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ABSTRACT 

High-performance immunoaffinity chromatography (HPIAC) with anti-glutamine synthetase polyclonal antibodies bound to epoxy- 
activated silica was used to purify and determine this enzyme from the cyanobacterium Synechocystis. A single-step HPIAC procedure 
with cell-free extracts yielded electrophoretically homogeneous glutamine synthetase. In the determination of glutamine synthetase by 
HPIAC a linear response in the range 10-60 pg of enzyme was observed. Recoveries of 70% of the loaded enzymatic activity and 100% 
of protein were obtained. The determination of glutamine synthetase protein by HPIAC was compared with that obtained by rocket 
immunoelectrophoresis. The chromatographic method is proposed as a possible alternative to other immunochemical quantitative 
techniques, particularly when non-limiting amounts of samples are available. 

INTRODUCTION 

Affinity chromatography is a well known proce- 
dure for the purification of biomolecules and its 
principles and applications have been reviewed in 
detail [ 1,2]. The biospecificity of conventional affin- 
ity chromatography (low pressure) has been suc- 
cessfully combined with the fast operation, resolu- 
tion and sensitive detection of high-performance 
liquid chromatographic (HPLC) systems [3]. High- 
er selectivity and specifity can be achieved by using 
antibodies or antigens as immobilized ligands, 
which adds the advantages of immunochemical re- 
actions to the separation process. The resulting 
technique is known as high-performance immu- 
noaffinity chromatography (HPIAC) [4]. 

al, the coupling to epoxysilica of ligands with such 
functionalities can be easily carried out, rendering 
this support advantageous for many applications. 
Thus, we have recently used this support to immo- 
bilize a pyridine nucleotide analogue for one-step 
purification of NADP+-dependent dehydrogenases 
from different cell-free extracts [9]. This affinity ma- 
trix is also suitable for immobilization of antigens 
or antibodies for analytical and preparative separa- 
tions, which permit rapid isolation and high recov- 
ery of biologically active molecules. 

Epoxy-activated silica has been widely used as a 
support in high-performance affinity chromatogra- 
phy (HPAC) owing to its porosity and mechanical 
rigidity, allowing work at the pressures and flow- 
rates usual in HPLC. The oxirane groups present in 
epoxysilica react with nucleophiles such as amino 
[5], hydroxyl [6], thiol[7] and carboxy [8] in the pH 
range 3-7.5 to form stable covalent bonds. In gener- 

In this work, HPIAC with linked polyclonal anti- 
bodies was used for the determination of glutamine 
synthetase (GS), an enzyme that catalyses the in- 
corporation of ammonia into amino acids in a wide 
variety of organisms. In bacteria and cyanobacte- 
ria, GS has a molecular weight of 600 000 dalton 
with twelve identical 50 OOO-dalton subunits [IO,1 11, 
while the eukaryotic enzyme has eight subunits of 
45 00@48 000 dalton [12,13]. GS has been purified 
from many organisms by conventional affinity 
chromatography [13-151 but, as far as we know, no 
data exist on the use of HPLC or HPIAC for the 
purification of this enzyme. Based on the results re- 
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ported here, we propose HPIAC for the one-step 
purification of GS, and as an excellent alternative to 
other non-chromatographic immunoquantitative 
procedures. 

EXPERIMENTAL 

Chemicals 
Salts for the mobile phases and acetonitrile were 

purchased from Merck (Darmstadt, Germany). 
Tris, phenylmethylsulphonyl fluoride (PMSF), ED- 
TA and 3-(N-morpholino)propanesulphonic acid 
(MOPS) were obtained from Sigma (St. Louis, MO, 
USA). Purified glutamine synthetase was a gift 
from Drs. Candau and Florencio (Universidad de 
Sevilla). Freund’s adjuvants were from Difco Labs. 
All other chemicals used were of the highest purity 
available. 

