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Affinity chromatography of serine proteases on the triazine dye
ligand Cibacron Blue F3G-A
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Abstract

The interaction between complement component factor B and the triazine dye ligand Cibacron Blue F3G-A coupled to a
cross-linked agarose matrix (Blue Sepharose) was found to involve the Bb part of the molecule, and to be inhibited by
benzamidine. Human, chicken and rainbow trout factor B which had bound to Blue Sepharose could subsequently be eluted
with benzamidine. Other serine proteases (C2, factor II, factor IX, trypsin, chymotrypsin, proteinase 3) also bound to Blue
Sepharose but only those belonging to the trypsin family could be eluted with benzamidine. Trypsin treated with the
active-site inhibitor phenylmethylsulfonyl fluoride did not bind to Blue Sepharose and pretreatment of Blue Sepharose with
benzamidine did not influence binding of proteases. We conclude that trypsin-like serine proteases can be purified on Blue
Sepharose and that the interaction of these serine proteases with Blue Sepharose involves the active site of the enzyme.
 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction interaction of the protein with the matrix involves the
fatty acid-binding sites of the protein [8]. Taking

Since its introduction, triazine-based dye ligand advantage of the reduced binding of albumin in the
chromatography has been used in the purification of presence of caprylic acid, Williams and Sim [9]
numerous proteins, both on a rational ligand-mimick- developed a procedure for isolating human comple-
ing basis (e.g., nucleotide-binding proteins) and on ment factor B and b -glycoprotein I on Cibacron2

an empirical basis [1–5]. As an example of the latter, Blue F3G-A Sepharose (Blue Sepharose). We have
Cibacron Blue-derivatized matrices have been used explored this finding further and have observed that
to purify serum albumins [6,7]. Albumin binding is the interaction between factor B and Blue Sepharose
influenced by the presence of fatty acids, and the involves the serine protease part of factor B, and is
ability of caprylic acid to interfere with the binding inhibited by the trypsin inhibitor benzamidine. This
of serum albumin to Blue Sepharose implies that the suggests that the interaction between factor B and

Blue Sepharose involves the active site of the serine
protease part of the molecule. This interpretation has
been substantiated by investigating the interaction of

*Corresponding author. other serine proteases (C2, factor II, factor IX,
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trypsin, chymotrypsin, proteinase 3) with Blue 2.2. Enzyme-linked immunosorbent assay (ELISA)
Sepharose. All the serine proteases investigated were
found to bind to Blue Sepharose, but only members Antigen (100 ml) was coated directly onto the
of the trypsin family could be eluted from the matrix surface of ELISA plates in 0.05 M sodium carbonate
by benzamidine. These results are discussed in buffer, pH 9.6. Coatings were carried out overnight
relation to the structure of Cibacron Blue F3G-A. at 48C or at room temperature for 2 h. After coating

the plates were washed three times in 8 mM phos-
phate buffer, pH 7.2, containing 0.5 M NaCl, 3 mM
KCl, 1% Triton X-100 (washing buffer). All sub-

2. Experimental sequent incubations with antibodies diluted in wash-
ing buffer containing 1% BSA were carried out for 1

2.1. Chemicals h at room temperature on a shaking table, and were
followed by three washes with washing buffer. The

Sodium dodecylsulfate (SDS), phenylmethylsul- final incubation was with peroxidase-conjugated
fonyl fluoride (PMSF), tris(hydroxymethyl- rabbit anti-mouse immunoglobulins or swine anti-
amino)methane (Tris), N,N,N9,N9-tetramethyl- rabbit immunoglobulins diluted 1:1000. Staining
ethylenediamine, glycerol, caprylic acid, mercap- solution was 0.066 M Na HPO , 0.035 M citric acid,2 4

toethanol, benzamidine, inulin, bovine serum al- pH 5.0, containing 0.4 ml 35% H O and 0.4 mg2 2

bumin (BSA) and Coomassie Brilliant Blue R-250 o-phenylenediamine per ml. After 30 min the re-
were from Sigma (St. Louis, MO, USA). Triton action was terminated by adding 150 ml 1 M H SO2 4

