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A g-aminobutyric acid (GABA) binding protein
GBP) was isolated from a bacterial mutant which has
igh-affinity GABA binding characteristics compara-
le with the GABAA brain receptor in mammals. The
BP was partially purified and characterized and was

hown to be a periplasmic protein of approximately
2,000 molecular weight. To determine the molecular
eight, a bacterial GABA binding assay was used with
DS–PAGE. This procedure did not require large
mounts or complete purification of protein and may
e useful as a simple method in estimating the molec-
lar weight of other bacterial binding proteins. © 2000

cademic Press

Key Words: GABA binding protein; periplasmic pro-
ein; molecular weight; competitive binding assay.

Nanomolar concentrations of GABA can be quanti-
atively detected and assayed using a Pseudomonas
uorescens mutant in a GABA, competitive binding
rocedure [1]. This bacterial assay has been shown to
easure GABA concentrations in cerebrospinal fluid

2] and recently in urine (unpublished) of humans.
Studies on GABA binding in the bacteria demon-

trated that it is of high affinity, is saturable and
pecific for GABA, is sodium-independent and is inhib-
ted competitively by muscimol [3]. These binding
roperties also are found in GABA (type A) brain re-
eptors in mammals [4].

In this report, the high-affinity GABA binding pro-
ein (GBP) was isolated from the bacterial mutant, and
ts characteristics, including molecular weight, were
etermined.
Cold shock treatment studies demonstrated that
BP was located in the periplasmic space of the cells

5, 6]. For example, binding of radioactive GABA was
ubstantially lost by cold shock treated cells. Further-
ore, crude and partially purified protein preparations

1 To whom correspondence should be addressed. E-mail: gguthrie@
si.edu.
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ibited (3H)GABA binding by intact cells in the bacte-
ial assay.
After partial purification of the protein by hydroxy-

patite and DEAE chromatographies, the molecular
eight of the GBP was determined using the bacterial
ssay and SDS–PAGE. After each chromatography,
pecific activities and band density patterns were cor-
elated. Since only one protein fraction at 42,000 mo-
ecular weight (MW) was consistently found having
oth the darkest band and the highest specific activity,
BP was identified as a 42,000 MW periplasmic pro-

ein. Our technique in analyzing the molecular weight
f a binding protein could be helpful when limited
rotein is available and extensive purification is not
esired.

ATERIALS AND METHODS

Organism. A mutant strain of Pseudomonas fluorescens was
rown in succinate medium to an OD540 of about 0.9 (1-cm path
ength), washed with Tris–citrate buffer, re-suspended in the same
uffer and kept at room temperature for approximately 24 h, as
reviously described [3]. The cells were then washed with 33 mM
ris–Cl, pH 8.0, in preparation for osmotic shock. A total of 4 liters
f cells in growth medium resulted in 2–5 g (wet weight) of cell paste.

Osmotic shock. The osmotic shock procedure of Neu and Heppel
6] was followed, except after the cold water shock step, MgCl2 was
dded to a final concentration of 1 mM. The following steps were
erformed at 4°C or on ice. The shock fluid was separated from the
ell debris by centrifugation, passed through a sterile 0.45-mm HA
illipore filter and then dialyzed at least 24 h against 100% ammo-

ium sulfate in 10 mM KPO4 buffer, pH 7.3. The protein precipitate
as isolated by centrifugation, dissolved in a small volume of 1 mM
aKPO4 buffer, pH 6.5, or 5 mM NaKPO4 buffer, pH 7.3, and
ialyzed in the same buffer for about 24 h with several changes. This
rotein solution is referred to as crude protein.

Chromatography. Chromatographic procedures were performed
n the cold. The samples and buffers applied to the columns
ere sterilized, degassed, and kept at 4°C. All phosphate buffers

NaKPO4) were made with hydrated K2HPO4 and NaH2PO4 because
uring dehydration anhydrous phosphates may form contaminating
yrophosphate molecules which interfere with protein binding to
ydroxyapatite [7]. Air pressure was applied to the columns to main-
ain a flow rate of 0.5–1.0 ml per minute. Elutions were stepwise
0006-291X/00 $35.00
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olumn.
Bio-Gel P6 desalting gel columns (Bio-Rad, CA) exclusion of mol-

cules above 6,000 MW: In disposable 5 ml pipets, 4 ml bed volumes
ere equilibrated with 5 mM NaKPO4, pH 7.3, and calibrated for

eparation of large and small molecules with albumin and
3H)GABA.

Macro-prep DEAE Support columns (Bio-Rad, California) were
repared according to instructions supplied with the resin: Bed vol-
me was 1–2 ml in 10 ml plastic Bio-Rad columns. For Table 1, the
EAE column was equilibrated with 1 mM NaKPO4, pH 7.0, and the

rude protein applied to the column was in 5 mM NaKPO4, pH 7.3,
nd eluted from 0.01 to 1.0 M KCl. For Fig. 3, the DEAE column was
quilibrated with 5 mM Tris–Cl, pH 8.0; the active fraction (120 mM
aKPO4 elution from the hydroxyapatite column) was applied to the
EAE column in the same buffer; and elution was from 0.04 to 0.4 M
Cl. Analyses of all elution fractions from both DEAE columns

howed that the active protein did not bind to either column and was
ound in the run through solution.

