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SUMMARY 

Cibacron Brilliant Blue BR-P, a structural isomer of Cibacron Blue 3G-A (the 
chromophore in Blue Dextran), and Procion Brilliant Blue MR, Cibacron- Brilliant. 
Blue BR-P without the sulfonated bet& moiety, were covalently attached to Se- 
pharose CL-6B by the triazine rings. The use of these materials for column af&ity 
chromatography *was compared with commercial Blue Sepharose CL-6B, Cibacron 
Blue 3G-A covalently attached by its triazine ring to Sepharose CL-6B, and with a 
column of agarose succinyl-polyacrylic hydrazine with Cibacron Blue 3G-A attached 
on its anthraquinone ring. It was found likely that the I-amino-anthraquinone-2- 
sulfonic acid moiety was the critical structure for binding of the selected enzymes 
used, one kinase and three dehydrogenases. These enzymes, bound to the dyes, , 
attached to the columns by their triazine rings and elution of the enzymes occurred 
at similar concentrations of eluting buffers indicating that the entire Cibacron Blue 
3G-A molecule is not required for biospecific binding and elution. The new columns 
described in this report may-allow for selective enzyme pur&ation due to differences 
in binding and steric interactions of the proteins with the different dyes. 

INTRODUCTION 

Blue Dextran, a dextran polymer with the blue dye Cibacron Blue 36-A 
(CB3G-A, I in Fig. 1) covalently attached, was developed as an exclusion volume 
marker for gel filtration chromatography. During such use, it was observed to form 
conjugates with enzymes such as glutathione reductase’, pyruvate kinasez-4, phos- 
phofructokinase5d, lactate dehydrogenase’, and otherss-“. This interaction, which 
was initially a problem in molecular-weight estimations on columns; has been ex- 
ploited for purification. A protein sample with added Blue Dextran can be chro, 
matographed on a molecular-sieve column that has been equilibrated in a low-ionic- 
strength buffer. If a conjugate is formed and-the protein is eluted in the void vohune, 
the eluant is then reehromatographed at a high ionic strengthl*q~elf. or with the 
addition of a competing ligand 2*3 to separate the protein from the Blue Dextran. 
This process could potentially be quite effective for purifying some proteins. 

To allow more specific elution of the species being isolated, both Blue Dextmn 
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Cibacron Blue 3G-A (CB3G-A) 

I 

_SO,ONa 

Cibacron Brillicint Blue BR-P (CEB) 

II 

Procion Brilliant Blue M-R (PBS) 

Fig. 1. The structures of the dyes used in the study. Tbe dyes -were attached to the cohunn supports 
at the positions indicated (a) by substitution at the triazine ring (b) by carbodiimide activation of the 
amine. 

and its chromophore, CB3G-A, have ken immobilized to several supports including 
polyacqlamide6*12, agarose7-13-14 and SephadexL116. These materials have been used 
to isolate 2 wide variety of proteins and extensive lists of such applications have been 
compiled14J7-1g. Proteins bound to dye-substituted columns have been eluted by 
increasing ionic strength or, in several instances, by the addition of specik substrates 
or effecters, indicating biospecific interactions 14*17-1g. The biospecific cases are ef- 
fective examples of afbnity chromatography. 