X-100, Tween 20, NaCl, KCl, NaOH, NaH PO , and the absorbance was measured at 490 nm with2 4

Na HPO , MgCl , glycine, ethyleneglycol and ethyl- background subtraction at 650 nm (Thermomax2 4 2

enediaminetetraacetic acid (EDTA) were from Merck microtiter plate reader, Molecular Devices, Menlo
(Darmstadt, Germany). Trypsin and chymotrypsin Park, CA, USA).
were from Boehringer Mannheim (Mannheim, Ger- For determination of factor B and factor IX in
many). Acrylamide, bisacrylamide, ammonium per- serum samples and fractions from chromatography
sulfate, bromophenol blue, and molecular mass ELISA plates were coated with 100 ml rabbit an-
standard proteins were from Bio-Rad (Richmond, tiserum to factor B or factor IX (10 mg/ml). After
CA, USA). Blue Sepharose CL 4 B was from washing of plates wells were incubated for 1 h with
Pharmacia (Uppsala, Sweden). o-Phenylenediamine samples or control serum diluted 1:1000, followed
was from Kem-En-Tek (Copenhagen, Denmark). by 1 h incubation with monoclonal antibody to factor
Hydrogen peroxide was from Struers (Copenhagen, B or factor IX diluted 1:1000. Finally, the amount of
Denmark). Sulphuric acid, factor II (thrombin), monoclonal antibody bound was quantitated as de-
factor IX, immunoaffinity-purified proteinase 3, scribed above. Results are expressed as percent of
human serum, rainbow trout serum, rabbit antisera to starting material.
human factor B, rainbow trout factor B and pro-
teinase 3, and mouse monoclonal antibodies to 2.3. Rocket immunoelectrophoresis for
human factor B, factor IX and proteinase 3 were determination of serum albumin
from Statens Serum Institut (Copenhagen, Denmark).
Rabbit antisera to human factor B and human serum Serum albumin was determined by quantitative
albumin, peroxidase-conjugated rabbit anti-mouse rocket immunoelectrophoresis as described [10]. The

Pimmunoglobulins (RaM ) and peroxidase-conjugated electrophoresis was performed overnight at 2 V/cm
Pswine anti-rabbit immunoglobulins (SaR ) were in 1% agarose gels in 20 mM 5,5-diethylbarbituric

from Dako (Copenhagen, Denmark). Maxisorp acid, 40 mM Tris, 0.5 mM calcium acetate, 3 mM
ELISA plates were from Nunc (Roskilde, Denmark). sodium azide, pH 8.6, using rabbit antiserum to
Nitrocellulose membranes were from Schleicher and human serum albumin according to the manufactur-
Schuell (Dassel, Germany). er’s instructions.
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2.4. Sodium dodecyl sulfate–polyacrylamide gel experiments. All chromatographic experiments were
electrophoresis (SDS–PAGE) carried out at 58C with a flow-rate of 0.5, 1 or 2

ml /min.
SDS–PAGE was carried out as described by

Laemmli [11] using 4% stacking gels and 7% 2.8. PMSF treatment of trypsin
separating gels. Electrophoresis was performed over-
night at 40 V, and gels were stained with 0.1% Trypsin (25 mg) was dissolved in 12.5 ml PBS
Coomassie Brilliant Blue in 10% acetic acid, 20% and three aliquots (65 ml) of 200 mM PMSF in
ethanol, and destained with 10% acetic acid. 2-propanol was added at 1 h intervals.