Macro-prep ceramic hydroxyapatite Type I (40 mm) (Bio-Rad) was
repared according to supplied instructions with special care to
rotect the fragile ceramic beads: Bed volume, 2 g resin in 3 ml, was
quilibrated with 10 mM NaKPO4 buffer, pH 6.5, and eluted in 10 or
0 mM steps with 3 ml from 80–200 mM NaKPO4 buffer, pH 6.5.
ll samples were desalted either by dialysis or P6 gel with 5 mM
aKPO4, pH 6.5. Desalting was necessary for the bacterial assay but
id not change the gel separation pattern (data not shown).

Electrophoresis. Samples were reduced with 0.05 M dithiothrei-
ol. SDS–PAGE precast 4–12% Bis-Tris gels (Novex, San Diego) were
un at 200 mV constant voltage and developed with Daiichi Silver
tain-II (Owl Separation Systems, Inc., Portsmouth, NH).

Protein determination. Protein concentrations were estimated by
pectrophotometry using the absorbance difference between 215 and
25 mm and an albumin standard curve [8].

Bacterial competitive binding assay (referred to as bacterial assay).
s previously described in detail [1, 3], the assay consisted of 100 ml
f cell suspension (OD540 5 0.15) and 900 ml buffer solution contain-
ng protein samples and a final concentration of 5 nM (3H)GABA
Amersham, Piscataway, NJ). The buffer solution was 5 mM
aKPO4, pH 7.0, or 1 mM NaKPO4, pH 7.0, if the added protein was

n 5 mM Tris–Cl, pH 8.0. After a 5 min incubation at 25°C, the cells
ere collected on membrane filters, rinsed with sterile, ultrapure
ater, dried and dissolved with 1 ml ethyl acetate. Radioactivity of

he cells was determined by liquid scintillation spectrometry.
Specific activities of protein fractions were determined by the

acterial assay. In the assay, free GABA binding protein (GBP) in
olution competed with the periplasmic GBP in the cells for the
adioligand GABA, thereby resulting in a decreased incorporation by
he cells. Based on this reduction, a specific activity for the GBP was
alculated. Since the bacteria were sensitive to salt concentrations
reater than 10 mM, fractions with high salts were desalted or
ialyzed prior to assay.

ESULTS

Osmotic shock treatment of cells resulted in up to
7% loss of GABA uptake (data not shown). Soluble
roteins in the shock fluid were precipitated with 100%
mmonium sulfate and dialyzed against buffer using
000 MW exclusion dialysis tubing. When this crude
rotein was added to intact cells, inhibition of

3H)GABA binding occurred. Hence, low molecular
eight molecules (,1000), including any GABA re-

eased from the cells, were ruled out as the inhibitory
ource. The average specific activity of the crude pro-
66
ein was 28.6 (range 21.6–38.0) units/mg. The finding
f a specific activity for the crude protein indicated the
resence of a GABA binding protein.
The crude protein was partially purified by passage

hrough various columns, each providing information
bout the GBP (Table 1).
The P6 desalting gel column showed that the major-

ty (80%) of the specific activity was recovered in the
raction containing high molecular weight molecules.
he result was evidence that a GBP with a molecular
eight greater than 6000 was the active substance.
The GBP did not absorb to DEAE (Table 1) and was

ecovered in the run through which contained 1.9 mg of
he total crude protein (10.7 mg) applied to the column.

The hydroxyapatite column retained the GBP which
luted at 120 mM NaKPO4, as indicated by increased
pecific activity (Table 1, Fig. 1). Of the 10 mg crude
rotein applied, 95% absorbed to the column and 800
g protein was in the 120 mM NaKPO4 fraction. The
verage half life of the activity of the GBP in the 120
M NaKPO4 fraction was about 6–7 months when

tored at 220°C.
The hydroxyapatite fractions at 110, 120, and 130
M NaKPO4 showing the highest specific activities

Fig. 1) and SDS–PAGE banding patterns (Figs. 2C,
D, and 2E) correlated. As the specific activities in-
reased, the bands became more dense, specifically at
2,000 MW.
Additional chromatographies using a second hy-

roxyapatite or a DEAE column were performed on
ctive hydroxyapatite fractions recovered at 120 mM
aKPO4. When comparing the first hydroxyapatite

Fig. 3B) with the subsequent hydroxyapatite (Fig. 3D)
nd DEAE (Fig. 3E) column fractionations, after the
econd chromatographies, one band at 42,000 MW was
urther enhanced, and the specific activities increased
p to 5 times. A fraction, 100 mM NaKPO4, with zero
pecific activity had no band at 42,000 MW (Fig. 3C).
These results are consistent with identifying the
BP as a periplasmic protein, located between the

nner and outer membranes of this gram-negative bac-

Methods Used to Characterize Protein

Column

Active fraction Specific activity

Type % recoverya Units/mgb Increasec

io-Gel P6 High mol wt 80 32 1.2
EAE Run through 18 84 2.9
ydroxyapatite 120 mM PO4 8 59 2.7

a % crude protein applied to column. Crude protein was total
rotein precipitate from shock fluid by 100% ammonium sulfate.

b Unit 5 % (3H)GABA Inhibition 3 100. See Materials and Meth-
ds: Bacterial assay.

c Active fraction/crude protein.
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eria and released by the osmotic shock treatment,
ith a molecular weight of about 42,000.