Experiments by Bijhme et aZ_16 on phosphofructokinase led to the suggestion 
that the dye molecule, l-amino4(4’-aminophenylamino) anthraquinone-2,3’-di- 
sulfonic acid, was a structural analogue of ATP and was the portion of CB3G-A 
responsible for its interactions with phosphofructokinase. This idea was expanded 
further by Steliwagen with the suggestion that CB3G-A was a structural analogue 
of NADH and could be used as a diagnostic probe for the protein super-secondary 
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structure termed the “dinucieotide fold”1+‘2f . Since yeast phosphofructokinase bound 
to. Blue Dextran immobilized in polyacrylamide but not to Cibacron Brilliant Blue 
BR-P (CBB, II), a structural isomer of CB3G-A, attached to Dextran 2OQO (ref. 16), 
Stellwagen further suggested that the complete structure of CB3G-A was required 
to produce the precise orientation of the charged groups necessary for binding to 
occu?. Wilson has suggested that an enzyme without a dinucleotide fold may interact 
biospecifically with CB3G-A, either immobilized or in solution, and that all enzymes 
that have a binding site for nucleotides, cyclic nucleotides, and dihydrofolate and/or 
folate may interact with CB3G-AZ. We have recently shown from inhibition studies 
that the major interaction of selected nucleotide requiring enzymes with CB3G-A 
was with the I-amine-4(4’-aminophenylainino) anthraquinone~2,3’-clisuifonic acid 
portion of the dye=. 

Due to widespread interest in the use of this dye immobilized to column 
material for enzyme purification, this study was undertaken to determine if the entire 
CB3G-A molecule is required for the biospecific binding of proteins to dye-substituted 
columns. CB3G-A, CBB, and a portion of CBB, Procion Brilliant Blue MR (PBB, 
III), were covalently. bound to a Sepharose CL-6B. CB3G-A was also covalently bound 
to a column support by linkage of its primary amine. Several nucleotide requiring 
proteins were chromatographed on these materials to evaluate the specificity and 
potential for general preparative use of such columns. 

EXPERIMENTAL 

Coenzymes, ATP, ITP, dithiotreitol , glucose-6-phosphate, pig heart malate 
dehydrogenase, rabbit muscle aldolase, glycerophosphate dehydrogenase/trio- 
sephosphate isomerase, and l-ethyl-3-(3-dimethyl-aminopropyl). carbodiimide were 
all purchased from Sigma (St. Louis, MO., U.S.A.). Yeast glucose-6-phosphate 
dehydrogenase and oxaloacetate were obtained from Calbiochem (Los AngeIes, Calif., 
U.S.A.). Rabbit muscle lactate dehydrogenase was from P-L Biochemicals (Milwau- 
kee, Wise., U.S.A.) and pyruvate was from I. T. Baker (Phillipsburgh, N. J., U.S.A.). 
Boehringer (Mannheim, G.F.R.) supplied the fructose-6-phosphate. Phosphofructo- 
kinase was partially purified from yeast using the first six steps of the method of 
Stellwagen and Wilgus”. Procion Brilliant Blue MR (PBB, C.I. reactive blue 4, C-1. 
constitution number 61205) was purchased from ICN K&K Labs. (Plainview, -N-Y., 
U.S.A.). Blue Sepharose CLdB (CB3G-A attached to Sepharose CLdB) and Se- 
pharose CLdB were obtained from Pharmac ia (Uppsala, Sweden). The agarose 
succinyl-polyacrylic hydrazide was from Miles-Ye& (Elkhart, Ind.; U,S,A.). Ciba- 
Geigy (Basel, Switzerland) kindly provided Cibacron Blue 3G-A (CB3G-A, C-1. 
reactive blue 2, C.I. constitution number 61211) and Cibacron Brilliant Blue BR-P 
(CBB, C.I. reactive blue 5, C.I. constitution number 61205:l). 

Procion Brilliant Blue Sepharose CL-6B and Cibacron Brilliant Blue Se- 
pharose CL-6B were prepared according to the method used by Bahme et aZ.16 for 
preparing Cibacron Blue 36-A Sephadex with substitution of the appropriate dye 
and Sepharose CL-6B. 