2.5. Immunoblotting
3. Results

Proteins in SDS–PAGE gels were electroblotted
2onto nitrocellulose membranes at 1 mA/cm for 4 h. During purification of factor B by chromatography

The transfer was performed with a semidry electro- on Blue Sepharose we observed that factor B did not
blotter and with 30 mM Tris, 0.24 M glycine as bind to the matrix in the presence of the protease
transfer buffer. After electrotransfer membranes were inhibitor benzamidine. This was investigated in more
blocked with phosphate-buffered saline (PBS; 8 mM detail in the following experiments.
sodium phosphate, pH 7.2, with 0.15 M NaCl) Fig. 1 shows chromatography of human and
containing 0.5% Tween 20. Incubation with primary rainbow trout serum on Blue Sepharose in the
antibody (rabbit anti-human factor B) diluted 1:1000 presence of caprylic acid. Factor B was retained on
in PBS, 0.05% Tween 20 was carried out overnight the column and most of the immunoreactive protein
at 58C followed by 1 h incubation at room tempera- could be eluted with benzamidine. A small propor-
ture. After three washes in PBS containing 0.05% tion of the factor B, however, seemed to interact with
Tween 20 incubation with the secondary antibody the matrix in a way that was unaffected by ben-
was performed at room temperature in the same zamidine, but could be disrupted by 2 M KCl.
buffer at a dilution of 1:1000. After three more
washes in PBS containing 0.05% Tween 20, the blot
was developed with diaminobenzidine (1 mg/ml)
and H O (0.03%) in 20 mM sodium phosphate2 2

buffer, pH 7.0.

2.6. Complement activation of serum

Inulin (100 mg/ml in PBS) was added to serum to
a final concentration of 10 mg/ml and the mixture
incubated for 30 min at 378C. EDTA was added to
20 mM to stop the reaction.

Fig. 1. Chromatography of 5 ml human serum (top) and 5 ml
rainbow trout serum (bottom) on a column (532.5 cm) of Blue

2.7. Chromatography on Blue Sepharose Sepharose. Caprylic acid (25 mM) was added to the samples and
to the buffers. The samples were applied to the column which was

This was performed essentially as described by then washed with equilibration buffer. At the first arrow the
column was eluted with benzamidine (100 mM) and then washed.Williams and Sim [9] using 25 mM Tris, pH 7.4,
At the second arrow the column was eluted with 2 M KCl.containing 0.5 mM MgCl and 0.5 mM CaCl , as2 2 Fractions were analyzed for factor B by ELISA using a polyclonal

buffer for all washing and elution solutions. Caprylic (- - -) antiserum against human or rainbow trout factor B or using
acid (25 mM), KCl (2 M) and benzamidine (20–100 a monoclonal antibody to human factor B (? ? ?). The flow-rate
mM) were included in the buffers as indicated in the was 1 ml /min and 2 ml fractions were collected.
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Identical behavior was observed for chicken factor B
and for human C2, which is homologous to factor B.
From the chromatogram in Fig. 1 it can also be seen
that benzamidine, which is easily detected by its
strong absorbance at 280 nm, does not itself bind to
Blue Sepharose, since this would have given rise to a
large peak of benzamidine eluted by KCl. This
interpretation was confirmed by control experiments
in which benzamidine alone was passed through a
Blue Sepharose column, which was then eluted with
KCl. Moreover, pretreatment of Blue Sepharose with
benzamidine did not influence its capacity to bind
serum albumin or the serine proteases (data not
shown).

When inulin-activated human serum was chro-
matographed on a Blue Sepharose column, which
was eluted by 2 M KCl to release all bound material,
it was found that both intact factor B and the Bb
fragment of factor B could bind to Blue Sepharose
(Fig. 2). This finding indicated that the serine
protease active site could be involved in the inter-
action, and the behavior of other serine proteases on
Blue Sepharose was therefore studied in similar
experiments. However, as an experiment with elution
of factor B by a gradient of benzamidine showed that
10–20 mM benzamidine was sufficient to elute all

Fig. 2. Complement factor B and the Bb fragment of factor B bindbound material, subsequent experiments were carried
to Blue Sepharose. Human serum (5 ml) was treated with inulin,out with 20 mM benzamidine for elution instead of
then caprylic acid (25 mM) was added and the sample was