Equipment 
HPIAC was performed using a Beckman liquid 

chromatographic system equipped with two Model 
110B pumps, an Altex 210A injection valve with a 
2.0-ml loop, a Model 163 variable-wavelength UV 
detector and a Model 406 analogue interface mod- 
ule. Integration of chromatograms was performed 
in a AT-compatible computer with the Beckman 
System Gold software. An Ultraffinity-TM pre- 
packed epoxy-activated silica analytical column (5 
cm x 0.45 cm I.D.) from Beckman was used for 
coupling anti-GS antibodies. High-purity water was 
obtained using a Milli-Q system (Millipore). 

Cell culture 
Synechocystis sp. PCC 6803 cells were grown at 

37°C as described previously [16]. The medium was 
supplemented with 20 mM NaN03 as a nitrogen 
source. Cells growing at mid-log phase were har- 
vested by centrifugation at 19 000 g for 25 min. The 
cells were washed with 50 mM MOPS buffer (pH 7) 
containing 1 mA4 EDTA and 1 mM PMSF (5 ml 
buffer/g wet cells) and centrifuged at 19 000 g for 10 
min. Both processes were repeated three times. The 
pellet was then resuspended with buffer as described 
above and sonicated for 6 x 30 s at 1 -min intervals. 
Cellular debris was removed by centrifugation at 39 
000 g for 20 min. The cell-free extract contained 2.6 
U GS/mg protein. 
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Enzyme activity and puriJication 
The transferase activity of GS was determined as 

described previously [ 171. One unit of activity is the 
amount of enzyme that catalyses the formation of 1 
pmol of y-glutamylhydroxamate per minute. The 
enzyme from Synechocystis was purified by ion-ex- 
change and affinity chromatography on 2’,5’-ADP- 
Sepharose [15]. The elution from the affinity col- 
umn was carried out by a pulse of ADP. Protein 
concentration was determined by the bicinchoninic 
acid assay [18] using bovine serum albumin as a 
standard. 

Immunization and pwification of antibodies 
Purified GS was subjected to disc gel electropho- 

resis and its activity was localized on the gels. Gel 
sections containing GS were pooled, disrupted and 
emulsified in 4 ml of a mixture containing equal 
volumes of phosphate-buffered saline (PBS) and 
Freund’s complete adjuvant and injected subcuta- 
neously into a non-immunized rabbit. Bleeding and 
further booster injections were performed as report- 
ed previously [19]. After centrifugation and inacti- 
vation of complement, the immunoglobulin G 
(IgG)-enriched fraction was purified by chromato- 
graphy on protein A-Sepharose according to 
Campbell and Remmler [20]. 

Electrophoresis 
Sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE) was performed in 
slab gels according to Laemmli [21]. Acrylamide 
concentrations were 10% and 4% (w/v) for running 
and stacking gels, respectively. Rocket immunoe- 
lectrophoresis was carried out as described by 
Weeke [22], in agarose plates containing, per milli- 
litre of gel, 21 pug of protein A-purified IgG-rich 
fraction from anti-GS serum. Samples of crude ex- 
tracts (9 ~1) were run overnight at 10°C and 10 V/ 
cm. Proteins were stained with Coomasie Blue 
R250. 

Coupling of antibodies to the epoxysilica column 
The IgG fractions eluted from the protein A-Se- 

pharose column were pooled and dialysed over- 
night against 0.5 M potassium phosphate buffer 
(pH 7) (coupling buffer). For the coupling, a solu- 
tion containing 9.34 mg of protein in 12 ml was 
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used. The Ultraffinity-EP column was connected to 
an HPLC pump primed with coupling buffer. The 
column flow rate was maintained at 1 ml/min until 
liquid eluted from the column end, then it was 
changed to 0.2 ml/min and recycled for 36 h at 
35°C. Subsequently the column was extensively 
washed with coupling buffer to remove unbound 
antibodies. Removal of ionically bound ligand was 
carried out, under identical conditions, by washing 
the column with 1 M KC1 for 1 h at 1 ml/min and 
then with 20 mM KC1 to eliminate hydrophobically 
bound antibodies. The remaining unreacted oxirane 
groups on the silica support were deactivated by 
pumping 0.5 M glycerol in 1 A4 potassium phos- 
phate buffer (pH 4.5) at 0.2 ml/min for 8 h at 35°C. 
After washing with equilibrating buffer [50 mM 
MOPS (pH 7.0)-l mM EDTA], the column was 
ready for use. When not in use, the column was 
stored at 4°C. 

