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Summary: For the isolation of monoclonal and polyclonal antibodies different high performance liquid
chromatography (HPLC) and high performance affinity chromatography (HPAC) methods were investigated.
Specially designed "mixed-bed" ion-exchange and hydroxylapatite columns as well as hydrophobic interaction
columns were efficiently applied to the isolation of monoclonal antibodies. When these methods are used for
the isolation of polyclonal antibodies from antiserum, the sample has to be pre-treated, e. g. by removal of
serum albumin.

Protein A HPAC is an easy method and quick to handle, especially for the preparative isolation of antibodies.
The antibodies that do not bind to protein A, can be purified by protein G HPAC. If this method cannot be
used because of the rather extreme elution conditions, hydroxylapatite, ion-exchange or hydrophobic inter-
action HPLC have to be considered as alternatives.

We further concentrate on immunoaffinity HPLC with immobilized antibodies. This method has proved to
be very effective for one-^step isolation of antigens, even from very complex samples such as plasma membrane
extracts. The problem with immunoaffinity HPLC is the quick deterioration of the columns, caused by
increasing denaturing of the immobilized antibodies during elution. In order to solve this problem, an indirect
method is recommended for analytical immunoaffinity HPLC. For this purpose, the antibodies are bound to
a protein A HPAC column. The solution containing the antigens is then applied. After washing, the antigen-
antibody complex is eluted from the column.

Introduction _ , - , . t . . . . .For several years we have been isolating antibodies
The pioneering investigations of Köhler & Milstein(\) by using different HPLC and HPAC methods. The
have enabled the experimental production of mono- isolated antibodies are immobilized to different sup-
clonal antibodies. By improved methods of protein ports in order to isolate chosen antigens in a single
isolation, among them several HPLC methods, it has step from complex solutions such as serum and
become much easier to isolate single proteins, as well plasma membrane extracts. The results are compiled
as to raise monoclonal and polyclonal antibodies in this paper,
against them. Special HPLC methods have been de-
signed, which allow selective separation of immuno- Materials and Methods
globulins from antiserum or ascites fluid or cell culture .. . ' . ., - j, . ,, f~ . Chemicals and radioactively labelled compoundssupernatants. Using these methods, especially affinity
HPLC (HPAC), the antibody can be enriched and A11 chemicals were of analytical grade and purchased from E.
u· ui ·<- j - r i_ j j * -I1-1-4. c Merck AG (Darmstadt, F. R. G.) or Sigma (St, Louis, U. S. A.),
highly purified from hundreds of millihters of a so- ^[»S]MetMonine (38.4 PBq/mol) was obtained from the Ra-
lution (2—4). diochemical Centre (Amersham, Bucks., England).
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Ant ibodies
Monoclonal antibodies were produced essentially according to
the method of K hler & Milstein (1). A modified method for
the preparation of monoclonal antibodies against rat liver mem-
brane proteins has been described elsewhere (5). Polyclonal
antibodies against rat transferrin were purchased from Cappel
(Cochranville, PA., U. S.A.). Other polyclonal antibodies were
raised either in rabbits or in goats against purified proteins.
Twenty micrograms of purified protein were emulsified in
Freunds adjuvant and injected intradermally. At ten-day inter-
vals animals received booster injections of 30 μg of antigen in
Freund*s incomplete adjuvant. Serum was collected 10 days
after the third inoculation.

Labell ing of proteins in vivo

Male Wistar rats (120 — 130 g) were intravenously injected with
92.5 MBq of L-[35S]methionine (specific radioactivity 38.4 PBq/
mol) per kg body weight. Three hours later the animals were
killed, and livers were perfused with 40 ml of saline. Serum was
collected and plasma membranes were prepared from the
pooled livers of five rats. The isolation and selective extraction
of plasma membranes have been described elsewhere (6, 7).

Determinat ion of radioact ivi ty

Protein-bound radioactivity of serum and plasma membranes
was determined by the method of Mans & Novelli (8) modified
by Bauer et al. (9). For quantification of transferrin-bound
radioactivity, a 100 μΐ aliquot was counted in 10 ml of Unisolve
1 scintillator (Koch Light) in a Kontron liquid scintillation
system MR 300 DPM (Kontron Analytik, M nchen, F. R. G.)
with automatic quench correction and a counting efficiency of
75 — 80% as determined by external standard and channels ratio
method. Protein was determined by the method of Lowry et al.
(10).

SDS-PAGE

SDS-PAGE was carried out according to the Laemmli method
(11). Fluorographic analysis of gels was done according to
Bonner & Laskey (12), using Kodak XAR-5 film.

HPLC
The HPLC system consisted of two pumps (Bischoff Analysen-
technik, Leonberg, F. R. G.), a programmer (C-R 3A, Shi-
madzu-Bischoff Analysentechnik), a spectral photometer with
a deuterium lamp (Bischoff), a RH 7125 loop injection valve
(Bischoff) and a Frac-100 fraction collector (Pharmacia-LKB,
Freiburg/Br., F.R.G.). The Chromatographie conditions are
given in the figure legends.

