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ABSTRACT

Using a two-dimensional isoelectrofocusing (IEF)—electrophoresis technique, the pH titration curves of the three main desialylated
variants (Fi, S and A} of human «,-acid glycoprotein {AAG) were studied to assist in the development of a fracticnation method for the
AAG variants. For this purpose, different AAG samples. each corresponding to one of the three main phenotypes of the protein
(F18/A, F1/A and S/A), were first purificd by chromatographic separation of individual human plasma samples on immobilized
Cibacron Blue F3G-A. The purified AAG samples were then desialylated and their heterogeneity was checked by analytical IEF, The
pH-mobility curves of the desialvlated AAG samples were displayed in polyacrylamide gel slabs, under a constant set of experimental
conditions, by carrying out electrophoresis of the protein samples perpendicularly to two stationary pH gradients: a large gradient {pH
3.5-9.5) and a narrow gradient (pH 5-8). The curves shawed that all the desialylated variants of AAG exhibited small charge differences
and moved closely together between about pH 3.5-5.5 and pH 7.5-9.5. However, the variants were found to show microheterogeneity
in their total charge between about pH 5.5 and 7.5 due to the titrated ionizable groups involved along this pH zone. This microheteroge-
neity was assumed to be accounted for by the existence of differences hetween the titratable histidyl residues of the AAG variants,
Consequently, the interactions of the variants with immobilized transition metal ions were studied at pH 7, using affinity chromatogra-
phy on an iminodiacetate Sepharose—Cu(Il) gel. It was found that the A variant was strongly bound by immobilized Cu(II) ions,
whereas the F1 and § variants interacted non-specifically with the immobilized ligand. This finding allowed the development of a rapid
and cffective fractionation method for desialylated AAG into its A and FI or § variunts, depending on the AAG phenotype, by
chromatography on an immobilized affinity Cu(ll) adsorbent. The quantitative relationships between immaobilized Cu(IT) ions and
desiaiylated AAG (the apparent association constant and gel protein-binding capacity) were also determined using a non-chromato-
graphic equilibrium binding technique.
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INTRODUCTION

Human x;-acid glycoprotein (AAG), or oroso-
mucoid, is a plasma glycoprotein belonging to
the group of “acute-phase reactants”, Although
its exact physiological function is still unknown,
AAG has been identified in plasma as a transport
protein for basic drugs. such as antidepressants,
neuroleptics and f-blockers. This protein also
seems to play a part in immunoregulation (for a
review, see Kremer et ol [1]).

AAG is composed of a single polypeptide
chain of 181 residues and has an estimated mo-
lecular mass of 44 kilodaltons. This glycoprotein
has an unusually high carbohydrate content (up
to 45%), consisting of a large number of sialyl
residues (up to 11%) {2]. 1t has been well docu-
mented that AAG is very heterogeneous, consist-
ing of sub-populations with different charges and
lectin-binding behaviour [2,3].

The heterogeneity of human AAG has been ex-
tensively studied. After desialylation of this pro-
tein, three main variants are distinghuished by
their electrophoretic migration in analytical iso-
electrofocusing (IEF), as one “fast” and two
“slow™ bands [4], corresponding to the F1 and
the S and A variants, respectively. These variants
differ in the substitutions of several amino acids
in the peptide chain [2,5]. This microheterogenei-
ty is genetically determined and, depending on
the relative concentrations of the variants in de-
sialylated plasma, threc main AAG phenotypes
are observed in a general population: FIS/A,
F1/A and S/A, the expected frequencies of which
are 47.9, 35.1 and 16.4%, respectively [4].

Elucidation of this microheterogeneity, espe-
cially in the light of the possibility of functional
(drug-binding) differences between the genetic
variants of AAG is an interesting challenge and
several studies have been carried out [6-9]. How-
ever, there have been several methodological dif-
ficulties. For example, the study of the binding
properties to drugs of the individual genetic vari-
ants of human AAG requires the use of relatively
large amounts of each variant becausc of the rela-
tively low affinities to drugs generally described
for human AAG (10*-10° [;mol) [1]. However,
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the fractionation of AAG variants is generally
performed using standard commercial proteins,
which are mixtures of different AAG phenotypes.
Two different methods, a preparative 1IEF meth-
od [7] and high-perfermance ion-exchange chro-
matography [10], have to be used successively for
separating the three variants of desialylated
AAG. In practice, we observed that the separa-
tion of the AAG variants is a relatively time-con-
suming procedure and above all that the recovery
of cach varant was low (less than 30-40% of
each variant was recovered with both methods),
thus making the study of the individua! drug-
binding properties of the variants a tedious task.
Therefore, it appeared necessary to develop other
fractionation mcthods for the AAG variants
which would be simpler and more efficient than
those uscd at present for scparating AAG vari-
ants.

Therefore, we decided to study in parallel and
under ““native” conditions the pH titration
curves of the desialylated vanants of human
AAG to assist us in the [urther devclopment of
other fractionation methods for the variants. For
this purpose, small amounts of ¢ach of the three
main AAG phenotype samples (FIS/A. FI/A
and S/A) were purified in a first step after apply-
ing individual human plasma samples to Ciba-
cron Blue F3G-A immobilized to Sephadex
G-100 [10]. After purification, the AAG samples
were desialylated and their respective pH titra-
tion curves were displayed in polyacrylamide gel
slabs, under constant experimental conditions,
by performing electrophoresis of the protein
samples perpendicularly to different stationary
pH gradients stabilized by a stack of focused car-
rier ampholytes [11]. The results obtained from
this study led us to examine the binding of the
variants to immobilized transition metal ions.
Using a chromatographic method on an imsnobi-
lized affinity Cu(Tl) adsorbent (IMAC) [12)], the
AAG variants were found o show important
heterogeneity on binding to the immobilized li-
gand. This finding allowed us to develop an
IMAC method for the fractionation of desialylat-
ed AAG samples into their F1S and A, or F1 and
A, or § and A variants. depending on the pheno-
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type of the sample used. The fractionation was
then compared with the electrophoretic hetero-
geneity of the AAG samples as visualized by ana-
lytical IEF. In addition, the quantitative affinity
relationships of immobilized Cu(ll} ions with de-
siatylated AAG were determined by using a non-
chromatographic protocol, previously described
by Hutchens et al. [13]. Our results are discussed
in the light of the structural differences existing
between the variants of human AAG.

