding and transport with similar KI values. Osmotic 
shock causes the loss of glutamine uptake but does not affect the 
transport of glycine, for which no binding protein is released. 
These facts suggest that the binding protein has a role in the ac- 
tive transport of glutamine. Other data also support this idea. 
Membrane vesicles (33, 34) do not transport glutamine, arginine, 
and other amino acids for which t,here is effective release of bind- 
ng protein by osmotic shock, but they do show good uptake for 

glycine, proline, and the lysine-specific system (35) for which a 
binding protein is not ordinarily released. 

Some current hypotheses picture binding proteins as carriers 
which undergo reversible conformational changes. Our fluores- 
cence studies indicate that tryptophan undergoes an environ- 
mental change on binding. Tryptophan itself is not involved in 
the binding reaction, as oxidation with N-bromosuccinimide does 
not affect the binding. The tryptophans appear to enter a more 
hydrophobic environment, and this may be due to the residue 
becoming buried during the binding reaction. This possibility is 
under further investigation. 

The stopped flow kinetic studies allowed us to determine the 
kinetic parameters of the binding reaction. The value for lc,, of 
9.8 x 107 M+ set-l is about an order of magnitude slower than a 
diffusion-controlled reaction. Theories for a carrier model in 
transport suggest a rapid on reaction and these studies give the 
first determination of this kinetic parameter. In addition it is 
now possible to study environmental changes such as pH in 
kinetic experiments rather than equilibrium experiments. 
Stopped flow techniques will also allow study of the mechanism of 
binding. In addition, chemical modification studies are pres- 
ently being used to study the active site amino acids. 

The stopped flow experiments yielded a Kn of 0.16 /AM, equi- 
librium dialysis gives a KD of 0.3 PM, and titration of the trypto- 
phan fluorescence at 340 nm gives a Kn of 0.3 BM. It is interest- 
ing to note that these three techniques give values which agree 
well with each other. 

Preliminary experiments show that various inhibitors and un- 
couplers of oxidative phosphorylation depress the initial rate of 
glutamine uptake, and stimulation is observed in starved cells by 
an exogenous source of energy. This work is being continued for 
several reasons. We wish to reduce even more the stores of 
endogenous energy so that transport becomes rigidly dependent 
on whatever compound is added to the medium. In addition, we 
are concerned about a permeability barrier for some of the inhib- 
itors, and how best to overcome it. Thus, it was observed that 
E. coli became much more sensitive to dicyclohexyl carbodiimide 
after treatment with EDTA (32) to increase permeability (Table 
VI). We worry about possible nonspecific toxic effects of these 
various compounds, especially in the presence of EDTA. Other 
means of increasing cell permeability are being investigated. 

http://www.jbc.org/


Issue of November 25, 1971 J. H. Weiner and L. A. Heppel 6941 

Acknowledgments--We are greatly indebted to Dr. Quentin H. 16. REISFELD, R. A., LEWIS, U. J., AND WILLIAMS, D. E., Nature, 
Gibson who determined the kinetics of binding with the stopped 195, 281 (1962). 

flow apparatus and guided us in calculation of the data and inter- 17. CHAMBACH, A., REISFELD, R. A., WYCOFF, M., AND ZACCARI, 

pretation of results. Dr. Stuart J. Edelstein gave us advice and 
J., J. Anal. Biochem., 20, 150 (1967). 

assistance with the ultracentrifuge measurements, and Dr. 
18. OUCHTERLONY, O., Acta Pathol. Microbial. Scar&., 26, 516 

(1949). 
Richard Berzborn with the preparation of antisera. We are 19. WEINER, J. H., BERGER, E. A., HAMILTON, M., AND HEPPEL, 

grateful to Dr. David B. Wilson for help with the amino acid L. A., Fed. Proc., 29, 341 (1970). 

analvsis and for useful discussions, and to Dr. Donald B. McCor- 
20. HARRIS, J. I., AND INGRAM, V. M., in P. ALEXANDER AND 

R. J. BLOCH (Editors), Composition, structure, and reactivity 
of proleins, Pergamon Press, Oxford, 1960, n. 451. mick for help in the interpretation of fluorescence changes. 

REFERENCES 
21. 
22. 

Moo& S., AND STEIN, W. H.; J. BioZ: Chek:, 211, 893 (1954). 
SPANDE, T. F., AND WITKOP, B., in C. H. W. HIRS (Editor), 

Methods in enzymology, Vol. XI, Academic Press, New York, 
1966, p. 498. 