Columns and supports

The activated supports used for coupling of affinity ligands
were as follows: Eupergit C 1Z, 1 μτη particle size, without
pores; Eupergit C 30N, particle size 30 μτη and pore size about
50 nm. Both are based on a polymer and have an epoxy or
tresyl radical as active group (Rohm Pharma GmbH, Weiter-
stadt, F. R. G.). Activated 3-isothiocyanate propyl triethoxy
silan-modified silica, particle size 10 μιη, pore size 50 nm, was
a gift from Dr. K. K. Unger (Universit t Mainz, F.R.G.).
Cyanogen bromide-activated, polymer-based TSK 5PW gels,
particle size 10 μιη and pore size 100 nm (first gel), particle size
2.5 μηι and non-porous (second gel), were from Toyohaas Co.
(Yamaguchi, Japan). Tresyl activated silica, 10 μηι particle size
and 50 nm pore size, was a gift from Dr. S. Ohlson (Perstrop
Biolytica, Lund, Sweden).

The ligands, protein A (Pharmacia-LKB), protein G (Perstorp
Biolytica) and antibodies were coupled according to the follow-
ing procedure. Activated resin was first washed twice with
binding buffer containing 0.1 moi/l sodium carbonate, pH 8,0,
and 0.5 moi/l sodium chloride. If the resin was silica-based, the
pH of the binding buffer was adjusted to 7.2. The ligand,
dissolved in binding buffer (protein 0.5f — 5 g/1), was added
after centrifugation at 1000 g for 20 min at + 4 °C. The quan-
tity of bound ligand was calculated from the amount of protein
before and after coupling. In order to block the remaining
active groups of the support, 10 ml of 0.2 mol/1 ethanolamine
hydrochloride, pH 7.0, was added per l g of resin. The suspen-
sion was shaken at room temperature for 2 h, centrifuged at
1000 g for 20 min and washed three times with binding buffer
as described above. The gel with the immobilized ligand was
stored at + 4 °C in phosphate-buffered saline, pH 7.0, contain-
ing 1 g/1 of sodium azide, until required for column packing.

The columns were packed in our laboratory, except for the
Eupergit C 1Z columns, which were packed by Bischoff Ana-
lysentechnik.
An alternative to the method described above is to bind the
ligands to a column that has already been packed with activated
support. For this purpose a Microanalyzer Succinylimide col-
umn (Bio Rad, M nchen, F. R. G.), or Tresyl Silica column
(Perstorp Biolytica) was used. The Succinylimide column is
packed with a Succinylimide activated polymer (cf. I.e. (13)),
40 χ 4.6 mm, particle size 30 μηι. The Tresyl-Silica column was
packed in our laboratory, the column size being 40 χ 4.6 mm
or 20 χ 4.6 mm. The "in situ" binding of the ligand, in this
case a monoclonal antibody, was carried out as follows. When
a Succinylimide column was used, a solution of ligand (5 — 50
mg of protein per l g of support) in the binding buffer was
recirculated within 2 h (flow rate 0.2 ml/min). In the case of
the Tresyl-Silica column a single injection of ligand was suffi-
cient, no recirculation being required.

The column was washed with 50 ml of binding buffer at a flow
rate of 1 ml/min. The flow rate was subsequently reduced to
0.4 ml/min, and 2 ml of 0.2 mol/1 ethanolamine hydrochloride,
pH 7.0, was injected twice. The column was then washed with
20 ml of binding buffer and 20 ml of tris buffered saline, pH
7.2, at a flow rate of 1 ml/min. The quantities of the bound
antibodies were determined by the difference in protein content
before and after coupling.

The pre-packed columns, Microanalyzer Protein A, 40 χ 4.6
mm, particle size 30 μηι, was obtained from Bio Rad; the TSK
Protein A 5PW column, 60 χ 4.6 mm, particle size 10 μηι, was
a gift from Dr. Kato (Toyohaas Co.).

Columns for ion-exchange-HPLC were SynChropak AX-300,
column size 250 χ 4.6 mm, particle size 6 μηι (Bischoff Ana-
lysentechnik), an anion-exch nger; Mono S, 50 χ 5.0 mm col-
umn size and 10 μηι particle size, a cation-exchanger (Phar-
macia-LKB); and Bakerbond ABx, a "mixed-bed" ion-ex-
change column, specially designed for antibody isolation, 100
χ 7.75 mm column size, 5 μηι particle size, and 30 nm pore
size, with a 40 χ 4.6 mm pre-coiumn (Baker Chemikalien,
Gro -Gerau, F. R. G.).

