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1. INTRODUCEiON 

Euzymes form speciizc and reversible complexes with substrates, inhibitors 
or strung closely related substances, commonly called ligands. If such a ligaud 
is associated with an insoluble matrix packed in a chromatographic column, then 
the percolation through it of a solution containing the biological complementary 
macromolecule results in the formation of a complex that is puri&d from con- 
taminants by applying au appropriate elutiou buffer. This is the basis of &i&y 
chromatography, a method that has been used extensively in recent years. However, 
the use of insoluble biospecifrc polymers involves difiiculties, which are reiated to 
the preparation of the afEnity gel (biding of the ligaud and evaluation of the 
amount effectively linked, in a heterogeneous medium) and to the formation of a 
complex between the immobilized l&and and the complementary macromolecule 
(exclusion e&&s and diffirsiond limitations of the matrix). 

fn our Iaboratory, we have developed some other puri&zation techniques 
based ou the same priuciple of bioafhuity, but in which the biospeci& polymers are 
water-soluble. IIn this review are described the maiu advantages of these water- 
soluble macrohgands, the different methods used to extract the macrocomplexes 
formed betweeu the polymeric ligands and the complementary macromolecule from 
the biological extracts and the characteristic resuits obtained iu the purification of 
two steroid biudiug proteius. 
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2 PREPARATION AND CONTROL OF WATER-SOLUBLE BIOSPECIFKZ POLYMERS 

In comparison with the limitations due to the insolubility of the a5ity 
material, the use of water-soluble polymers improves ligand coupling and control of 
the amount immobilized. 

Solubility in water and in some organic solvents makes possibk the coupling 
reactions of the ligand with the polymer in homogeneous solutions. Consequently, 
the yields are much better and highly substituted macromolecular compounds can 
therefore be obtained. Thus, to pur@ the A,,, S-oxosteroid isomerase (Pseu&- 
MOIZLS tesrosteroni) we synthesized a macro&and by binding estradiol-7a-butyric 
acid (Fig. 1) on the terminal functions of polyoxyethykne glycol according to the 
following scheme : 

H(OCH,CH&,,-OH f SOX, + XCH,CH,(OCH,CH&X 
(2) (3) 

(X = Cl,&) 
3 + R’NH, + RINHCH,CH,(oCH,CHJ,_-NHR’ 

(4) 
4 + R*CO,H -+ R2CONR’CH,CH2(OCH,CH~,,-NR’COR* 

(5) 

HaIogenation and amination reactions, carried out on a polymer of 6ooo molecular 
weight (hydroxyi group content determined by acetylation = 1.9 per macromolecule) 
are quantitative. The coupling reaction between derivative 4 and the carboxylic 
compound was performed in an organic solvent in the presence of peptide condensa- 
tion reagents (carbodiimide, isobutyl chloroformate, N-hydroxysuccinimide, etc.) and 
yielded substitution rates as high as 95% if a large excess (20-fold) of the carboxylic 
compound was used. When performing the reaction with only 4 equivalents of 
derivative 1 (twice the stoichiometric amount), a macroligand containing 1.3 equiv- 
alents of steroid per macromole was obtainedl. Quantitation can be performed 
directly on an aqueous solution of the macroligand by simply measuring the absor- 
bance at 285 ML 

Fig. I_ Estndiol-7ebutyric acid (1). 

Other macroligands have been synthesized by coupling derivative Z 
dex*ms with different molecuku weights, according to the following scheme?: 

Dextran-OH t CH+ZHCH,Cl 
WBFJ2 
AE~x~~~~-U-CH~CHCH,CI 

lo/ I 
OH 

(6) 

with 
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0 
7fR4XOH- DextranU-CH,CHCH,NHCOR2 

I 

Under the conditions we used, we repeatedly obtained, whatever the molecuiar 
weight of the polysaccharide, a chlorine content of 2-3x, corresponding to 
5-10-W - LOm4 equivalents of Cl per gram of polymer and to a topochemical sub- 
stitution of one hydroxyl group every tenth glucopyranose unit3. Nevertheless, it is 
possible, using more drastic conditions jhigher tem_perature and larger amounts of 
Zn(BFJ2] to increase considerably the chlorine content. 