1. BRITTEN, R. J., AND MCCLURE, F. T., Bacterial. Rev., 26, 
292 (1962). 

2. PIPERNO, J. R., AND OXENDER, D. L., J. Biol. Chem., 243, , . 
5914 (1968). 

3. LEIVE, L., AND DAVIS, B. D., J. Biol. Chem., 240, 4362 (1965). 
4. WILSON, 0. H., BND HOLDEN, J. T., J. Biol. Chem.. 244, 2743 

(1969). 
. 

5. ROSEN, B. P., J. Biol. Chem., 246, 3653 (1971). 
6. FURLONG, C. E., AND WEINER, J. H., Biochem. Biophys. Res. 

Commun., 38, 1076 (1970). 
7. PENROSE, W. It., NICHOALDS, G. E., PIPERNO, J. R., AND 

OXENDER, D. L., J. Biol. Chem., 243, 5921 (1968). 
8. HAYASHI, S., KOCH, J. P., AND LIN, E. C. C., J. Biol. Chem., 

239, 3098 (1964). 
9. WEINER, J. H., FURLONG, C. E., AND HEPPEL, L. A., Arch. 

Biochem. Biophys., 124, 715 (1971). 
10. ADELBERG, E. k., MANDEL, M., AND CHEN, G. C. C., Biochem. 

Biowhus. Res. Commun., 18, 788 (1965). 
11. TANA~A~ S., LERNER, S. k., AND FIN, k. C. C., J. Bacterial., 

93, 642 (1967). 
12. JONES, 0. W., AND BERG, P., J. Mol. Biol., 22, 199 (1966). 
13. NEU, H. C., AND HEPPEL, L. A., J. Biol. Chem. 240,3685 (1965). 
14. LOWRY, 0. %I., ROSEBROUGH, N. J., FARR, A. L., AND RANDALL, 

R. J.. J. BioZ. Chem., 193. 265 (1951). 
15. ORNSTE~N, L., AND DA&S, B. J.,‘Ann: N. Y. Acad. Sci., 121, 

321 (1964). 

23. 
24. 

25. 

26. 

27. 
28. 

29. 

30. 

31. 

32. 

33. 
34. 

FRIEDBERG, I., Fed. Proc., 30, 1061 (1971), Abs. 
KABACK, H. R., AND MILNER, L. S., Proc. Nat. Acad. Sci. 

U. S. A., 66, 1008 (1970). 
35. ROSEN, B. P., Fed. Proc., 30, 1061 (1971), Abs. 

EDELHOCH, H., Biochemistry, 6, 1948 (1967). 
MEISTER, A., in S. P. COLOWICK AND N. 0. KAPLAN (Editors), 

Methods in enzymology, VoZ. II, Academic Press, New York, 
1955, p. 380. 

LOEHR, J. S., AND KELLER, E. B., Proc. Nat. Acad. Sci. 
U. S. A., 61, 1115 (1968). 

ROSEN, B. P., AND VASINGTON, F., J. Biol. Chem., 246, 5351 
(1971). 

PARDEE, A. B., J. BioZ. Chem., 241, 5886 (1966). 
MOFFIT, W., AND YANG, J. T., Proc. Nat. Acad. Sci. U. S. A., 

42, 596 (1956). 
YANG, J. T., in G. D. FASMAN (Editor), Poly or-amino acids, 

Marcel Dekker, New York, 1967, p. 239. 
DESA, R. S., AND GIBSON, Q. H., Computers Biomed. Res., 2, 

494 (1969). 
WINICLER, H. H., AND WILSON, T. H., J. BioZ. Chem., 241, 

2200 (1966). 
LEIV’E, L., AND KOLLIN, V., Biochem. Biophys. Res. Commun., 

28, 229 (1967). 

http://www.jbc.org/


Joel H. Weiner and Leon A. Heppel
Escherichia coli

A Binding Protein for Glutamine and Its Relation to Active Transport in 

1971, 246:6933-6941.J. Biol. Chem. 

  
 http://www.jbc.org/content/246/22/6933Access the most updated version of this article at 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/246/22/6933.full.html#ref-list-1

This article cites 0 references, 0 of which can be accessed free at

http://www.jbc.org/content/246/22/6933
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;246/22/6933&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/246/22/6933
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=246/22/6933&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/246/22/6933
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/246/22/6933.full.html#ref-list-1
http://www.jbc.org/