Columns for hydroxylapatite HPLC (HA-HPLC) were Pentax,
100 χ 8.0 mm column size, 10 μηι or 5 μπα particle size (Pentax
Co., Hamburg, F.R.G.); TSK-Gel HA-1000, 80 χ 8.0 mm, 10
μηι particle size and 100 nm pore size (Toyohaas Co.), both
columns packed with spherical particles; BiorGel HPHT col-
umn, 100 χ 7.8 mm column size, packed with irregularly
shaped particles (Bio Rad). Each column was used with a
40 χ 4.6 mm pre-column, packed in our laboratory with 30
μηι particle size hydroxylapatite (Pentax).

For hydrophobic interaction (HI)-HPLC a Eupergit C 30N-
Diol column was used, 120 χ 8.0 mitt column size, 30 μπι
particle size and about 50 nm pore size (Rohm Pharma GmbH).
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Buffers

The buffers used for protein A- and protein G-HPAC and
imniunoaffinity (lA)-HPLC were:

Buffer A, 0.2 mol/1 sodium carbonate, pH 8.2, or pH 7.2 if
silica-based supports were used. Elution buffer, 0.1 mol/1 so-
dium citrate, pH 2.5 or 3 mol/1 sodium thiocyanatc, pH 7.O.
For IA-HPLC of membrane proteins an amount of 1 g/1 deter-
gent was added to the buffers according to sample solubility,
either Gcnapol X 100, or CHAPS, or sulphobctainc. As washing
buffer, buffer A with 1 g/1 Genapol X 100 was used.

The buffers for 1E-HPLC were buffer A, 10 mmol/1 sodium 2-
morpholinoethancsulphonate (MES), pH 6.0; buffer B, 500
mmol/1 sodium phosphate, pH 6.8.

The buffers for HA-HPLC were buffer A, 22 mmol/1 sodium
phosphate, pH 6.8 and buffer B, 500 mmol/1 sodium phosphate,
pH 6.8.

The buffers for HI-HPLC were buffer A, 1.7 or 1.2 mmol/1
ammonium sulphate in 0.1 mmol/1 sodium phosphate, pH 7.0,
buffer B, 0.1 mmol/1 sodium phosphate, pH 7.O.

Sample prepara t ion

For antibody isolation, antiserum and ascites fluid were diluted
with buffer A at least five times. In the cases of IE-, HA- and
HI-HPLC the sample and buffer A should have identical ionic
strengths and pH. This can be achieved either by dialysing
against buffer A overnight or by suitable dilution of the sample.
In the case of HA-HPLC the fibrinogcn is removed from the
serum and the ascites fluid by adding calcium up to a concen-
tration of 1 mmol/1. The sample is left standing for 6 h at
•f 4 °C after calcium chloride has been added. It is subsequently
diluted to a ratio of 1:7 with 1 mmol/1 sodium phosphate
buffer, pH 6.0, and centrifuged for 20 min at 100 000 g (Kontron
L Ultrazcntrifuge). The pH of the sample should be 6.8 and is
to be adjusted with 0.1 mmol/1 hydrochloric acid.

The albumin is removed from the samples by chromatography
on an afil-blue-gcl column (Bio Rad) (14).

Results and Discussion

Ion-exchange HPLC

Ion-exchange was one of the first HPLC methods of
antibody purification. Anion-exchange as well as ca-
tion-exchange HPLC was used for the isolation of
both monoclonal and polyclonal antibodies (14, 15).
A problem that arises with the use of ion-exchange
HPLC is the dissimilar behaviour of different anti-
bodies, including monoclonal ones, in Chromato-
graphie runs, even under identical conditions. Con-
sequently they have to be optimized for each antibody,
especially for polyclonal antibodies. Different immu-
noglobulins, even different sub-classes of immuno-
globulins, frequently appear as different peaks. Be-
cause of the large variety of proteins in the scrum, it
is difficult to isolate all existing immunoglobulins as
separate peaks. Therefore it is recommended that the
serum albumin be first removed by affinity chroma-
tography on an affi-blue column (see Materials and
Methods, and I.e. (14)). As a result, a major portion