EXPERIMENTAL

Materials

Human plasma samples containing AAG with
the FIS/A, FI/A or S/A phenolype were ob-
tained from healthy donors and frozen at —20°C
until use.

Materials were obtained from the following
sources. Human AAG (from Cohn fraction V),
essentially fatty acid free human serum albumin
(from Cohn fraction V). Clostridium perfringens
neuraminidase type X. Norite A charcoal. urea
ultrapure and cupric chloride (ACS reagent) were
from Sigma (St. Louis, MO, USA). Immobiline
(pK 4.6 and 9.3), Ampholine carrier ampholytes
(in the pH ranges 3.5-9.5 and 53-8, respectively),
acrylamide, Gelbond polyacrylamide gel films,
gradient gels PAA 4/30, low-molecular-mass
marker protein kit, Sephadex G-100, chelating
Sepharose Fast Flow (45-165 um mean particle
size, 22-30 umol Cu?* per ml gel) and columns
PD-10 Sephadex G-25 M were purchased from
Pharmacia LKB (Uppsala, Sweden). N,N’-Meth-
ylenebisacrylamide (bis), ammonium persul-
phate, N,N,N’,N’-tetramethylethylenediamine,
Coomassie Brilliant Blue R 250, 2-mercaptoetha-
nol and imidazole were obtained from Merck
(Darmstadt, Germany), Cibacron Blue F3G-A
was from Fluka {Buchs, Switzerland) and the
YM 10 membrane filter and Centricon 10 micro-
concentrator were obtained from Amicon (Dan-
vers, MA, USA). All other reagents were of grade
A or analytical-reagent grade and were pur-
chased from local suppliers.

Purification of individual AAG samples with differ-
ent phenotypes on Cibacron Blue F3G-A immobi-
lized to Sephadex G-100

The covalent coupling of Cibacron Blue
F3G-A to Sephadex G-100 and the purification
of the F18/A, F1/A and §/A AAG samples from
individual human plasma samples by a one-step
chromatographic procedure on immobilized Ci-
bacron Blue F3G-A were carried out as described
previously [10]. The purity of each AAG prep-
aration was checked by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE)
[14], using a Pharmacia GE 2-4/LS vertical gel
electrophoresis apparatus, and by immunoelec-
trophoresis [15] using a specific immunoserum to
human plasma proteins (Behring, Marburg, Ger-
many) and anti-human AAG rabbit immunoglo-
bulins (Dakopatts, Glostrup, Denmark) as the
antibodies,

Charcoal treatment and desialviation of AAG
samples

Before use, the individually purified AAG
samples and the commercial AAG sample were
delipidated by charcoal treatment at pH 3.0 ac-
cording to the method of Evenson and Deutsch
[16] and then lvophilized. The proteins were then
desialylated with neuraminidase [7], dialysed
against deionized water and finally lyophilized.

Before analy'tical IEF, the individual human
plasma samples used in the chromatographic
procedure on immobilized Cibacron Blue were
desialylated with neuraminidase as described by
Eap et al. [4].

Spectrophotometry

Absorbance measurements or spectral scans
were performed on a Beckman Model DU-7 sin-
gle-beam recording spectrophotometer. The pro-
tein concentration of desialylated human AAG
and of human serum albumin (HSA) were
checked spectrophotometrically at 278 nm, using
A%y, values of 11.8 and 5.7 and assuming rcla-
tive molecular mass (M) values of 39.2 and 65
kilodaltons for desialylated human AAG and
HSA, respectively.
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Isoelectrofocusing

An LKB 2117 Multiphor 1I electrophoresis ap-
paratus was used for the IEF experiments.

Analytical IEF of the individual AAG sam-
ples, after their desialylation, and AAG pheno-
typing of the desialylated whole plasma wete per-
formed essentially as described by Eap and Bau-
mann [17] in an immobilized pH 4.4-5.4 polya-
crylamide gel gradient with 8 A urea and 2%
{v/v) 2-mercaptoethanol. Detection of the vari-
ants was made by staining with Coomassie Bril-
liant Blue and by immunoblotting with two anti-
body steps [17], respectively. The relative propor-
tion of each protein band in the gels was deter-
mined by scanning with an LKB 2202 Ultroscan
laser densitometer.

The two-dimensional 1EF—lectrophoresis ex-
periments were carried out according to LKB ap-
plication Note 319 [18]. Polyacrylamide gel slabs
(10.9 = 11.4 x 0.2 cm thick) containing 5% T,
3% Cui and 2.4% Ampholineg in the pH ranges
3.5-9.5 or 5-8 were cast with a narrow applica-
tion trench in the middle (9 cm long * 1 mm
wide ¥ 1 mm deep) which could be filled with
about 100 pl of sample. The pH gradient 3.5-9.5
was preformed (without sample) by the one-di-
mensional IEF of carrier ampholytes by deliver-
ing 10 W (with an LK B 2297 Macrodrive 5 con-
stant-power supply} for 90 min at 4°C until stea-
dy-state conditions were reached (900 V, 11 mA),
using cathodic and anodic paper strips soaked
into 1 M NaOH and 1 M H,PQ,, respectively.
For performing the pH 5-8 gradient, 0.5 M
NaOH and 0.5 M acetic acid were used as the
catholyte and anolyte solutions, respectively, and
steady-state conditions (1100 V, 9 mA) werc
reached by delivering 10 W (constant) for 75 min
at 4°C. At this point, the anodic and cathodic
regions were removed by slicing the gel on the
inner side of the electrode filter-paper strips. The
polyacrylamide gel was then turned around by
90° and new elecirode paper strips, still contain-
ing the described anolyte and catholyte solutions,
were applied for the second dimension. The ap-
plication trench across the pH gradient was filled
with the sample (depending on the AAG pheno-
type, 200-300 pg of desialylated AAG dissolved
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in 100 ul deionized water) and the two-dimen-
sional electrophoresis of the protein was per-
formed perpendicular to the pH gradient at 700
V for 25 min at 4°C to extend the titration curves
over a large distance between the electrodes. At
the end of the experiment the pH gradient was
determined on the gel at 2-3 cm from the cathode
or the anode, on a gel slice of 1 em width, with a
surface microelectrode (Ag/AgCl, (.8 cm diame-
ter, Lot 403-M&-S7/120, Ingold, Steinbach, Ger-
many) combined with a digital Radiometer pH
meter. Visualization of the protein titration
curves was carried out by staining with Coomas-
sie Brilliant Blue [18].