The agarose succinyl-polyacrylic hydrazide-CB3G-A column was prepared by 
the condensation of agarose succinyl-polyacrylic hydrazide (1 ml wet volume) with 
CB3G-A (0.25 grams) using the water soluble carbodiimide (l-ethyl-3<3-dimethyl- 
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aminopropyl) carbodiimide, 0.38 g). A 13 ml-solution of 0.5 &i NaCl at pH 4.5 with 
the above ingredients was gentIy shaken.for 1 h. The gel w-as then washed on a glass 
sintered funnel with successive additions of water, 2 M KCI, water, 6 mg/ml bovine 
serum albumin, 2 M KC& 8 M urea, and finally water until no chromophore was 
eiuted. The control column made by eliminating the carbodiimide had a small amount 
of dye adsorbed to the column material (0.015 ~mol/ml). 

The-concentration of the dyes bound to the Sepharose CL-6B was determined 
as described by Easterday and Easterday” by hydrolysis of the column material in 
6 M HCl at 40” and spectrophotometric measurement of the reIeased dye. Dye 
substitution on the agarose succinyl-polyacrylic hydrazide was estimated by hydrolysis 
in 6 M HCl for 1 h in a boiling-water bath and spectral, measurement of the dye 
with an unsubstituted gel blank used as a control. 

A i.O-rnI portion of each gel was poured into a 0.7 x 4 cm polypropylene 
coIumn from Bio-Bad Labs. (Richmond, Calif., U.S.A.) and equilibrated with 10 
inM Tris, 1 r104 EDTA, and 1 mM dithiothreitol at pH 7.5 (standard buffer). They 
were then Ioaded with 80-500 pg of protein which was eluted by successive applica- 
tion of five coIumn vohunes each of the standard buffer, then 10 mfii KCI, 100 m&f 
KCI, and 1 M KC1 in standard buffer. The columns were then washed with the 
standard but&r, reIoaded with protein, and eluted with 1 mM of the respective ligand 
in standard buffer. The Cibacron Blue 3G-A Sepharose CLdB was washed, loaded, 
and eluted with 50 “/d ethylene glycol and standard buffer. AI1 fractions were collected 
and enzyme activity in each determined as described below. 

.A11 enzymes were dialyzed extensively against the standard buffer except yeast 
phosphofructokinase which was exchanged into the standard buffer using a Bio-Gel 
P-2 coIumn equilibrated with the standard buffer. Lactate dehydrogenaset5, glucose- 
6-phosphate dehydrogenase=, malate dehydrogenasez6, and phosphofructokinase” 
were all assayed as described previously_ The assays were carried out in a Cary Model 
118:spectrophotometer at 25” and no activity was observed when one substrate 
was omitted from the assay mixtures. Protein concentrations were estimated by 
A 
.: 

280- 

RESUL?-S AND DISCUSSION 

The binding characteristics of phosphofructokinase, malate dehydrogenase, 
lactate dehydrogenase and glucose 6-phosphate dehydrogenase to dye columns where 
the cbromophore is attached to the column support by the triazine ring are listed 
in TabIe I. The per cent of the total activity applied that was eluted from the columns 
under the conditions described in Experimental is listed in the table. The dye sub- 
stitution on the Sepharose CL-65 was approximately 3 pmol/ml of gel for PBB, 2 
~mol/ml of gel for CBB, and 1 pmoI/ml of gel for CB3G-A. The enzymes used in 
this report at1 bind to the CB3G-A, CBB and PBB columns and elute at somewhat 
similar concentrations of salt or substrate. These results indicate that even with the 
enzymes containing a dinucleotide fold, pig heart malate dehydrogenase and rabbit’ 
muscle iactate dehydrogenase”, neither the absohtte configurations of CB3G-A nor 
its entire structure is required for binding or biospecific elution of these enzymes as 
Stellwagen has suggestcdzl. Bijhme et al. did not observe affinity of yeast phospho- 
fructokinase for the condensation product of CBB with Dextran 2000z6, however, 
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the dyes used in this work were supported by Sepharose CL-6B and the CBB derivative 
bound yeast phosphofructokinase quite tightly. 