of the protein is removed, overloading of the column
is avoided, and separation conditions arc much more
favourable. As a routine method for the purification
of both monoclonal and polyclonal antibodies, ion-
exchange HPLC is already obsolete. The above-men-
tioned effort for the optimization of separation is
chiefly responsible for this. However, as ion-exchange
HPLC has generally become a routine method for
protein analysis in almost every laboratory, the use
of the available ion-exchange HPLC columns for oc-
casional antibody purifications does not require any
additional resources. If a large amount of antibodies
is needed, or if a variety of different monoclonal
antibodies have to be routinely isolated, it is advisable
to use ion-exchange columns that have been designed
especially for this purpose. The ABx ion-exchange
column is packed with a combination of an ion-
exchange and cation-exchange resins ("mixed-bed"
column, see I.e. (15, 16)). An example of an isolation
of monoclonal antibodies from ascites fluid on an
ABx column is shown in figure 1. In the Chromato-
graphie run a large part of the protein was not re-
tarded at all by the column. The immunoglobulin was
then separated by a salt gradient from a small amount
of other proteins that were being retarded by the
column. The important advantage of an isolation
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Fig. 1. Isolation of monoclonal antibodies from ascites fluid
on an ABx "mixed-bed" column, 100 χ 7.75 mm. One
ml of ascites fluid was diluted in 4 ml of buffer A and
dialysed overnight against buffer A. Conditions, 1 ml/
min flow rate, 40 bar pressure, room temperature. For
other data cf. Materials and Methods. Fractions of 1 ml
each were collected, and aliquots of 20 μΐ each were
taken at the peaks for SDS-PAGE. Before HPLC sep-
aration, 2 μΐ of the sample were taken for SDS-PAGE.
The eluted proteins are represented electrophorelically
beside each peak. The electrophoretical analysis of the
sample is shown to the left of the chromatogram ("as-
cites fluid")· The heavy chain and the light chain of the
IgG are marked with arrows.
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method like this lies in its very mild separation con-
ditions, the immunoglobulins being eluted by 0.1 —
0.2 mol/1 phosphate buffer, pH 6.8. The antibody
solution can therefore be directly used for other pur-
poses, e. g. be immobilized to activated supports.

Hydroxylapat i te HPLC

Recently the hydroxylapatite matrix has been suc-
cessfully produced for application in high perform-
ance liquid chromatography (15, 17). The behaviour
of a hydroxylapatite column is shown in figure 2. If
a mixture of standard proteins is applied in a 1.0
mmol/1 sodium phosphate buffer, pH 6.8, all the ap-
plied proteins, serum albumin, transferrin and IgG,
are retarded and can be eluted with a salt gradient of
phosphate (1 mmol/1 to 500 mmol/1, part "a" of figure
2). Similar chromatograms are usually provided with
pre-packed columns as a quality control. However, if
the concentration of buffer A is increased to 22
mmol/1 sodium phosphate, serum albumin and trans-
ferrin are practically not retarded at all by the column,
whereas the IgG shows little change in its behaviour
and is eluted only at a higher phosphate concentration
(see part "b" of figure 2). The standard proteins used
here are also the main components of an ascites fluid.
The isolation of monoclonal antibodies can therefore
be carried out under the same Chromatographie con-
ditions as those dealt with in figure 2b. For this an
appropriate sample preparation is required (cf. Ma-
terials and Methods). The sample volume is practi-
cally unlimited, because the immunoglobulins, not the
remaining contaminating proteins, bind rather
strongly to the column. Therefore this method is well
suited for preparative isolation of monoclonal anti-
bodies. Two examples of antibody purification are
shown in figure 3. After establishing optimal separa-
tion conditions, major amounts, namely about 100
mg, of monoclonal antibodies could be isolated from
15 ml of ascites through a preparative column (250
χ 20 mm). The antibodies could be used without any
further treatment for immobilization to correspond-
ing supports (see below).

A shortcoming of hydroxylapatite chromatography is
the relative water solubility of the matrix that can
lead to a very short life of the column. In order to
avoid such contingencies some authors recommend
the addition of between 0.1 and 1 mmol/1 calcium
chloride to the buffers (17). We found in our experi-
ments that this measure is unnecessary, when a pre-
column is used for protection. Any pre-column, how-
ever, should be routinely replaced after about 30 runs.
When suitable materials are at hand, the pre-column
can be packed by the user himself without difficulty.

0.50

0.25

10 15
/ [min)

20 25

25

Fig. 2. Separation of standard proteins on a hydroxylapatite
column, 1 mg each of serum albumin, transferrin and
immunoglobulin G. Conditions: 1 ml/min flow rate,
Pentax column, 100 χ 8.0 mm, 5μηι particle size, 15
bar pressure, room temperature, gradient as shown in
the fig. 2 a) buffer A — 1 mmol/I sodium phosphate,
pH 6.8; b) buffer A — 22 mmol/1 sodium phosphate,
pH 6.8. For other data see Materials and Methods.

With these precautions, a single hydroxylapatite
HPLC column could be used for antibody isolation
over 400 times.

Hydrophobie.interaction HPLC

This method has seldom been used for the isolation
of immunoglobulins. However, it provides a most
welcome extension of existing methods, especially for
the isolation of polyclonal antibodies. The Eupergit
C SON Diol resin (cf. fig. 4) is a support with a weakly
hydrophobic surface. Ammonium sulphate was added
to the pre-conditioned, crystalline antiserum, to a
concentration of 1.2 mol/1. Under these conditions
most serum proteins are either excluded or eluted at
the beginning of the salt gradient., £he immunoglob-
ulins, however, are retarded on the column and eluted
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-30