Experiments with immobilized Cu(I1) ion to imi-
nodiacetate (IDA; Sepharose

Equilibration of IDA Sepharose with metal ad-
sorbent. The equilibration was performed at
room temperature (20-23°C) according to the
method of Hutchens et al. [13]. The chelating Se-
pharose was washed with several volumes of
glass-distilled water over a Biichner recipient (po-
rosity 4) and then poured into a glass column
before loading with metal ions by equilibration
with 0.2 M copper chloride in distilled water. Ex-
cess (unadsorbed) metal ions were removed by
washing the IDA—-Cu(Il) gel with several volumes
of pH 3.8, 0.1 A sodium acetate buffer, contain-
ing 0.5 M NaCl. Finally, the loaded IDA—Cu(II)
gel was equilibrated with pH 7.0, 20 mAf sodium
phosphate buffer, containing 0.5 M NaCl (equili-
bration buffer E).

Immobilized metal ion-affinity chromatography.
IDA Sepharose gel loaded with Cu(ll) ions and
cquilibrated in buffer E (pH 7) was packed into
glass columns (0.7 cm 1.D.) to a final bed volume
of 7.5 ml. Three types of AAG samples were
used: a commercial AAG sample containing a
mixture of the Fl, S and A varmants (total
amount 5 mg), and individually purified AAG
samples, consisting of either F1/A or §/A pheno-
type (total amount 1.5 mg). The AAG samples
were all dissolved in 0.5 ml of column equilibra-
tion buffer E and separately applied to the col-
umns at a linear flow-rate of 7.5 ml/h. Fractions
(1.5 ml) were collected and their respective absor-
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bances were measured spectrophotometrically at
280 nm. Next, several volumes of pH 7 buffer E
were applied to remove the unbound variant(s); a
second pH 7 elution buffer, consisting of 20 mA{
imidazole in buffer E, was applied to the columns
to remove the bound variant(s). The columns
were regenerated after each run by removing the
metal with several volumes of 50 mM EDTA in
buffer E. The columns were subsequently washed
with distilled water and recharged with Cu(lI)
tons as described.

After completion of the chromatographic sep-
aration, the appropriate peak fractions were col-
lected and concentrated on a YM 10 membrane
filter or by using Centricon 10 microconcentra-
tors. They were then re-equilibrated in deionized
water using PD-10 columns, and finally iyophi-
lized before studying by analytical IEF.

Non-chromatographic equilibrium binding ex-
periments. The experiments were performed es-
sentially as described by Hutchens er af. [13] and
Hutchens and Yip {19], using commercial AAG
after desialylation. IDA Sepharose gel loaded
with Cu(Il) ions, as described in the preceding
section, and equilibrated in pH 7 bufler E, was
allowed to settle in a 10-m] graduated cylinder to
a constant final bed volume (at least 43 min). A
homogeneous gel suspension (50%, v/v) was pre-
pared in buffer E and 100- or 200-ul aliquots (50
or 100 gl gel, respectively) were dispensed into
quadruplate sets of small polyethylene incuba-
tion tubes containing 100 ul of desialylated AAG
solution in buffer E, at eleven different concentra-
tions (1-30 pM). The final 300-ul volume in the
tubes was adjusted with buffer E. The tubes were
incubated for 30 min at room temperature and
shaken intermittently to produce adequate mix-
ing, and then centrifuged (30 s at 1200 rpm) using
a table top centrifuge to pellet the gel. A 100-ul
volume of the clear supernatant was sampled
from each tube for spectrophotometric determi-
nation at 278 nm of the unbound protein concen-
trations.

To correct the absorbance values for back-
ground absorbance, “blank™ tubes containing
100 or 200 ul {depending upon the assay) of the
homaogeneous IDA-Cu(ll) gel suspension in 300

ul (final volume) of buffer E were treated under
the same conditions as those described for the
binding assays. The background absorbance low
values, measured in 100 gl of the supernatant
from the “blank™ tubes, were then subtracted
from the “unbound protein” absorbance values.

Equilibrium binding assays were also per-
formed with HSA used as a control protein. A
constant volume (50 pl) of the homogeneous gel
suspension (25 ul gel) was added to 100 ul of
HSA solution in buffer E at eleven different con-
centrations (5-75 uM). Other details are identical
to those described for the binding assays with de-
sialylated AAG.

Calculations. Equilibnium concentrations of
unbound (free) protein ([P]) in the supernatant
were subtracted from the total protein added to
determine ligand-bound protein ([PL]) at each
concentration. The data were plotted on a
Scatchard plot [20].

To calculate the apparent affinity constants of
desialylated AAG and HSA for immobilized
Cu(Il) ions, the experimental values were fitted
according to non-linear regression analysis, using
the MICROPHARM program [21] on a Tandon
1BM PC. This program was developed at the In-
stitut National de la Santé et de la Recherche
Médicale (INSERM, Paris, France) and esti-
mates parameters with their standard deviations
using an iterative Gauss—Newton algorithm. For
statistical analysis, the F-test was applied to de-
termine the best fit. One-class and a two-class
binding-sites models were used to adequately fit
the experimental results obtained with desialylat-
ed AAG and HSA, respectively.

RESULTS

Purification of AAG from individual plasma sam-
ples on immobilized Cibacron Biue F3G-A

The three main AAG phenotypes samples
(F15/A, F1/A and S/A AAQG) were separately
purified by chromatographic separation of indi-
vidual human plasma samples on Cibacron Blue
F3G-A immobilized to Sephadex G-100, in 10
mA{ sodium phosphate buffer pH 5.8, essentially
as described by Hervé et «f. [10]. Beforchand, ali-
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quots of the human plasma samples used in the
chromatographic procedure were desialylated
with neuraminidase and the AAG phenotype was
then determined (results not shown). The relative
proportions of each variant in the desialylated
whole plasma used, as found by scanning, are
given in Table 1.

After completion of chromatography, the only
constituent detected in the breakthrough fraction
was AAG, as a single protein band was found by
SDS-PAGE (Fig. 1). The caleulated M, (44 kilo-
daltons) was identical with that of commercial
AAG. The purity and the identification of AAG
in the chromatographic fractions were also con-
firmed by immunoelectrophoresis on agarose gels
(results not shown), as a single arc-like immau-
noprecipitate was obtained using a specific anti-
serum to human plasma proteins and anti-human
AAG immunoglobulins as antibodies, respective-
ly. On average, the chromatography of the plas-
ma yielded 5-8 mg of AAG of each phenotype
from an initial total amount of 7-10 mg AAG in
each individual plasma fraction used (20 ml). The
recoveries were in good agreement with those re-

TABLE |
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ported previously [10].