It should also be. pointed out from the data in Table I that the biospecific 
elution of phosphofructokinase and lactate dehydrogenase is more easily carried out 
with the PBB-Sepharose CL-6B than the other columns Glucose-6-phosphate de- 
hydrogenase is harder to elute biospecifically from GB3G-A-Sepharose CL-6B than 
from the other columns. Increases in ionic strength appear to be more effective for 
the elution of lactate dehydrogenase from PBB-Sepharose CLdB than from the other 
derivatives and less effective in the elution of phosphofructokinase- from CBB- 
Sepharose CL-6B than from the other derivatives. These differences in per cent 
activity eluted are probably due to the different steric interactions between the enzymes 
and the different dyes and to a small part due to inherent technical problems of 
quantitative work on such small columns. 

CB3G-A was coupled covalently, presumably at the primary amine, to agarose 
succinyl-polyacrylic hydrazide by a carbodiimide condensation. The degree of sub- 
stitution was 0.4 pmol/ml of gel. The amount of dye adsorbed to the control column, 
made as described in Experimental, was 0.015 ymol/ml of gel. In a linkage of this 
type, the 1-amino-anthraquinone-2-sulfonate group of the dye should be blocked from 
binding to the enzymes. As can be seen in Table II, where the binding criteria are 
the same as in Table I, this portion of the dye is important for the binding of these 
enzymes. Glucose-6-phosphate dehydrogenase and phosphofructokinase do not bind 
to this column. Lactate dehydrogenase and malate dehydrogenase show approxi- 
mately the same affinity for the dye-substituted and the control column. These 
affinities are significantly less than those exhibited when the dye is attached at the 
triazine ring. Some binding of the enzymes to these columns may occur through dye 
adsorbed to the columns as observed with the control column. BShme et 01.‘~ also 
concluded that this portion of the dye was important for binding from. experiments 
in which CNBr-activated Sepharose 4B had been reacted with the primary amine 
of CB3G-A in Blue Dextran. Such treatment should not have blocked all the dye 
molecules present in Blue Dextran; it would block only those molecules linking the 
Blue Dextran to the Sepharose 4B. Yeast phosphofructokinase did not-bind to such 
a column16, but the enzyme from E. coli doeslg. 

Hydrophobic binding of proteins to immobilized CB3G-A columns has been 
observed in several cases. Blue Dextran-Sepharose binds human heart NADP-specific 
isocitrate dehydrogenase at its NADP+ site. This binding is enhanced by high con- 
centrations of salts in the order of the Hofmeister series, and the protein is eluted 
by the hydrophobic solvent glycerol and by nicotinamide which is an ineffective 
inhibitofls. Interferon binds to Blue Dextran-Sepharose and can be displaced by 
polynucleotides or ethylene glycol, but not by 1 M NaCl (refs. 29 and 30). The degree 
of hydrophobicity involved in the binding of the enzymes studied in -this paper to 
CB3G-A Sepharose CL-6B was tested by washing a loaded column with 50 % ethylene 
glycol. Only 37% of the total activity of yeast phosphofructokinase could be eluted 
while no activity could be eluted using the other three enzymes. 

It is-apparent that both hydrophobic and electrostatic forces are involved in 
the binding of proteins to these anionic dyes. Glazei? has suggested that the binding 
of dyes to proteins takes place predominately in areas that overlap the binding sites 
for protein ligands in preference to other surface areas of the protein. In his examples 
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of such binding, there is generally little obvious similarity between the dyes and the 
protein ligands, but it was proposed that one reason for the binding could be the 
hydrophobicity of these sites reiative to the rest of the protein. In Glazer’s work, 
tie interactions of proteins with multiple charged ligands were specifically excluded, 
but there is no reason to exclude the same type of interaction with the chromophores 
used in our experiments. The charged groups of the dyes undoubtedly make a large 
contribution to binding. 