Fig. 3. Isolation of monoclonal antibodies on a preparative
hydroxylapatite column. Fifteen ml of ascites fluid were
diluted with 1 mmol/1 phosphate buffer to 105 ml, and
the pH was adjusted to 6.8 with HC1. Separation was
performed on a Pentax HA column, 250 χ 20 mm, 40
μιη particle size. Conditions, buffer A — 22 mmol/1
sodium phosphate, buffer Β — 500 mmol/1 sodium
phosphate, both pH 6.8; 10 ml/min flow rate, 10 bar
pressure, room temperature. The gradient is shown in
the figure; a 60 χ 8.0 mm pre-column was used. Frac-
tions of 10 ml were collected and 20 μΐ aliquots taken
for SDS-PAGE. SDS-PAGE of the eluted proteins is
shown beside each peak. For other data see materials
and methods.

at a lower salt concentration. Other serum proteins,
which are strongly retarded, e. g. fibronectin and fer-
ritin, are eluted as separate peaks at a much lower
salt concentration. The prepurification step, in which
the antibodies are enriched through ammonium sul-
phate precipitation from the antiserum, improves col-
umn performance and capacity.

The advantage of hydrophobic interaction HPLC lies
in the mild separation conditions, similar to those of
ion-exchange HPLC. The small number of experi-
ments reported so far suggest that this method can
be applied very successfully to the isolation of anti-
bodies, and it can be recommended (18).

Affinity Chromatographie methods

Affinity chromatography is carried out by applying a
sample that contains immunoglobulin to a HPAC
column with an immobilized immunoglobulin-binding
protein, e.g. protein A, protein G or others. Thus
only the immunoglobulins are retarded. The other
proteins are separated and do not bind to the column.
This procedure provides ideal conditions for antibody
purification. This is shown in figure 5. Polyclonal
antibodies against a membrane-bound glycoprotein

20 30 40 50 60
t [min]

Fig. 4. Isolation of polyclonal antibodies from goat antiserum
with hydrophobic interaction HPLC. A part of the
proteins was removed from the sample by precipitation
with ammonium sulphate. The pellet (about 50 mg of
protein) was mixed with 10 m] of doubly distilled water,
and dialysed overnight against 0.1 mol/1 sodium phos-
phate, pH 7.O. Before applying the sample, the ammo-
nium sulphate concentration was adjusted to 1.2 mol/1
with crystalline ammonium sulphate. Conditions, Eu-
pergit-Diol C SON column, 250 χ 8.0 mm, 1 ml/min
flow rate, 3 bar pressure, room temperature. The gra-
dient, as ammonium sulphate concentration, is shown
in the figures. Fractions of 1 ml were collected, and 20
μΐ aliquots were taken for SDS-PAGE. SDS-PAGE of
the sample (pellet after ammonium sulphate precipita-
tion) before hydrophobic interaction HPLC is shown
on the left, beside the chromatogram ("sample"). The
last peak is more than 90% pure IgG (see SDS-PAGE).

were isolated from rabbit antiserum. Most reports on
affinity chromatography deal with protein AHPAC
(2—4). However, some antibodies do not bind to
protein A. In order to find a way around this diffi-
culty, special buffers are recommended for application
of the sample to the protein A column. But such
buffers are effective only in some.cases, e. g. with rat
IgG (2). Some mouse IgG sub-classes, among the
monoclonal mouse antibodies, as well as certain goat
antibodies, do not bind well to the protein A. In the
case of monoclonal antibodies obtained from ascites
fluid, the above-mentioned methods of ion-exchange
HPLC with ABx columns or hydroxylapatite HPLC
can be considered as alternatives. As to antibodies
from cell supernatants and antisera, hydrophobic in-
teraction HPLC is the most favourable and simplest
method for those that do not bind to protein A.

Apart from protein A, there are other bacterial pro-
teins which bind immunoglobulins. Of these, protein
G (19) and similar proteins (20) have been investi-
gated. Protein G binds mouse IgG sub-classes, which
do not bind to protein A, and also goat IgG (not
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Fig. 5. Isolation of polyclonal antibodies from rabbit antiserum
with protein A-HPAC. A part of the albumin was re-
moved from the antiserum by chromatography on an
affi-blue column (see materials and methods). The ma-
terial that was not retarded on the affi-blue column
(about 20 ml), was applied to a 80 χ 8.0 mm protein
A Eupergit C SON column. The column was washed
with 10 ml of sodium borate buffer, pH 8.3, with 1 g/1
non-ionic detergent Genapol X 100, in order to remove
the non-specifically bound proteins ("wash"). The IgG
was eluted with 0.1 mol/1 sodium citrate buffer, pH 2.4.
Other Chromatographie conditions, 1.0 ml/min flow
rate, 5 bar pressure, room temperature. The purity of
the isolated IgG was monitored with SDS-PAGE
("IgG" in the figure). SDS-PAGE of the sample before
separation is shown in the left part of the figure ("anti-
serum").

shown here). According to the results obtained in our
preliminary experiments, neither protein A nor pro-
tein G binds immunoglobulin M. This antibody there-
fore has to be isolated by other methods, e. g. ion-
exchange HPLC on the ABx column (15).