Chromatographic procedure 
The silica anti-GS column ,was equilibrated with 

a loading buffer containing 50 mM MOPS, 250 mA4 
KC1 and 1 mM EDTA (pH 7). Samples (2 ml) were 
injected at a flow rate of 1 ml/min. After extensive 
washing with loading buffer, a pulse of 1 M KC1 in 
loading buffer (2.0 ml) was applied to elute non- 
specifically retained compounds. Elution of GS was 
performed at 0.5 ml/min with a 2-ml pulse of load- 
ing buffer supplemented with 10% of acetonitrile 
and 2.5 M MgClz. GS transferase activity was mea- 
sured in the 0.5-ml fractions collected. The influence 
of eluents on the baseline at 280 nm was corrected. 
The samples were filtered through 0.20~pm mem- 
brane hydrophilic filters before injection into the 
immunoaffinity column. The mobile phases were 
degassed under vacuum for 30 min in an ultrasonic 
bath and filtered before use. All chromatographic 
procedures were performed at room temperature. 

RESULTS AND DISCUSSION 

The high affinity and specificity of the antigen- 
antibody interactions turn HPIAC into an efficient 
analytical technique. The main aim of this work 
was to use HPIAC for the determination of GS in 
complex protein mixtures. Polyclonal antibodies 
used for coupling to epoxy-activated silica were ob- 
tained by protein A-Sepharose chromatography of 
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Fig. 1. HPIAC elution pattern of Synechocystis glutamine syn- 
thetase in (A) cell-free extracts and (B) conventionally purified 
preparations. (A) A Synechocystis crude extract sample (2 ml) 
containing 2.4 mg of total protein was chromatographied as de- 
scribed under Experimental. (B) A sample (2 ml) of Synechocys- 
tis glutamine synthetase purified by conventional chromatogra- 
phy, containing 50 pg of protein, was processed as described 
under Experimental. Solid lines, absorbance at 280 nm; 0, GS 
transferase activity. Times for different pulses are indicated with 
arrows: (1) 1 M KCI; (2) 10% acetonitrile in 2.5 M MgCl,. 

an anti-GS serum. Monospecifity of the purified an- 
tiserum, when challenged with crude extracts of 
Synechocystis, was demonstrated by immunoelec- 
trophoretic procedures (not shown). 

The effects of different factors such as ionic 
strength, type of buffer and pH on the binding of 
GS from Synechocystis to the anti-GS column were 
studied. Complete binding of up to 60 pg of GS was 
achieved using 50 mA4 MOPS buffer containing 250 
mM KC1 and 1 mM EDTA. Consequently, this so- 
lution was selected as the equilibrating buffer in the 
subsequent chromatography. On the other hand, 
different GSs antigenically related to the enzyme 
from Synechocystis were not effectively bound by 
the antibodies coupled to the column. Thus, the en- 
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zyme from the cyanobacterium Synechococcus, 
which presented high degree of cross-reactivity with 
our anti-GS IgGs in double immunodiffusion tests, 
was less than 20% retained by the HPIAC column 
under our experimental conditions. Negligible 
binding to the immunoaffinity column was also ob- 
served when injecting crude extracts of other cyano- 
bacteria (Culothrix) or a photosynthetic bacteria 
(Rhodobacter). This restricted binding capacity cor- 
roborates the high specificity of immunochemical 
interaction. Thus, GSII isoenzyme from Rhizobium 
does not cross-react with polyclonal anti-GSI anti- 
bodies, illustrating differential recognition of isoen- 
zymes from the same organism [23]. 