Many enzymes containing a dinucleotide fold super-secondary protein struc- 
ture or very similar folding pattern bind to CB3G-A’*“. Rao and Rossman have 
described the &pleated sheet of this super-secondary structure in the following 
manner, “ . ..restrictive in amino acid sequence. For instance, the hydrophobic 
character of the residues in sheet regions is apparent. The presence of a hydrophobic 
patch or pocket at the end of the parallel sheet may possibly be required to produce 
this particular fold.” The hydrophobic pocket created by this structure and similar 
protein structures of a hydrophobic central p-pleated sheet flanked by hydrophilic 
c-helixes could provide for exactly the type of interaction that Glaze? has suggested. 
The interaction of CB3G-A with enzymes not containing a dinucleotide fold33 has 
been shown with yeast hexokinase 22_ Phosphoglyceromutase and aldolase are examples 
of enzymes that do not use nucleotides or dinucleotides as natural substrates, but 
do interact with CB3G-A biospecifically at their substrate sites. However, most of 
the enzymes that bind to CB3G-A columns biospecifically or otherwise either have 
substrates or effecters that are anionic in nature or are themselves basic1JJ7-19. 
Therefore, CB3G-A-Sepharose and the other dye columns used in this study will 
show a propensity to interact with enzymes containing a dinucleotide-fold type 
folding pattern and with enzymes that bind hydrophobic and/or anionic li,gands such 
as nucleotides. 

The column support material for CB3G-A has a great deal of influence on 
the interaction of the dye with some enzymes. Rat brain hexokinase has been shown 
to bind to CB3G-A-Sepharose CLdB but not to Blue Dextran-Sepharose”. Pig heart 
malate dehydrogenase can be eluted from Blue Dextran-Sepharose with 10 mM 
NADHr9 but not from the CB3G-A-Sepharose CL-6B. Different ionic strengths are 
needed to elute yeast phosphofmctokinase from Blue Dextran immobilized in poly- 
acrylamide or CB3G-A-Sephadex16. B&me et al.'" were also unable to elute yeast 
phosphofructokinase from CB3G-A-Sephadex with ATP or from CB3G-A-Cellulose 
under any conditions, while it could be eluted from Blue Dextran-polyacrylamide 
gel with 2 mM ATP (ref. 6) We were able to effect elution of a high percentage of 
yeast phosphofructokinase from CB3G-A-Sepharose CL-6B with 10 m&f ATP. Also, 
Wilson has shown dilferences in the interaction of free CB3G-A and free Blue 
Dextran in solution with several enzymes 22. In general, changes in environment of 
the dye and attachment position can affect the binding. 

It is felt that the new columns presented here, PBB and CBB-Sepharose CL- 
6B offer alternatives to CB3G-A-Sepharose for enzyme purification due to differences 
in their binding and steric interactions. It should be noted that the optimum condi- 
tions for the use of each column in this paper were not determined; instead the 
procedure was the same for all to allow comparisons in the enzyme-binding properties 
of the column. The availability of a large number of reactive dyes based on anthra- 
quinone structures and similar molecules may allow development of new, more 
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specific columns so that selectivity for different nucleotides and substrate sites may 
be available_ This is the direction further research in this area should follow. 

ACKNOWLEDGEMENTS 

This work was supported by Grant CA 14030 from the Nat&al Cancer 
Institute, DHEW and Grant C-588 from the Robert A. Welch Foundation. Robert 
S. Beissner was supported by a Robert A. Welch Foundation Predoctoral Fellowship. 

REFERENCES 

1 G. E. Stall, J. Visser and C. Veeger, Biochim. Biophys. Acru, 185 (1969) 39. 
2 H. Haeckel, B. Hess, W. Lauterbom and K. H. Wusler, Huppe-Seyler’s 2. Physioi. Chem., 349 

(1968) 699. 
3 K. G. Blume, R. W. HofIbauer, D. Busch, H. Arnold and G. W. Lohr, Biochim. Biophys. Actu, 

227 (1971) 364. 
4 G. E. Stall, J. F. Koster, H. Kamp, L. Van Milligen-Boersma and C. Veeger, Biuchim. Biophys. 