100 mM. chromatographed on a column (1031 cm) in the presence of
Table 1 summarizes the results from chromatog- caprylic acid (flow-rate: 2 ml /min, fraction size: 4 ml). Lane A:

raphy of human serum on Blue Sepharose with human serum with EDTA. Lane B: inulin-activated human serum
with EDTA. Lane C: flow through from the Blue Sepharoserespect to serum albumin, factor B and coagulation
column. Lane D: 2 M KCl eluate from the Blue Sepharosefactor IX. It can be seen that the amount of serum
column. Immunoreactive protein was detected using a rabbit

albumin bound was highly influenced by the pres- serum against human factor B.
ence of caprylic acid. Moreover, serum albumin was
not eluted by benzamidine to any appreciable extent.
However, both factor B and factor IX could be
eluted by benzamidine, regardless of whether static effects and that the aromatic ring of ben-
caprylic acid was present during chromatography. zamidine was involved in the interaction of this

Fig. 3 shows chromatography of trypsin, chymo- inhibitor with the trypsin-like serine proteases. When
trypsin and proteinase 3 (PR 3) on Blue Sepharose. partially purified human factor II was chromato-
All three enzymes bound to Blue Sepharose, but only graphed on Blue Sepharose it could also be eluted by
trypsin could be eluted by benzamidine, whereas the benzamidine. Finally, pretreatment of factor IX and
other two enzymes required 2 M KCl for elution. trypsin with PMSF was found to prevent their
None of the enzymes could be eluted by an equal binding to Blue Sepharose. The effect of aprotinin
amount of guanidine (20 mM), indicating that the could not be evaluated as this inhibitor bound to
effect of benzamidine was not due to purely electro- Blue Sepharose itself.
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Table 1
Behaviour of serum albumin, factor B and factor IX during chromatography of human serum on Blue Sepharose (percent of starting
material)

Non-bound Benzamidine-el KCl-el. Yield Purification

Without caprylic acid
HSA 4 8 59 71 1
Factor B 2 72 0 74 7
Factor IX 1 89 3 93 9

With caprylic acid
HSA 65 0 1 66 1
Factor B 3 43 0 46 14
Factor IX 3 71 20 94 24

4. Discussion protease inhibitor benzamidine, which binds to the
active site of serine proteases of the trypsin family,

The specific interaction of factor B with Blue totally abolished binding of factor B to Blue Sepha-
Sepharose has previously been used by Williams and rose. Furthermore, benzamidine was highly efficient
Sim [9] to obtain highly purified human factor B and in eluting factor B and other serine proteases of the
b -glycoprotein I. When applying these procedures trypsin family (factor IX, trypsin, factor II, C2) from2

to the purification of human factor B and factor B Blue Sepharose but not those outside this family
from other vertebrate species we observed that the (chymotrypsin, PR 3).
interaction of factor B with Blue Sepharose involved These data suggest that the interaction of Blue
the C-terminal Bb part of factor B, and that the Sepharose with serine proteases involves binding to

the active site of the enzymes. Caprylic acid prevents
serum albumin from binding, suggesting that this
protein binds primarily by hydrophobic interactions.
Factor B and factor IX bind in the presence of
caprylic acid showing that these proteins do not
primarily bind by hydrophobic interactions. More-
over, since 20 mM benzamidine but not 20 mM
guanidine could elute these proteins, it can be
concluded that they do not bind by electrostatic
interactions, but rather by affinity (a combination of
multiple interactions). The lower yield of ben-
zamidine-eluted factor B in the presence of caprylic
acid (Table 1) may suggest that factor B binds more
strongly to Blue Sepharose in the presence of this

Fig. 3. Chromatography of 1.6 mg trypsin (A), 1 mg chymotrypsin
fatty acid.(B) and 1 ml immunoaffinity-purified proteinase 3 (C) on Blue