In most instances, values lower than lo-* are 
typical for dissociation constants of immuno com- 
plexes in free solution [24]. However, the disruption 
of immobilized complexes can be achieved using 
different conditions, such as low-pH buffers, high 
salt concentrations (chaotropics), organic solvents 
or mixtures (organics plus salts). Proteins have to 
be treated gently in order to avoid denaturation; 
therefore, the elution conditions are specific for 
each case, depending on the particular affinity of 
antibodies towards the antigen to be purified. A 
wide range of conditions have been used to elute GS 
from the HPIAC polyclonal IgG column. Thus, 
acidic buffers such as acetic acid (pH 2.7) or gly- 
tine-HCl (pH 2.2) and organics such as 50% ethy- 
lene glycol or IO-30% acetonitrile were not effective 
for the disruption of the antigen-immobilized anti- 
body complex, while MgCl* (2.5-3 it4) showed a 
partial efficiency for enzyme elution. However, the 
GS retained in the column was completely eluted 
with 10% acetonitrile in 2.5 M MgCl*, and this 
eluent was routinely used in the HPIAC experi- 
ments. 

Fig. 1A shows the elution profile of protein and 
GS activity after chromatography of a Synechoqs- 
tis crude extract. Traces of unspecifically adsorbed 
proteins were washed out with a 2-ml pulse of 1 M 
KCl. Elution of GS protein and activity was per- 
formed with a 2-ml pulse of 10% acetonitrile-2.5 M 
MgC12. The chromatographic behaviour of purified 
Synechocystis glutamine synthetase is shown in Fig. 
1 B: a well defined peak was again observed after the 
pulse of elution buffer, whereas no protein was de- 
tected, in this instance, after washing whith 1 M 
KCl. As the enzyme had been purified by affinity 

chromatography (2’,5’-ADP-Sepharose) and eluted 
by ADP, unretained ADP yielded a peak, a marker 
of the dead volume of the HPLC tubing. 

Specificity of the bound antibodies was further 
corroborated by SDS-PAGE of samples obtained 
by concentrating the GS activity-containing frac- 
tions eluted from the HPIAC column (Fig. 2). Thus, 
one densely stained band was obtained after elec- 
trophoresis of GS purified by HPIAC of Synecho- 
cystis crude extracts (lane E). The same band was 
observed with purified GS, either before (lane B) or 
after (lane C) HPIAC processing. Comparison of 
lanes D, E and F confirms the power of the HPIAC 
for one-step purification of Synechocystis glutamine 
synthetase, although this was not the main aim of 
this work. By comparing with the molecular weight 
markers, an approximate value of 55 000 dalton can 
be inferred for the Synechocystis GS subunit, which 
is close to that previously reported [25] for the en- 
zyme monomers of 52 000 dalton. 

Fig. 2. SDS-PAGE of crude extracts and purified GS from Syn- 
echocystis. Conditions as indicated under Experimental. (A) 35 
ng of a standard mixture containing the markers carbonic an- 
hydrase (30 000), ovoalbumin (45 000), bovine serum albumin 
(67 000) and ovotransferrin (78 000 dalton); (B) 25 ng of GS 
purified by conventional affinity chromatography; (C) 15 pg of 
purified GS further processed by HPIAC; (D) and (F) Syraecho- 
cystis crude extracts (108 and 162 pg of protein, respectively); (E) 
22 pg of GS, purified by one-step HPIAC from Synechochystis 
crude extract. 
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Fig. 3. HPIAC calibration graph for purified glutamine synthe- 
tase. Samples (2 ml) containing different amounts of purified GS 
were chromatographed according to the procedure described un- 
der Experimental. GS elution peak areas are expressed in ar- 
bitrary units. 