Acru, 227 (1971) 86. 
5 G. Kopperschllger, R. Freyer, W. Diezel and E. Hoffman, FEBS Letts, 1 (1968) 137. 
6 G. KopperschlZger, W. Die.& R. Freyer, S. Liebe and E. Hoffman, Eur. J. B&hem., 22 (1971) 

40. 
7 L. D. Ryan and C. S. Vestling, Arch. B&hem. Biophys., 160 (1974) 279. 
8 J. J. Marshall, J. Chromutogr., 53 (1970) 379. 
9 A. C. W. Swat-t and H. C. Hemker, Biuchim. Biophys. Acta, 222 (1970) 692. 

10 H. D. White and W. P. Jencks, Amer. Chem. Sot. Meeting Abstr., No. 43 (1970). . 
11 M. Silink, R. Reddel, M. Bethel and P. B. Rowe, J. Biol. Chem., 250 (1975) 5982. 
12 M. F. Meldolesi, V. Macchia and P. J. Lacetti, J. Biof. Chem., 251 (1976) 6244. 
13 W. Heyns and P. De Moor, Biochim. Biophys. Actu, 358 (1974) 1. 
14 R. L. Easterday and I. M. Easterday, in R. B. Dunlap (Editor), Immobilized Biochemicnls and 

Afinity Chromatography, Plenum, New York, 1974, p. 123. 
15 P. Roschlau and B. Hess, Hoppe-Seyler’s 2. Physiul. Chem., 353 (1972) 541. 
16 H. J. Biihme, G. KopperschIlger, J. Schultz and E. Hofmann, J. Chromufogr., 69 (1972) 209. 
17 M. Burgett and L. Greenley, Amer. Lub., 9 (1977) 74. 
18 Bio-Rad Labs., Chemical Division; Technical Bulletin, 1049 (1977) 1. 
19 S. T. Thompson, K. H. Cass and E. Stellwagen, Pruc. Nut. Acud. Sci., 72 (1975) 669. 
20 S. T. Thompson and E. Stellwagen, Proc. Nut. Acud. Sci. U.S., 73 (1976) 361. 
21 E. Stellwagen, Accounrs of Chemical Research, 10 (1977) 92. 
22 J. E. Wilson, Biochem. Biophys. Rex. Commun., 72 (1976) 816. 
23 R. S. Beissner and F. B. Rudolph, Arch. Biuchem. Biophys., 189 (1978) 76. 
24 E. Stellwagen and H. Wilgus, Merho& &zymoI., 42 (1975) 78_ 
25 A. Komberg, Methods Enzymol., 1 (1955) 441. 
26 C. C. Sottocasa, B. Kuyienstiema, C. Emester and A. Bergstrand. Merhuds Eizzymul., 10 (19. -) 

27 M. G. Rossman, A. Liljas, C. Br%nden and L. J. Banaszak, in P. D. Boyer (Editor), The Eirzymes. 
Vol. 11, Part A, Academic Press, New York, 1975, p_ 61. 

28 G. F. Seelig and R. F. Colman, J. Bioi. Chem., 252 (1977) 3671. 
29 J. Maeyer-Guigaard, N. Y. Thang and E. De Maeyer, Pruc. Nut. Acud. Sci U.S., 74 (1977) 3787. 
30 W. J. Jankowski, W. H. Ausen, E. Sulkowski and W. A. Carter, Biochemistry, 15 (1976) 5182. 
31 A. N. Glazer, Proc. Nut. Acud. Sci. U.S., 65 (1970) 1057. 
32 S. T. Rao and M. G. Rossman, J. Mol. Biol., 76 (1973) 241. 
33 T. A. Steitz, W. F. Anderson, R. J. Fletterick and C. M. Anderson, J. Biol. Chem., 252 (1977) 

4494. 