After delipidation and desialylation with neu-
raminidase, the microheterogeneity of the pur-
fied AAG samples was checked by analytical IEF
on an immobilized pH 4.4-5.4 polyacrylamide
gel gradient under denaturing conditions [with 8
M urea and 2% (v/v) 2-mercaptoethanol]. The
desialylated AAG samples were found to contain
either the three main genetic variants (F1S/A
AAG) orthe “fast” F1 and the “slow™ A variants
(F1/A AAGQG) or both the “slow” § and A vari-
ants (S/A AAQ), respectively (Fig. 2). These re-
sults agreed with the AAG phenotyping of the
plasma used. Several faint, more anedic bands
were also observed after staining with Coomassie
Brilliant Blue (Fig. 2), indicating the presence of
a small proportion (less than 5%) of incomplete-
Iy desialylated protein. The relative proportions
of each variant in the desialylated AAG samples,
as found by scanning, are given in Table I and the
values are in accordance with the relative propor-
tions of the variants in desialylated whole plas-
ma.

APPROXIMATE p/ VALUES OF THE AAG VARTANTS ARD THETR RELATIVE PROPORTIONS IN THE INDIVIDUAL
DESTALYLATED WHOLE PLASMA SAMPLES AND IN THE PURIFIED AAG SAMPLES AFTER DESIALYLATION

Phenotype F1 variant S variant A variant

Relative percentage e Relative percenlage pf* Relative percentage pi¢

In plasma® In AAG In plasma* In AAG In plasma® In AAG

sample? sample” sample?

F18/A 33 32 4.7 34 36 4.8 33 32 448
Fl/A 49 52 4.8 - - - 51 48 4.9
S/A - - - &0 62 4.4 40 38 4.8
Commercial AAG - 414 - - 34 - - 287 -

 Relative proportions of the variants in the desialylated individual whole plasma samples were determined by scanning after TEF of the
sera in an immeobilized pH 4.4-5.4 palyucrylamide gel gradient with 8 M urca and 1% {(v/v) 2-mercaptoethanol and detection by
immunoblotting with two antibody sieps.

b Relative propartions of the variants in the desialylated AAG samples were those determined by scanning the gel shown in Fig. 2.

¢ pf valucs were determined from the patterns shown in Fig. 3 and cotrespond to the point of the pH gradient at which each mability
line crossed over the application trench.

¢ Relative proportions of the variants in the desialylated commercial AAG sample were those determined by scanning the gel shown in
Fig. 6 (lanes | and 10).
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Fig. 1. SDS-PAGE of the AAG samples separately purified by
chromatography of individual human plasma sample on immo-
bilized Cibacron Blue F3G-A. Lane [, standard commercial hu-
man AAG (=5 pg); lanes 2 and 6, molecular mass markers, (a)
phosphotylase b (94 kilodalions), {b) atbumin (67 kilodaltons),
{c) ovalbuimin {43 kilodaltons}, {d) carbonic anhydrase (30 kilo-
daltons), (¢) trypsin inhibitor (20 kilodalton), (f} a-lactatbumin
{14 kilodaltons); lanes 3, 4 and 35, punified §/A, FiS/A and FUA
AAG samples { = 7.3 ug). Staining of the proteins was carried out
with Coomassie Brilliant Blue R-250.

pH titration curves of the desialylated variants of
human AAG

The pH titration curves of the desialylated
AAG samples with different phenotypes were ob-
tained by running the proteins, under non-dena-
turing conditions, in two different pH gradients
(within the pH ranges 3.5-9.5 and 5-8, respec-
tively), using a two-dimensionat IEF-€lectropho-
resis technique [11].

Fig. 3a—3c shows the curves obtained by run-
ning the proteins in a pH 3.5-9.5 gradient. When
electrophoresis was performed perpendicularly
to the pH gradient, the desialylated AAGs
moved in the gel according to their titration
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Fig. 2. 1EF on immobilized pH 4.4-3.4 polyacrylamide gel
(4.85%, w/v) gradient with 8 M urea and 2% (v/v) 2-mercap-
tocthanol of the purified AAG samples after desialylation with
neuraminidase. Desialylated AAG samples (25 pg) with the
F1S/A {lanes | and 4), F1/A (lane 2) and S/A phenotype {lane 3).
Detection of the desialylated variants in the gel was carried out
by staining with Coomassie Brilliant Blue R-250. The pH scale
and the approximate isoiomic poiut {pf) value for each variant
ate indicated.

curves, At each level along the migration path the
proteins picked up or released protons, as a func-
tion of the prevailing pH of the medium, accord-
ing to the pK, values of their ionizable groups. As
AAG was run in the desialylated state, only the
surface amino acid charged groups, directly ac-
cessible to the solvent, were expected to become
titrated and to contribute to the glycoprotein net
charge and electrophoretic migration.
Depending on the phenotype, the titration
curves showed one or two major mobility lines.
The point of the pH gradient at which each line
crossed over the application trench corresponded
to the pl value of the protein which, at this level,
had no net charge and stopped migrating. The
curves of F15/A (Fig. 3a) and FI/A AAG (Fig.
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Fig. 3. Titration curves of (a) the desialylated F15/A, (b) F1/A and (¢) /A AAG in a pH 3.5-9.5 gradient gel. The two double arrows
and positive and negative symbols represent the direction and polarity of IEF and electrophoresis. The point of the pH gradient where
each mobility line crosses the sample slot (indicated by an arrowhead) indicates the isoionic point (pJ) of each variant specics. Gel slab
(109 x 114 x 0.2 em): 5% T, 3% Cy,, and 2.4% Ampholines pH 3.5-9.5. First dimension (IEF): 90 min run in the LKB 2117
Multiphor Chamber by delivering 10 W (constant); coolant emperature, 4°C. Second dimension (electropharesisy: 25 min run at 700 V
(constant) with a sample load of approximately 100 ug of each variant species in deionized walter. Staining: 0.115 g% (w/v) Coomassie
Brilliant Blue R-250 in 25% (v/v) ethanol and 8% (v/v) acctic acid, Magnification factor of 1.11. The faint protein band which was
observed above the S and A variants mobility lines in Fig. 3¢ probably coniains a smal! proportion of incompletely desialylated S/A
AAG, In addition, the apparent increase and decrease in mobility at 1he acidic and alkaline end of the titration curves, respectively, were
artefacts, probably due to an edge effect or to interactions of the proteins with carrier ampheolytes, or both.