The binding between antibodies and protein A or
protein G is rather strong and antibodies can be eluted
from the column either by buffers with a pH below
3 or by chaotropic reagents, such as 3 mmol/1 sodium
thiocyanate. The majority of the antibodies will not
be damaged by short exposures to such a low pH.
Therefore the loss of activity is minimal in almost all
antibodies with this isolation method, provided the
eluates are quickly neutralized. Despite the shortcom-
ings that have to be taken into account on some
occasions, HPAC with a protein A column is a con-
venient method for preparative purification of anti-
bodies. Whenever the antibodies bind to protein A
(or protein G), this isolation method is the first choice.
If a citrate buffer is used for elution, the antibody
solution can be used immediately after neutralization,
e. g. for coupling to activated supports (2).

10 15
t [min]

20 25

Fig. 6. Separation of Fab- and Fc-fragments from IgG. The
isolated IgG was digested with papain (see I.e. (21)).
After digestion, the sample (the equivalent of 5 mg of
protein) was applied to a 60 χ 4.6 mm protein A
Eupergit C 30N column. The antigen-binding fragment
(Fab) does not bind to the column. The Fc-fragment,
however, became bound to the protein A and could be
eluted with 0.1 mol/1 sodium citrate buffer, pH 2.4.
Conditions, 0.5 ml/min flow rate, 2 — 5 bar pressure,
room temperature.

Another example of the use of a protein A-HPAC
column, for the separation of Fab- and Fc-fragments
from an antibody, is shown in figure 6. After cleavage
of the antibody with papain (cf. 1. c. (21)}, the protein
Α-binding Fc-fragrnent can be retarded on the col-
umn, whereas the antigen-binding Fab-fragment is
excluded. The separation shown here is very quick
and simple, and the Fab-fragment is separated under
very mild conditions. After elution of the Fc-frag-
ment, e. g. at low pH, the colum can be used again
after a short equilibration period.

Immunoaffinity HPLC

The isolated antibodies can be covalently bound to
activated supports, e.g. CNBr-sepharose, and used
for immunoaffinity chromatography. Several acti-
vated supports are now available, which can also be
used for HPLC. Figure 7 shows an example of im-
munoaffinity HPLC. The isolated monoclonal anti-
body against glycoprotein GP105, a membrane-
bound antigen (5), was bound to activated silica and
used for "one-step" isolation of the antigen from the
plasma membrane extract. Although over 100 pro-
teins were solubilized after membrane extraction with
the non-ionic detergent Triton X-114 (7), the antigen
was highly enriched in only one Chromatographie step
(cf. the electrophoretical representation in fig. 7).
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Fig. 7. Isolation of a glycoprotein (GP 105) from liver plasma
membranes with immunoaffinity HPLC. A Triton X
114 extract, 50 ml, from liver plasma membranes (80
mg of protein) was applied to a column with immobi-
lized monoclonal antibodies against GP 105. After
washing of the column with 10 ml of 0.1 mol/1 sodium
borate with 1 g/1 Genapol X 100 ("wash"), the antigen
could be eluted with 0.1 mol/1 sodium citrate, pH 2.4,
containing 1 g/1 CHAPS. Conditions, column — anti
GP-105 IgG, bound to tresyl-activated silica (IgG 20
mg/g support), 40 χ 4.6 mm, 1 ml/min flow rate, 20
bar pressure, temperature of 0 °C (on ice). The com-
position of the applied sample ("sample") and the eluate
("antigen") was monitored by SDS-PAGE and shown
in the chromatogram.

Fig. 8. "In situ" coupling of antibodies on a column packed
with activated supports. A solution with a monoclonal
antibody, 5 ml, was applied to a column with tresyl-
activated Eupergit C 1Z (1 μπι particle size). The anti-
body concentration was 3.2 g/1. Binding was monitored
by measuring the absorbance at 280 nm. When the IgG
from the 3.6 ml of solution was fully bound, an increase
in absorption was observed. Subsequent protein deter-
mination in the fractions that did not bind to the col-
umn, showed that 5 mg of antibodies failed to bind,
whereas 11 mg of antibodies bound to the column. Any
free active groups were saturated by ethanolamine (see
Materials and Methods). Reaction conditions: Column
dimensions were 20 χ 4.6 mm, 0.1 ml/min flow rate,
8 bar pressure, room temperature.

The major disadvantage of the method shown above
lies in the rather extreme conditions that have to be
applied to isolate the antigens from the columns. In
the experiment shown here, 0.1 rnol/1 citrate buffer,
pH 2.4, was used, to which 1 g/1 of the detergent
Genapol was added. Sometimes 3 mol/1 sodium thio-
cyanate or 6 rnol/1 urea has to be applied to achieve
elution. As a consequence of such treatment the im-
mobilized IgG is quickly denatured, and the column
loses its binding capacity for the antigen. The life of
a column with immobilized antibodies averages 5 to
10, at best 20 runs. Thereafter the capacity of the
column decreases progressively, and non-specific
binding increases. In order to avoid these disadvan-
tages, Ohison et al. (22) suggest the application of
antibodies with low affinity to the antigen. When a
column is packed with such antibodies, the less
strongly bound antigen can be eluted under very mild
conditions, e.g. simply by raising column tempera-
tures. At + 4 °C the antigen binds to the antibody.
At temperatures between 30 and 40 °C it can be eluted
by applying the same buffer or by slightly lowering
the pH, e. g. to 5.5.