An average of 70% of GS activity was recovered 
in the HPIAC process. This value does not take into 
account the slight inhibition promoted by the eluent 
on GS transferase activity. Futher, a linear relation- 
ship was obtained when the peak areas at 280 nm of 
eluted GS were plotted against the amounts of puri- 
fied protein injected on to the column (Fig. 3). Line- 
arity was also observed on injecting different dilu- 
tions of Synechocystis crude extracts (not shown), 
indicating a complete mass recovery of GS protein 
from the column under the elution conditions used 
[26,27]. This result opens up the possibility of deter- 
mining GS in complex protein mixtures by using 
Fig. 3 as a standard. 
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Glutamine synthetase in Synechocystis cell-free 
extracts was determined by comparing rocket im- 
munoelectrophoresis with HPIAC. Table I shows 
the results obtained. The amount of GS protein was 
determined by rocket immunoelectrophoresis in 
each cell-free extract sample by comparison with a 
standard of purified GS subjected to an identical 
process. A linear regression analysis of the data 
gave a correlation coefficient of 0.998. Additionally, 
HPIAC determination of GS protein in crude ex- 
tracts was performed by measuring the specific peak 
area at 280 nm and comparing it with the calibra- 
tion graph shown in Fig. 3. A correlation coefficient 
of 0.994 was calculated from the linear least-squares 
analysis of the data and a linear range (IO-60 pg of 
GS) was found. The results obtained by both meth- 
ods (averages 21.5 f 0.5 and 24.1 f 0.4 pg GS/mg 
total protein) allows HPIAC determination to be 
proposed as an alternative to non-chromatographic 
immunochemical quantitative methods. Rocket im- 
munoelectrophoresis and the more sensitive en- 
zyme-linked immunosorbent assay (ELISA) are 
able to detect minute amounts of antigens, starting 
from small amounts of protein mixtures, and allow 
several samples to be run at a time. However, both 
procedures consist of a series of steps which, in 
many cases, could result in a time-consuming over- 
all process. Although the HPIAC determination de- 
scribed here requires larger amounts of samples (see 
Table I), further optimization of the HPIAC tech- 
nique might shorten the time required, making it 
advantageous for the rapid, direct determination of 
antigens, particularly when non-limiting amounts 

TABLE I 

DETERMINATION OF GLUTAMINE SYNTHETASE IN CRUDE EXTRACTS FROM SYNECHOCYSTIS 

Rocket immunoelectrophoresis HPIAC 

Protein @g)” h (cm) GS @g) GS OLg)b Protein (mgy Peak aread GS bg) GS Olg)b 

4.88 1.7 0.11 24.00 1.20 24.11 25.33 21.25 
6.97 2.3 0.17 24.31 1.55 30.04 33.74 21.71 
8.13 2.6 0.20 24.39 2.17 38.04 45.10 20.80 
9.76 3.1 0.24 24.50 2.35 42.50 52.01 22.13 

12.20 3.6 0.28 23.51 2.53 44.70 54.55 21.57 

’ In 9 ~1 of crude extract. 
b Per mg total protein. 
’ In 2 ml of crude extract. 
d Expressed in arbitrary units. 
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of samples are available or in antigen-rich mixtures. 
On the other hand, immunoaffinity chromatogra- 
phy has been often used as a prepurification step, 
followed by determination by other HPLC tech- 
niques [28-301. Additionally, the direct HPAC de- 
termination of proteins has been reported [27]. 

4 
5 

6 

7 

Non-specific binding to affinity chromatographic 
systems has been prevented by adding detergents 
such as Tween 20 to mobile phases [3 11 or by using a 
precolumn with linked non-immune y-globulins 
[32]. In our case, accumulation of non-specifically 
adsorbed proteins was avoided by routine regener- 
ation of the column with 30% acetonitrile after two 
or three runs. The column capacity appeared to re- 
main constant after 50 runs. 

8 

9 

10 

11 

12 

Although the current trend in HPIAC is to use 
monoclonal antibodies, the results obtained with 
the polyclonal anti-GS system seem to be as reliable 
as those previously reported with monoclonals for 
other proteins [33]. Moreover, the production of 
this last type of antibodies is laborious and expen- 
sive and in many instances drastic elution condi- 
tions are needed [33,34]. The choice of monoclonal 
or polyclonal antibodies for a given HPIAC system 
could depend on a balance of the cost of producing 
the necessary amount of the ligand to be immobi- 
lized and the half-life of the column. In conclusion, 
we propose the use of HPIAC for the determination 
of different macromolecules in cell-free extracts, 
particularly when non-limiting amounts of samples 
are available. 
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