ISCUSSION

In estimating molecular weight, our procedure, as a
impler alternative to conventional methods, might be
mployed when large quantities of cells or protein and
ther equipment are unavailable. We used minimal
mounts of cells and proteins, small columns, stepwise
lution and limited purification steps.
Our procedure was not based on purifying to homo-

eneity and having fewer protein bands after each
urification step. The numerous gel bands, even faint
nes, were important to be visible in case the GBP
oncentration in the cells was low. Detecting and fol-
owing minor, faint bands was possible because low
oncentrations of protein are stained sharply with little
ackground with the Daiichi silver stain.
It is unlikely that the GBP was some other protein
hich was not visible on the gels but co-purified with
2,000 MW proteins. Out of numerous bands found on
DS–PAGE gels following three separate column runs,
he 42,000 MW band was the only one whose increased
ensity correlated with higher specific activity. When
ctivity was found in three fractions following the ini-
ial hydroxyapatite chromatography, the patterns of
ncrease in specific activity (Fig. 1) and band density at
2,000 MW (Figs. 2C, 2D, and 2E) correlated. Also,
hen the high specific activity fraction (120 mM
aKPO4, Fig. 1) was subjected to further purification

FIG. 1. A portion of the hydroxyapatite fractionation of the crude
rotein that was precipitated from the shock fluid by 100% ammo-
ium sulfate.
67
y hydroxyapatite and DEAE, distinctly different elu-
ion patterns were produced by each resin, and the
2,000 MW band remained the common most dense
and (Figs. 3D and 3E) in the fractions which had the
ighest specific activity. Furthermore, the dense
2,000 MW band was missing when specific activity
as lacking (Fig. 3C).
In summary, a molecular weight of a protein was

etermined using 5 g or less (wet weight) of cells,
artially purified protein fractions using two different
hromatographic resins, and the bacterial assay com-
ined with SDS–PAGE analysis.
The GBP molecular weight of 42,000 was somewhat

arger than the 26,000–37,000 range reported for other
acterial binding proteins for amino acids [9]. The
ABAA receptor in mammals is composed of numerous

FIG. 2. SDS–PAGE banding patterns of crude protein (B) and
ydroxyapatite (C–E) fractions shown in Fig. 1. (A) Standard MW
roteins (Amersham, Piscataway, NJ), MW 3 1023; (B) Crude pro-
ein, 125 ng; (C) 110 mM NaKPO4 fraction, 188 ng; (D) 120 mM
aKPO4 fraction, 188 ng; (E) 130 mM NaKPO4 fraction, 188 ng.
rrow is approximately 42,000 MW.

FIG. 3. SDS–PAGE banding patterns of hydroxyapatite (B, C, D)
nd DEAE (E) fractions. (A) Standard MW proteins, MW 3 1023; (B)
nd (C) Hydroxyapatite fractions of crude protein showing the high-
st (B, 120 mM NaKPO4, 207 ng) and no (C, 100 mM NaKPO4, 215
g) specific activity for the GABA binding protein. Subsequent chro-
atography of a 120 mM NaKPO4 hydroxyapatite fraction was done

n a second hydroxyapatite or DEAE column. The fractions with the
ighest specific activities were hydroxyapatite 110 mM NaKPO4 (D,
49 ng) and DEAE run through (E, 175 ng). Arrow is approximately
2,000 MW.



subunits, ranging from 53,000 to 58,000 MW [10].
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rom an evolutionary point of view, it would be inter-
sting to compare the amino acid sequences of the a or
ther subunits of the mammalian GABA receptor and
he bacterial binding protein.

The bacterial GABA uptake system has a high affin-
ty with a Km of 65 nM [3]. The findings here showed
hat a periplasmic GBP is part of the uptake system
nd likely has a Kd much lower than the Km [9]. A
acterial protein which binds GABA with a low Kd

ight be useful as a diagnostic tool. The bacterial
ssay is an accurate and sensitive assay for measure-
ent of GABA in human cerebrospinal fluid [2]. Re-

ently, urine GABA was shown to be elevated in
omen with ovarian cancer using the bacterial assay

unpublished). A GABA assay using the GBP in an
LISA or similar technique, instead of bacteria, might
e helpful in analyzing or monitoring GABA in bodily
uids or as a technique to examine the role of GABA in
eurological, psychological and other disorders.
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