The immobilization of an antibody and the packing
of a column is always time-consuming and expensive.
Therefore the option of coupling the antibody "in
situ" to a column already packed with an activated
support is a suitable alternative. Figure 8 shows an
example of such an "in situ" coupling. The antibody
solution was pumped through a column that had been
pre-packed with tresyl-activated silica, immediately
after elution from a protein A column and adjustment
of the pH to 7.2. It can be seen in figure 8 that the
antibody from the first portion of solution (3.6 ml),
with an IgG concentration of 3.2 g/1, has bound to
the support. After that a steep increase in absorbance
takes place. It follows that a 20 χ 4.6 mm column,
containing about 200 mg of silica, has bound ap-
proximately 11 mg of antibody. Such "in situ" im-
mobilizations of different ligands have been described
before (2, 22, 23). The first commercially available
columns, which are packed with an epoxy-activated
support, are less effective because of the rather low
reactivity of the epoxy groups. Meanwhile, newly
developed activated supports are available, such as
activated silica or porous and non-porous polymer
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matrices, which have been activated with tresyl- or
other active groups (3,24). Cartidges, pre-packed with
the activated support, provide an even better alter-
native, as can be seen in the experiment shown in
figure 8. On the one hand, the high binding capacity
of the material allows the immobilization of a suffi-
cient quantity of immunoglobulin. On the other hand,
the cartridge can be exchanged almost like a pre-
column, when the above-mentioned short life makes
the column useless. This is a much simpler and
cheaper way than the exchange of an entire pre-
packed column. It must be pointed out, however, that
other packings for short term usage are feasible,
whose application has to be considered in relation to
the particular problem that presents itself. An inter-
esting example for the approach to a single problem
is the packing of a small amount of material with
immobilized antibody to the end of a slightly larger
sample loop. The sample is then pumped through the
loop with the antibody, where the antigen is retarded.
This method, which was reported by Regnier et al.
(25), can be very useful for analytical purposes, such
as "mapping" of the epitope to an antigen that reacts
with a particular monoclonal antibody.

Indirect immunoaffinity HPLC

Immunoaffinity HPLC, though being an elegant and
quick method for analytical as well as preparative
work, has the above-mentioned disadvantage of short
column life, despite partly successful attempts to di-
minish its consequences. This applies above all to
analytical work, where often large numbers of anal-
yses have to be carried out in succession. As the
antibodies, in the described method, are immobilized
by covalent binding to free amino-groups, they will
adhere to the support via different parts of the mol-
ecule, depending on where these groups are located
in the polypeptide chains. If the interaction between
the antigen and the antibody is disrupted, because the
antibodies bind to the support with their antigen-
binding site, the consequence is an impaired binding
capacity of the antibodies. Ohlson et al. (22) found
that the capacity of the bound antibodies had de-
creased to 55% of that of free immunoglobulin.
Therefore Philips et al. (26) suggest that the antibody
be first attached via the constant region of the im-
munoglobulin chain to a column with immobilized
protein A. By cross-linking, the antibody is then in
turn immobilized to the protein A. Thereby the bind-
ing capacity of the immunoglobulin is preserved, be-
cause the antigen-binding sites are free. The problems
of the short column life still persist. Consequently we
have not chosen the cross-linking of the immuno-
globulins with the protein A. The principle of our

method, which we call indirect immunoaffinity
HPLC, is shown in figure 9. An appropriate amount
of antiserum (or ascites fluid) is applied to a column
with immobilized protein A. After washing the col-
umn with a buffer containing detergent, only the IgG
is still bound, without any of the other proteins being
non-specifically bound. The solution containing the
antigen is applied to the column in a second step.
Now the antigen binds to the antibodies, and the
other proteins are excluded. After washing out the
non-specifically bound material with buffer and de-
tergent, the antigen-antibody-complex is eluted from
the column (e. g. with a low pH buffer). This method
can be used very successfully instead of immunopre-
cipitation, especially if the antigen is labelled radio-
actively, as shown in figure 9. The transferrin isolated
from rat serum was radioactively labelled with
[35S]methionine. The left half of figure 9 shows the
control of the eluate from the column by SDS-PAGE.
By staining with Coomassie blue the antigen trans-
ferrin can be visualized, together with the light and
heavy chain of the used antibody. If the same gel is
autoradiographed, as shown in the right part of figure
9, only the radioactively labelled antigen transferrin
can be seen. In this way the halMives of the 35S-
labelled methionine and the 3H-labelled sugar fucose
in the rat transferrin could be measured quickly (27).
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Mr
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.- 95