3b) both showed one upper and one lower mobil-
ity line which were crossing over the application
trench at values which were about 4.7 and 4.8 pH
units, respectively. In addition, for S/A AAG
(Fig. 3c), only one mobility line crossed over the
application trench at a pH value of about 4.8,
confirming that the § and A variants have the

same pJ value when they are run under non-dena-
turing conditions [7]. Referring to the pf values
(Table I, it was inferred that the upper mobility
line could be identified as the F1 variant in the
titration curves of F15/A and F1/A AAG, where-
as the lower line in the curve of F1/A AAG was
due to the A variant. In addition, the lower mo-
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bility line in the titration curve of F1S§/A AAG,
as well as the nearly single line in the curve of §/A
AAG, consisted of variants S plus A.

The pH-mobility profiles shown in Fig. 3a—<
indicated that all the AAG variants moved al-
most together along the major part of the pH
3.5-9.5 gradient, following a hyperbolic path. As
the pH was gradually increased from about 3.5 to
5.5, the proteins followed an almaost straight path
and crossed steeply over the application trench.
Owing to the steepness of the titration curves in
this pH zone, it seemed that numerous protons
were then lost or acquired by the AAG variants.
Indeed, the desialylated variants acquired their
maximum negative net charge only about 0.5 pH
units above the pf plane. Moreover, the nearly
straight section on the acidic side of the titration
curves scems to indicate that modificattons in the
net charge of the variants were constant between
about pH 3.5 and 5.5.

Modifications in the protein net charge along
the acidic branch of the titration curves are ex-
pected to be due to the gradual (de)protonation
of the dissociating acidic groups. From the re-
sults obtained it may be therefore hypothesized
that numerous acidic residues were exposed at
the surface of the desialylated variants and, fur-
ther, that the side-chain charged groups of these
residues had relatively close range of pK, values
[22]. This working hypothesis needs to be con-
firmed by chemical evidence. Nevertheless, it ap-
pears to be in agreement with the acidic pf values
of the AAG variants and to be supported by the
previous results of Schmid et a/. [23], who showed
that, on specific chemical modification, 18 of the
26 amino acid carboxylic groups of human AAG
are rapidly amidated (i.e. are free and accessible),
when the protein is in the “‘native’ configuration.

In the pH zone of about 5.5-7.5, the pH-mo-
bility curves of the AAG variants showed a
smoothly curved shape. However, depending on
the AAG phenotype, the differences in total
charge between the variants were found to be-
come minimal or maximal along the neutral zone
of the pH gradient, as the ionizable groups in-
volved were gradually titrated in this pH zone. In
the F1/A AAGQG titration curve (Fig. 3b), the A

and F1 variants, which moved as two parallel
and different fronts between about pH 3.5 and
5.5, seemed to migrate closer and to mix as the
pH was progressively increased from about 5.5 to
7.5, indicating that the charge differences be-
tween the two species became minimal at this
point. In contrast, in the curve of S/A AAG (Fig.
3c) the S and A variants, which formed a single
front between about pH 3.5 and 5.5, moved as
two close, but different mobility lines between
about pH 5.5 and 7.5, indicating that the slow
vartants showed significant differences in total
charge only along the neutral zone of the pH gra-
dient.

The detection of the variants in the neutral pH
zone was further optimized by running the S/A
and FI1§/A AAG samples in a pH 5-8 gel gra-
dient, These titration curves are shown in Fig. 4a
and b, respectively. The curve obtained by run-
ning the §/A AAG sample confirmed that the §
and A variants moved as two close but stll differ-
ent {ronts between about pH 6.5 and 7.5. The
upper line was identified as the A variant and the
lower line as the S variant, given the relative pro-
portions of the two species in the S/A AAG sam-
ple (Table I). In addition, when the FI§/A AAG
sample was run in a pH 5-8 gradient, the A vari-
ant could be individually detected along about
the pH zone 6.5-7.5 as a very thin mobility line
running exactly between the upper and lower
lines of variants F1 and S, respectively, However,
from neutral to alkaline pH values, the titration
curves of 5/A and F18/A AAG (Fig. 4a and b)
showed that the mobility lines of variants A and
S converged and met at around pH 7.5, Then, at
pH values higher than about 7.5, the two variants
moved in the gel as a single front. This was also
observed when the titration curve of 5/A AAG
was displayed in a pH 3.5-9.5 gradient (Fig. 3c).
These results seemed to indicate that, after com-
plete titration of the 1onizable groups involved in
the neutral zone of the pH gradients, variants S
and A did not show detectable differences in total
charge. Moreover, when FI/A AAG wasrunina
pH 3.5-9.5 gradient (Fig. 3b), variants F1 and A,
which scemed to mix between about pH 5.5 and
7.5, were found to move apart at pH values high-
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Fig. 4. Titration corves af the desialylarod () S1A and (h) FIS, A AAG in 2 pH 58 gel gradient. First dimensian (IEF): 73 min at [ W
{constant). Secoud dimension (electirophoresisy: 25 min al 7300 V {constund); coolant wempetature, 4°C. Al other details as in Fig. 3.
Magnification factor of 1.3, The faint anodically migrating proteln band obsecved in {n) is probably due to g small proportion of
incompletelv desialylated AAG.
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er than about 7.5. Then, in the alkaline zone of
the pH 3.5-9.5 gradient, the two variants moved
as two distinct lines. However, as variants F1 and
A were nearly the same distance apart in the acid-
ic (below about pH 5) and in the alkaline (above
about pH 8) regions of the pH gradient, the re-
sults seemed to indicate that the two variants
nearly showed the same differences in total
charge before and after complete titration of the
radicals involved in about pH zone 5.5-7.5.

Finally, from about pH 7.5 to the alkaline end
of the pH gradient (Fig. 3), a constant mobility
was apparenily achieved for all the AAG vari-
ants, which behaved as flat bands which were
parallel to the application trench, indicating that
no significant charge modifications occurred in
the proteins along this pH zone.
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Interactions of the desialylated AAG variants with
immobilized Cu(Il) ions

Interestingly, the AAG variants were found to
show microheterogeneity in their total charge
along the neutral branch of the pH titration
curves. Given the neutral values in this region of
the pH gradient, we assumed that the microhete-
rogeneity was due to the existence of differences
between the titratable histidyl residues of the
AAG variants.