The fact that chymotrypsin and PR 3 also bind toSepharose. The purified enzymes were loaded onto a 1031 cm
column (58C). The column was washed and eluted first with 20 Blue Sepharose but are not eluted by benzamidine,
mM benzamidine (first arrow) and then with 2 M KCl (second suggests that while they may well employ the active
arrow). Fractions of 2 ml were collected at a flow-rate of 0.5 site for binding, their affinity for benzamidine is not
ml /min. In (A) and (B) the elution position of the protease was

great enough to interfere with their binding to Bluedetermined by SDS–PAGE and is shown by a horizontal bar. In
Sepharose.(C) the elution of proteinase 3 was determined by ELISA using a

polyclonal antiserum (? ? ?) or a monoclonal antiserum (- - -). The binding of serine proteases such as PR 3 to
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the dye Matrex Orange A [12], and factors II, IX and structure would imply that the ‘‘a’’ part of Cibacron
X and the complement serine protease C2 to Blue Blue F3G-A (Fig. 4) binds to subsite S , flanking the1

Sepharose [13,14], has previously been assumed to active site to the left, whereas the ‘‘b’’ part binds to
9be a general dye affinity interaction. We have shown subsite S flanking the active site to the right.1

that the binding of certain serine proteases to Blue
Sepharose can be described in terms of an active site
ligand affinity. The results obtained here are in Acknowledgements
complete agreement with recent results of Burton
and Lowe [15], who have designed novel affinity This work was supported by a grant from the
adsorbents for trypsin-like proteases. Modeling on National Basic Research Foundation. We thank Bet-
the basis of a dipeptide-mimicking core structure, tina E. Holm and Annette Schiolborg for their
consisting of a benzamidine-substituted triazine ring excellent technical assistance.
they arrived at structure 3 (Fig. 4) as a highly
effective inhibitor and affinity ligand for trypsin-like
proteases. A comparison of benzamidine, Cibacron References
Blue F3G-A and structure 3 (Fig. 4) reveals structur-
al similarities, and this may be taken as further [1] J.C. Pearson, C.R. Lowe, Methods Enzymol. 104 (1984) 97.

[2] S. Fulton, Dye–Ligand Chromatography, Amicon Corpora-evidence that serine proteases bind to Blue Sepha-
tion, Lexington, 1980.rose through the active site. This similarity in

[3] R.K. Scopes, J. Chromatogr. 376 (1986) 131.
[4] Y. Kroviarski, S. Cochet, C. Vadon, A. Truskolaski, P.

Boivin, O. Bertrand, J. Chromatogr. 449 (1988) 403.
[5] L. Miribel, E. Gianazza, P. Arnaud, J. Biochem. Biophys.

Methods 16 (1988) 1.
[6] J. Travis, R. Pannell, Clin. Chem. Acta 49 (1973) 49.
[7] R.J. Letherbarrow, P.D.G. Dean, Biochem. J. 189 (1980) 27.
[8] E.C. Metcalf, B. Crow, P.D.G. Dean, Biochem. J. 199 (1981)

465.
[9] S.C. Williams, R.B. Sim, J. Immunol. Methods 157 (1993)

25.
[10] N.H. Axelsen, E. Bock, P. Larsen, S. Blirup-Jensen, P.J.

Svendsen, K.J. Pluzek, O.J. Bjerrum, T.C. Bøg-Hansen and
J. Ramlau, in: N.H. Axelsen (Ed.), Handbook of Immuno-
precipitation-in-Gel Techniques, Blackwell, Oxford, 1983, p.
87.

[11] U.K. Laemmli, Nature 227 (1970) 680.
[12] R.C. Kao, N.G. Wehler, K.M. Skubitz, B.H. Gray, J.R.

Hoidal, J. Clin. Invest. 82 (1988) 1963.
[13] A.C.W. Swart, H.C. Hemker, Biochim. Biophys. Acta 222

(1970) 692.
[14] A.P. Gee, T. Borsos, M.D.P. Boyle, J. Immunol. Methods 30

Fig. 4. Comparison of the structures of benzamidine (1), Cibacron (1979) 119.
Blue (2) and a designed affinity ligand for trypsin-like serine [15] N.P. Burton, C.R. Lowe, J. Mol. Recognition 6 (1992) 55.
proteases (3).