- 67

- 45

- 30

Coomassie blue staining Autoradiography

Fig. 9. Indirect immunoaffinity HPLC of serum transferrin
with anti-transferrin antibodies, which are bound to a
protein AHPAC column. Non-labelled rabbit anti-
transferrin antiserum was applied to a protein A-Eu-
pergit C 30N column (60 χ 4.6 mm). In order to remove
the non-specifically bound protein, the column was
washed with 0.1 mol/1 sodium borate, pH 8.2, with 1 g/1
Genapol X 100. Subsequently the 35S-labelled serum
proteins were applied, from which the immunoglobulin
had been removed by protein AHPAC. After washing
with 0.1 mol/1 sodium borate, 1 g/1 Genapol X 100, the
antibody-transferrin complex was eluted with 0.1 mol/1
sodium citrate buffer, pH 2.4. The left part of the figure
shows that the antigen (transferrin)-antibody complex
was eluted from the column. Consequently both pro-
teins were stained with Coomassie blue. As only the rat
serum was labelled with [35S]methionine, only transferrin
with an apparent Mr of 78 000 eould be detected by
autoradiography of the same gel <see right part of fig-
ure).
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It is also possible to use several columns packed with
different antibodies in tandem, and thereby bind dif-
ferent antigens from the antibody solution in a single
run. Subsequent elution has to be performed sepa-
rately. When indirect immunoaffinity HPLC is ap-
plied, it is important to bear in mind that in most
cases the protein AHPAC column is not saturated
with IgG. Consequently it can bind any immunoglob-
ulin that may occur in the sample. This has to be
given proper attention. The immunoglobulins have to
be removed from the sample, e.g. by applying a
protein A pre-column (without antibodies, cf. I.e.
(27)). The protein A columns required for these ex-

. periments — so far we have studied only two types,
protein A-5PW and Eupergit C SON protein A — can
stand up to 400 separations without any decrease in

: i the binding capacity of the IgG.
? It is well known that protein A does not bind all
! antibodies. Therefore two facts have to be established,

before indirect immunoaffinity HPLC can be carried
out. Firstly, the antibody, which is to be used, must
bind to the column, and secondly, the antibody must
not be washed out from the column by the applied

i detergents. If the antibody does not bind to the pro-
! tein A, protein G can be used. Protein G binds several

immunoglobulin sub-classes, which do not biiid to
protein A. Investigations concerning the application
of protein G as well as of other immunoglobulin-
binding proteins, are presently being carried out in
our laboratory.

Conclusions

The quickest and simplest method for the isolation
of monoclonal and polyclonal antibodies is protein
AHPAC. However, some monoclonal antibodies and
certain polyclonal antibodies (e. g. from goat) do not
bind to protein A. In these cases other isolation meth-
ods have to be applied. When new monoclonal anti-
bodies are raised, it is therefore advisable to test their
binding capacity to protein A, and only those binding
to protein A should be chosen. Their isolation is then
easier, and their application to indirect immunoaffin-
ity HPLC becomes feasible. A disadvantage of protein
AHPAC is that the elutipri of the immunoglobulin
requires rather extreme conditions, which can cause
a loss of activity.

If protein AHPAC cannot be used for the reasons
mentioned above or otherwise, four alternative meth-
ods can be considered, namely hydroxylapatite, hy-
drophobic interaction, anion-exchange and "mixed-
bed" ion-exchange HPLC. In the case of monoclonal
antibodies hydroxylapatite HPLC is quick and spe-
cific, whereas the isolation of polyclonal antibodies
with this method requires an arduous optimization
exercise. Anion-exchange HPLC has the advantage
that columns can be used that are available in most
laboratories for other purposes. Different antibodies
will behave differently in such separations, and opti-
mal conditions must be determined separately in every
case.

The separation on a "mixed-bed" ion-exchange col-
umn is quick, simple, mild and also specific. It must
be remembered, however, that final checks and optim-
ization of this isolation method for any newly raised
antibody are still necessary.

Hydrophobie interaction HPLC is a method, whose
potential for the isolation of immunoglobulins has
not yet been fully exploited. The experiments carried
out so far have shown that this method is well suited
for the isolation of monoclonal as well as polyclonal
antibodies.

The isolated antibodies can be bound to different
supports and used as highly specific ligands for im-
munoaffinity HPLC. The problem arising with these
antibody columns is their short lifetime.

The application of the relatively stable protein A
columns for the immobilization of immunoglobulins
is one of the possible ways around the problem of the
short lifetime of the antibody columns. After binding
of the antigen the whole antigen-antibody-complex is
eluted from the column, which can then be used for
the next analysis. This method of indirect immunoaf-
finity HPLC can be used especially for analytical
purposes, and it successfully replaces immunoprecip-
itation.
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