The replacement of the chlorine atom with an amino group takes place with 
a yield over 90% and the final coupling reaction is carried out either in a water- 
dimethyIformamide mixture in the presence of N-(3-dimethylaminopropyB-N’-e&yl- 
carbodiimide (EDCI) or in an organic solvent such as dimethyl sulphoxide with 
benzotriazolyloxytrisdimethylaminophosphonium hexatluorophosphate~ (BOP) as a 
condensation reagent. The second pathway gives better resuhs and yielded macro- 
ligands containing 1 - LO-‘-2. 20e4 equivalents of steroid per gram of polymer. It 
should be pointed out that biospecific insoluble matrices commonly contain a few 
10e6 moles of ligand per gram of dry resir?’ and that in attempts to purify estradiol 
receptor by a@nity chromatography, the poiystyrenic adsorbents contained 1.3 mg 
(4 - 10m6 mol) of steroid (estradiol-7a-butyric acid) per gram of dry resin, the acrylamide 
supports 1.25 mg (4. 10e6 mol) per gram of dry powder and the agarose adsorbents 
about 0.03 mg (about lo-’ mol) per millike of gels_ 

3. BINDING CAPAClTY OF THE LINKED LIGANDS 

The homogeneous-phase synthesis of afiiniq polymers yields high concentra- 
tions of specific sites. This results in macrohgands with a high a&ity that can be 
easily and directly mm in aqueous solutions. For instance, we have measured the 
athnity constants of the polymeric l&and 5 (ieTW = 6ooo) in which RWH, is 1,3- 
dkminopropane and which contains 1.3 equivalents of estradiol per macromoIe, 
for the As_., 3-oxosteroid isomerase of Psdunw~ testosferuni, using the Dixon 
technicpre9. This enzyme is kn~wn’~ to bind to free e&radio1 with K, zw 106 1 - mol-I; 
in the case of the immobilized steroid, considering the fact that isomerase has only 
one binding site for e&radio1 11, the afhnity constant can be estimated to be 1.5-105 
l-mol-L, Le., seven times weaker than for the free estradiol. This decrease is 
relatively weak, especially if one t&es into account the fact that the inhibition 
efhciency of a 7a-butyric alcohol estradiol is about five tunes lower than for e&radio1 
whereas the affinity of the corresponding 7a-butyric acid derivative is 18 times 
weaher’l. 



The coupiing readon of estradiol-‘la-butyric acid with the amino ckiv&ives 
of dextran yields macroligands the biospecificity of which has been controlled by 
measuring their binding capacity with cytosolic calf uterus estradiol receptoti. The 
afiinity constant of a dextran (a,. M 500,tX)O) containing 3- 10es equivalents of 
steroid per gram of polymer is 102 l-g-’ for the estradiol receptor (determination by 
the Lineweaver-Burk techaiqu~). If one assumes that this receptor contains only 
one steroid binding site per molecuP, then the aE.nity constant of immobilized 
e&radio! for the receptor is 3.3 - ICF l- mol -I_ With estradiol, free and unsubstituted, 
its athnity constant for the receptor is about 5-1tY L -mol-’ 14_ As the value of K, 
for e&radio!-7a-butyric carboxamide is not known, the decrease in the binding capaci- 
Q, whicl~ should be due only to the immobilization of the steroid, is diEcult to 
e&abI.ish. Nevertheless, it can be noted that the introduction into e&radio1 of a 
7a-carboxyhc 34arbon chain leads to a very low (undetectable) affinity of the 
derivative for the receptor, and the aEnity co-t of the estradiol-7a-butyric 
methyl ester is about 108 and 10’ l-mol- l for the 7a-but&c alcohol derivative?. 

From a precise knowledge of the biding capacity of the macroligands, it is 
po&ible to calculate the minimal amount of polymer to be added to the solution in 
order to complex completely the species to be isolated. 