Transition metal ions, either in the free form in
solution [24] or immobilized [12], are known to
interact with specific predetermined protein sur-
face-accessible residues. Among them, the histi-
dyl residues are well identified metal chelate
forming residues [25]. Therefore the possibility
that AAG variants might interact differently with
immobilized aflinity metal adsorbents was inves-
tigated using an analytical chromatographic
method.

30 as 40 45
Fraction Number

Fig. 5. Elution of the AAG variants by affinity chromatography of desialylated AAG samples on TDA-Cu(IT) gel at pH 7. The affinity
gel was packed into small glass columns (0.7 cm LD.) to a final bed volume of 7.5 ml. Commercial AAG {+), or individually purified
AAG samples with the F1/A or 8/A (¥) phenotype, were disselved in column equilibration buffer E (Sand 1.5 mg in 0.5 ml, respectively)
and applied to the columns equilibrated with the same buffer at room temperature (20 to 23°C). The flow-rate was 7.5 ml/h and fractions
of 1.5 ml were collected. The absorbance of cach fraction was determined spectrophotometrically at 280 nm. After several volumes of
pH 7 column equilibration buffer E had been applied to remove unbound protein(s), 20 mM imidazole was introduced (indicated by an
arrow) to elute high-affinity protein(s). The total protein recovery exceeded 90% in all experiments. Desialylated AAG peaks 1 and 2
were pooled separately, concentrated, then re-equilibrated in deionized water and finally lyophilized. To be characterized, both peaks

were then subjected to analytical 1EF.
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Affinity chromatography on immobilized Cu(il}
ions

Affinity chromatography was performed using
Cu(1l) ions immobilized to an IDA Sepharose
[IDA-Cu(ll) gel]. The experiments were carried
out at room temperature (20-23°C) in pH 7 equil-
ibration buffer E, as described under Experimen-
tal. The AAG samples used in the chromato-
graphic experiments, after previous desialylation,
were from commercial source, i.e. a mixture of
the F1, S and A variants with respective propor-
tions as given in Table I, and also from individu-
ally purified AAG samples with either the F1/A
or S/A phenotype. Fig. 5 illustrates the elution
profiles obtained by affinity chromatography of
the different desialylated AAG samples with
small columns of IDA-Cu(Il) gel (bed volume
7.5 ml) equilibrated at pH 7. The clution dia-
grams show that only one protein peak (peak 1)
was observed to elute with several volumes of the
pH 7 column equilibration buffer E, irrespective
of the origin of the desialylated AAG sample
used. The introduction of 20 mM imidazole in
buffer E to elute high-affinity proteins was fol-
lowed by the elution of a second peak of desialy-
lated AAG (peak 2). The clution volumes mea-
sured for the “unbound” (peak 1) and “bound”
(peak 2) fractions of desialylated AAG, respec-
tively, were very similar in the various chromato-
graphic experiments, thus indicating that these
volumes did not vary significantly with the vari-
ant composition of the desialylated AAG sam-
ples.

The total recovery of desialylated AAG, which
was measured in peaks 1 and 2, exceeded 90% in
all chromatographic experiments. However, in-
tegration showed that peak 1 consisted of about
68, 50 and 60%, and peak 2 about 32, 50 and
40% of the commercial AAG, FI/A and S/A
samples, respectively,

Each chromatographic peak was concentrated
with an Amicon YM 10 membrane filter or using
Centricon 10 microconcentrators, then re-equili-
brated in deionized water on PD-10 Sephadex
(3-25 columns and finally lyophilized.

Peaks 1 and 2 isolated from the different chro-
matographic experiments were characterized by
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analytical IEF in an immobilized pH 4.4-5.4 po-
lyacrylamide gel gradient with 8 A urea and 2%
(v/v) 2-mercaptoethanol, and the electrophoretic
patterns are shown in Fig. 6. Depending on the
desialylated AAG sample used in the chromatog-
raphy, peak 1 was found to consist of a mixture
of the F1 and S variants (commercial AAG sam-
ple) or to migrate with the F1 (F1/A AAG sam-
ple), or the S (S/A AAG sample) variant. How-
ever, for all AAG samples, peak 2 was found es-
sentially to contain the A variant.

Therefore it was concluded from these resuits
that the A variant was the fraction of desialylated
AAG strongly bound to IDA-Cu(Il) gel, and
that the F1 or S variants, or both, were the un-
bound fraction of the protein, thus appearing to
show no significant binding affinity for immobi-
lized Cu(IT} ions.

The chromatographic recoveries in the vari-
ants, as calculated by integration of peaks 1 and 2
{(see earlier), were in good agreement with the
proportion of each varant in the F1/A, S/A and
commercial AAG samples (see Table I), respec-
tively.

Non-chromatographic equilibrium binding experi-
ments

The affinity chromatographic results were fur-
ther supported by the equilibrium binding study
of desialylated AAG to immobilized Cu(ll) ions.
The binding experiments were performed using a
non-chromatographic protocol, previously de-
scribed and validated by Hutchens er al. [13],
which allows the rapid determination of quanti-
tative relationships of immobilized metal affinity
adsorbents for proteins. As relatively large
amounts of desialylated AAG were used in the
non-chromatographic binding experiments, these
were performed using only commercial AAG af-
ter desialylation.

In the measurement of high-affinity immobi-
lized Cu(ll) protein interactions, Hutchens and
Yip [19] have previously shown that, in the pres-
ence of buffers with a background absorbance at
278 nm (uncorrected), the “unbound protein”
(i.e. absorbance) can be artificially overestimated
in the region where there is little unbound protein
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Fig. 6. Electrophoretic patterns on immobilized pH 4.4-3.4 polyacrylamide (4.85%, wiv) gel gradient with 8 M urea and 2% (v/v)
2-mereaptoethanol, of the isolated peaks 1 and 2, after aflinify chromatography on IDA-Cu(li} gel of different desialylated AAG
samples. Tracks: 1 and 10 = commercial AAG after desialylation (20 xg), 2 = peak 1 (varianis F1 and 8, 20 pg) and 3 = peak 2
(variant A, 20 ug), fractionated by affinily chromatography from desiatylated AAG of commercial source; 4 = desialylated F1/A AAG
{20 pg); 5 = peak 1 (variant F1, 20 gg) and 6 = peak 2 (variant A, 20 ug), lractionated by aflinity chromatography from desialylated
F1;A AAG; 7 = desialylated §/A AAG (20} ug); 8 = peak | (variant §, 20 pg) and 9 = peak 2 (variant A, 20 ug), fractionated by affinity
chromatography from desialylated $/A AAG. Detection of the desialylated variants in the gel was carried out by staining with
Coomassie Brilliant Blue R-250, The pH scalc and the approximate isoionic point (pf} value for each variant are indicated. Peak [ was
found to contain a very small proportion of variani A, which was always less than 3% as found by scanning {lanes 2. 5 and 8}. The more
cathodic and anodic proletn bands, different from the A variant, which were also observed after staining with Coomassie Brilliant Blue
R-250 (lanes 3, 6 and 9) did not seem to be genetic products but intense minor protein contaminants. The relative proportions of these
contaminants were 15% in peak 2 fractionated from commercial AAG (lane 3), whereus they were less than 5 and 10% in peaks 2
fractionated from F1/A (lane 6) and S§/A AAG (lane %) samples. respectively.