In com_parison with conventional afhnity procedures, this approach permits 
stricter control of the conditions for the binding of proteins and, as the efiiciency 
of the polymer-&and coupling is generally good, the amount of macroligand to be 
added is small in absolute terms and it is then possible to reduce, to a large extent, 
the non-5-c interactions between the polymer and the contaminants. For 
example, it can be calculated that, to complex %% of the estradiol receptor present 
in the cytosolic extract with the dextmses txzdiol described above, a concentration 
ofonly 1 g-I-‘willberEeSary_ 

4. EXXRACI-ION OF THE MACROCOMPLEXES FROM THE JXTRACT!ON SOLUTiON 

When tie biospe&c ligand is linked to one of the polymers constituting the 
aqmus two-phase system described by AlbertssorP, it is possible to attract 
speciGcally the macromolecule to be purified into the phase where this polymer is 
almost totally restricted and to adjust parameters such as pH or ionic strength to 
direct the contaminants towards the other layer (for a review, see ref. 16)_ 

In Fig. 2, it can be seen that increasing amounts of polyoxyethylene-bound 
estradiol, added to an aqueous two-phase system composed of poiyoxyethyiene 
glycol6000, dextran 80,000 and water, and containing the bacterial extract, draw up 
to 95% of A,, 3-oxosteroid isomeraz into the upper phase containing the poly- 
ether. After a five-step extraction, the enzyme was obtained with a pmiikation ratio 
close to 17@ (ref. 17). 

This ‘tihnique, which in principle is non-denaturing as it is performed in 
homogeneous aqueous solutions, has also been used for the extraction of mem- 
brane+? and could be applied with success to the purification of whole cells. a 
problem for which affinity chromatography has not so far proved very satisfactory. 



Proteins 
* - Complexed Enzyme % 

Fig, 2 Pa&ion coe6kknts (c+ of isomerase (e) axid total proteins (A) as a funaion of thei theoretical 
pescentags of complex formed by afkity bztw= isomerase and polyoxyethykne-bound estradiol 
(PEG-E@, and of the molar concentration of PEG-Est added to the system CpEG 6000,7X (w/w); 
dexaa T r30,12% (w/w); phosphate buffer, 0.03 M, pH 7.0; PEG-E& up to 12 mg; crude extract 
&om PseK&moe fesmsfeRmi cultures. o-4 ml; total weigh+ 4 gl. 

42 GeljZhztiotz of nmcrocompkxes 

When the aEnity material is a high-nzokcul~-weight poIymer, the macro- 
complex is characte&ed by a high apparent hydrodynamic volume. It then can be 
separated from the contaminants by fractionation on a gel the porosity of which is 
chosen so that the macrocomplex, owing to its size, is eluted iu the void volume. 

This technique has been applied in our laboratory to the purifkatiou of tie 
cytoplasmic calf uterus estradiol recepto$, a protein very uustable and of low con- 
centration in the cytosohc extracts. 

The liuked estradiol-receptor complex was formed by iucubatiug a cytosok 
extract with the biospecik polymer described above (Ka = LOZ 1-g-l) at a concentra- 
tion of 2.5 g-1-l. At this concentration it cau be c&Mated that the receptor is 
theoretically complexed to the extent of about 99.5 %_ The macracomplex could then 
be separated from *he bulk of the proteins present in the crude extract by filtration 
on an appropriate gel (Fig. 3) Ah of the receptor was removed from its normal 
elutiou region (Fig. 4) and eluted as a complex with biospecik dextran in the void 
volume. 

A final procedure is then ncce.%my to eliminate the polymeric material. 
During this operation, the ruacrocom_ulex, ckared of contaminants aud colkcted iu 
the fractious correspondiug to the void volume, was dissociated by exchange with 
an excess of free estradiol. The mixture was then fractionated on the same gel and 
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F= 3. Gel Chation of a cytosolic extract (10 ml; 4 S trypsin receptor prtparation) after Lreatment 
witlltiextlza dial conjugate (25 mg) on an Ultrogel AcA-34 column (bed volume, ZHI ml. eIuti~n 
b&k-, I’iis-HCI 50 mmol-I-‘, EDT-A 1.5 mmol-I-‘, pH 7.5). 9, Caacentratio~~! of spcciiic estmgea- 
bin&g sites (EFEG) detcrmked as dcscrii in ref. 20. ?&se values are related to the speciEc binding 
capacity of the receptor to radioactive estradiol and then with the concentration of this protein, 
Estrogen !~inding could tot be measured in the void vokme fractions lcxcase of the presence of a 
hgc excess of compet&g maxuligand. A, Concentration of total proteins de%, * d by their 
&sosbanoeat28Onm 
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Fii 5 Gel fikration of the void volume fkctioas collected in the fBration descrii in Fig. 3 after 
exchange with an excess ofradiazctive free &miioL Conditions as in Fig. 3. The 4 S trypsin receptor 
form mmpkxedtifh f?ee esradiol is fouad in fraaions 35-Q. 8, Estradiol binding sites expressed in 
terms ofradkxtivi* of 0.1-d portions of the eluted fractions; & 2ksorbCe at 280 nm. 