af equilibrium. To alleviate this problem, the ab-
sorbance values measured for the “unbound pro-
tein” were systematically corrected for low values
of background absorbance, as described under
Experimental.

The data obtained from equilibrium binding
analyses of desialylated AAG interactions with
IDA-Cu(ll) ions, at pH 7, were plotted accord-
ing to the equations outlined by Scatchard [20].
The Scatchard plots {1 and 2) shown in Fig. 7A
are representative (# = 43 and 46, respectively)
of desialylated AAG and were obtained in 300 ul
of total reaction volumes, with two different
IDA-Cu(IT) gel concentrations {50 and 100 ul;
curves ! and 2 in Fig. 7A, respectively). The

Scatchard plots showed that desialyiated AAG
had a high affinity for immobilized Cu{Il) ions.
The model with one class of high-affinity binding
sites, plus non-specific binding (NSB), was shown
to be the most adequate and the results were in-
dependent of the ratio of desialylated AAG to gel
concentrations (curves 1 and 2 in Fig. 7A).

The apparent association constant (K,) of de-
sialylated AAG for immobilized Cu(II) ions and
the maximum IDA-Cu(ll) gel protein-binding
capacity were calculated for each affinity gel con-
centration and the values obtained arc given in
Table II. Only non-significant differences were
observed between the X, values and between the
gel protein-binding capacities, as a function of
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Fig. 7. Scatchard plots of cquilibrium binding analyses for the
interactions of desialylated AAG and IISA for immebilized
Cu(1T) ions. Depending on the assay, 50 or 100 ul of IDA-Cu(II}
gel were allowed to interact {30 min at 23°C) with various protein
concentrations in a 300-yl total reaction volume. The reaction
buffer was 20 mM sodium phosphate (pH 7.0) containing 0.5 M
NaCl (buffer E). The equilibrium concentrations of unbound
protein, [P], were subtracted from total protein added to deter-
mine the immobilized ligand-bound protein concentrations,
[PL]. as described under Experimental. (A) Plots obtained for the
interaction of desialvlated AAG (1-30 pM) with IDA-Cu(TD) at
two different gel concentrations (30 yl, curve 1; 100 pl, curve 2).
The curves were analysed by non-linear regression with a one-
class binding site madel plus NSB, (B) Plot obtained for the
intcraction of HSA (5-75 pM) with IDA-Cu(II) (25 pl). The
curve was analysed by non-linear repression with a two-class
binding site model. The calculated values of the apparent equi-
librium association constants {X,) and maximum TDA-Cu(1I)
protein-binding capacitics are given in Table II.
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the affinity gel concentration. On average, the
high-affinity association constant of desialylated
AAG for immobilized Cu(Il) ions was 5.2 . 10°
l/mol. Non-specific binding (calculated) values
for each aflinity gel concentration are also given
in Table I1. The binding results agreed well with
the affinity chromatographic results obtained
with the commercial AAG sample. The high-af-
finity binding could be ascribed to variant A,
which was strongly bound by the affinity col-
umns, and the NSB could be attributed to vari-
ants F1 and S, which were not bound by the same
columns.

Furthermore, equilibrium binding control ex-
periments were performed using HSA, as this
protein has been shown to exhibit a high affinity
for transition metal ions [26,27]. The bhinding re-
sults, which were obtained in 300-ul total rcac-
tion volumes containing 25 pl of the affinity gel,
are depicted in the Scatchard plot (n = 42)
shown in Fig. 7B. This plot shows that HSA
strongly interacts with immobilized Cu(Il) ions.
However, due to its curvilinearity, the plot also
suggests that HSA may be interacting non-inde-
pendently or through multiple non-identical
IDA-Cu(TI) interaction sites. Considering the
latter point, the analysis of the experimental data
showed that the best fit was obtained using a two-
class binding site modei, with high and low affin-
ity sites. The calculated values of the apparent
association constants of HSA for immobilized
Cu(II) ions, as well as the maximum IDA-Cu(ll)
gel protein-binding capacities, are given in Table
11. In general, the binding results obtained with
HSA were in good agreement with previous re-
ports on the binding of HSA to (immobilized)
transition metal ions [19,26,27].

DISCUSSION

The first objective of this investigation was to
verify that the desialylated AAG variants showed
charge differences in the surface titratable groups
by means of a two-dimensional IEF—electropho-
resis method. For this purpose, it appeared more
appropriate to carry out the titration experi-
ments, using individually purificd AAG samples
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APPARENT ASSOCIATION CONSTANTS OF DESIALYLATED AAG AND HUMAN SERUM ALBUMIN FOR TMMOBT-
LIZED Cu(Tl} IONS AND IDA-Cu(IT) GEL PROTEIN-BINDING CAPACITIES

k, and k, are the apparent intrinsic association constants of the high- and low-affinity sites, respectively. NSB is non-specific binding

and L, and L, are the gel-binding capacities (amount of protein bound per ml of gel).

Gel concentration

25 ul 50 ul 100 pl

Mean S.D. Mean S.D. Mean S5.D.
Desicldylated AAG
k  (/mol) - - 4.81 - 10° 2.05 5.59 - 10° 2.02
L [nmol protecin bound/ml IDA—Cu(1l) gel] - - 6.24 1.38 4.03 0.70
WSB - - 0.31 0.01 0.47 0.01
Human serum albumin
k. (/maol) 2.81 - 10% 1.03 - - - -
L, [pumol protein bound/ml TDA-Cu(Tl) gel] 0.11 0.02 - - - -
K, (/mol) 3.36- 10* 0.69 - — - —
L, [pmol protein bound/ml IDA--Cu(II) gel] 0.07 - - - -

0.90

with the F1/A and S/A phenotype, as they are
less complex mixtures of the variants than com-
mercial AAG samples.

Our results suggest that the titratable residues
which were involved in microheterogeneity along
the neutral zone of the pH gradient were the ion-
izable histidyl residues of the AAG variants. Asa
consequence, this led us to investigate the binding
of the variants to immobilized Cu(Il) ions using
an affinity chromatographic method on IDA-
Cu(Il) gel. This study showed that the AAG
variants exhibited heterogeneity on binding to
immobilized Cu(II) ions: the A variant was
strongly bound to the affinity gel, whereas the Fl
or § variants, or both, were eluted in the flow-
through fractions of the columns, thus indicating
that these two variants had no significant binding
affinity for the immobilized ligand. These resulls
were [urther confirmed by equilibrium binding
analyses using a non-chromatographic experi-
mental procedure. An apparent association con-
stant of & 5.2 - 10° 1/mol was determined for the
immobilized Cu(Il)-desialylated AAG interac-
tion system, and the single class of high-affinity
sites. was ascribed to the A variant.

We checked whether the experimental results

were related to the differences in primary strue-
ture existing between the genetic variants of hu-
man AAG. Human AAG is encoded by two dif-
ferent genes [5] accounting for the multiple amino
acid substitutions found in its primary sequence
[2,5]. Genetic studies in population at the protein
level [4] have shown that variants F1 and S are
encoded by two different alleles of the same gene,
and would only differ by a few amino acids (pos-
sibly five). This could explain why the F1 and S
variants had parallel pH-mobility curves when
they were run in a pH 3.5-9.5 gradient and why
the two variants had a similar behaviour on bind-
ing to immobilized Cu(Il) ions. In addition, vari-
ant A is encoded by the other gene and differs
from the other two variants by at least 22 amino
acids. Therefore, the peculiar mobility of variant
A in the neutral zone of the pH 3.5-9.5 gradient,
as well as its high-affinity binding to immobilized
Cu(IT) ions, seem to agree with the important dif-
ferences in primary structure between the A and
Fi/or 8§ variants.

In particular, we looked for differences in cys-
teinyl, histidyl and tryptophanyl residues be-
tween the AAG variants, as these residues are
potent metal chelate-forming residues at the sur-
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face of proteins [25,28,29]). Examination of the
possible amino acid substitutions described for |
the AAG variants [2,5] shows that the A variant
contains a single cysteinyl residue (located at po-
sition 149 in the primary sequence), which ap-
peared to be substituted by arginyl residues in the
F1 and S variants [5]. However, previous results
obtained in our laboratory (Hervé, unpublished
results) suggest that the A variant cysteinyl resi-
due is neither accessible nor free, owing to cova-
lent binding, as this residue cannot be carboxy-
methylated after specilic chemical modification
with iodo[2-*H]acetic acid. Moreover, this find-
ing seems to be in agreement with the observation
that, on the alkaline side of the titration curves
{(i.e. between about pH 7.5 and 9.5), variant A
behaves as a flat band parallel to the application
trench, indicating that no significant charge mod-
ifications occur in the A variant along the zone of
the pH gradient where free and accessible cystei-
nyl residues are expected to become titrated. Ex-
amination of the primary sequence of human
AAG shows that the protein has three histidyl
and tryptophanyl residues. However, as none of
these residues are involved in the substitutions
described for the AAG variants [2,5], the mi-
croheterogeneity between the A and F1 or § vari-
ants on binding to immobilized Cu(IT) ions can-
not be accounted for by differences in the total
number of histidyl and tryptophanyl residues. On
the other hand, the interaction of proteins with
immobilized metal ions is very complex, as the
protein affinity depends on many factors such as
the number, type, surface accessibility and rela-
tive distribution of metal chelate-forming groups
(i.e. proximal electron donors) on the surface of
protein [19]. Therefore, the only conclusion
which may be drawn from the heterogeneous
binding of the AAG variants to immobilized
Cu(T1) ions is that the A variant molecule seems
to show a more favourable surface topography
for binding to transition metal ions than the F1
and S variantgs.

Besides, the comparison of the results obtained
from the study of the titration curves with those
obtained from affinity binding to immobilized Cu
(1) ions for the AAG variants was difficult. In-
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deed, in the case of the titration curves the differ-
ences observed between the variants could only
be due to differences in their accessible charged
residues (i.e. possibly the histidy] residues along
the neutral zone of the pH gradient). However,
the heterogeneity on binding to immobilized
Cu(ll) ions between the AAG variants could in-
volve differences in both their surface charged or
uncharged residues (histidyl and tryptophanyl re-
sidues, respectively), or both, as well as other fea-
tures of the protein surface which could have a
relatively positive or negative effect on the recog-
nition of immobilized metal ions [19].

Nevertheless, the study of the pH titration
curves of the AAG variants allowed us to further
demonstrate the existence of high-affinity binding
to immobilized Cu(ll) ions for desialvliated AAG
and the existence of heterogenous binding prop-
erties between the variants for the immobilized
ligand. Our finding that the A variant was re-
sponsible for high-affinity binding to immobi-
lized Cu(ll) ions seems of interest as it supports
the previous hypothesis of Eap et ai. [9], suggest-
ing that the A variant was responsible for high-
affinity binding of some drugs to desialylated
AAG.

From these results it was possible to develop
an affinity chromatographic method on immobi-
lized Cu(il) ions which allowed the simple and
rapid purification of the A variant and of a mix-
ture of the FI and S variants from commercial
AAG, with recoveries exceeding 90%. As the A
variant appears 10 be the most interesting with
respect to drug binding [9], this purification
method would greatly facilitate the study of the
drug-binding properties of the A variant, which
has never been performed so far. However, as it
has not been possible to fractionate the mixture
of the F1 and § variants by affinity chromatogra-
phy on an IDA-Cw(II) gel, a preparative IEF
technique previously described [7] has to be used
to fractionate the two variants in a final step.
Nevertheless the TMAC method described here
could be used successfully to purify, in a single-
step procedure, small amounts of the F1, S and A
variants from individual preparations of AAG
with the Ft/A and S/A phenotypes, respectively.
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