t&e protein was remve& put%& in the elution vohme associated with its 1~0nna.l 
mokcular weight (Fig. 5). Starting with 1 1. of cytosol (MO g of calf uterus), pre- 
pudkd and concentrated to 10 ml, to- which were added 25 mg of dextran- 
estradiol, we obtained 10-20 pg (depending on the quality of the tissue) of &Je 
‘4 S trypsin” receptor form3 (yield 54I-75 “h, corresponding to an 80% pure 
receptoria. 

When the macro&and is characterized by a high molecular weight, it is 
possible to spar&e the macrocomplex from the contaminants on ultra6ltration mem- 
branes. With this technique, contaminants can be eliminated in the ultr&ltrate 
while the macmcompIex concentration is kept constant (diafikration) or even in- 
creased @ltraGltration). This _tesults in prootection offfie protein to be pm-&d against 
demturron, which always increases on dilution and puritication. Some experi- 
ments have been pe&osmed in our laboratory in order to extract the dl,,, 3-oxosteroid 
isomerase of Pseudomonas testusteroni from a crude extract prepared as described 
earliefl’_ The macroligand was a dextran-estradioi of M, B 2- 106, containing about 
O-7- lQ_+ equivak~ts of steroid per gram. The rejection, R, is defined by 

where C, is the initial concentration of the species in the crude extract and C, is 
their concentration in the pemeate. 

Without a po&nmic I&and, the rejcction’of isomerase and contaminating 
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proteins were RI = 64% and Rp = 50x, respe&veIy (membrane, Millipore P-S-V-P. 
106; pressure, 0.2 bar). In the presence of 3 g-l-’ of dextran+stradiol it was 
observed that the isomerase was retained by the ultrafihet (Br = 9000 whereas the 
rejection of the other proteins was unchanged. Some other studies on this method 
are at present in progress in our laboratory, especially in order to improve the release 
of the contaminating proteins_ 

5. ADVNAGES AND DISADVANTAGES OF WATERSOLUBLE BIOSPECiFiC FOLY- 
MERS COMPARED wrm ~CHROMATOGRAPKY 

The resuks reported above demonstrate the ready applicability of water- 
soluble biospecific polymers in the purification of proteins. The advantages of these 
new allinify materials lie in the high yields obtained from ligand coupling, the rapid 
control ofthe amount immobilized and the easy complex&ion wiffithecomplementary 
macromolecule from which foIIows a high binding capacity. Also, the a.Enity of the 
species to be isolated for the polymeric ligand can be determined very exactly. Hence 
it is possible to complex completely the protein to be extracted with a very low 
concentration of aflinity material and consequently the following practical advantages 
can be found in the purEcation processes: Crstly, there are little or no non-spec& 
inter&ions of contaminating proteins with the biospecific polymer because of its 
low concentration in the extraction solution. Such interactions result in major 
difllculties in work with at&&y columns. Secondly, protein binding takes place 
under equilibrium conditions, resulting in quantitative complexation, whereas with 
aflinity gels the rate of column loading has to be taken into account. Thirdly, owing 
to the exact knowledge of the binding capacity of the macro&and and to its low 
concentration, the dissociation of the macrocomplex and consequently the &ease of 
the protein from the polymer are easily achieved by means of a calculated excess of 
the free @and. 

On the other hand, these water-soluble biospccific polymers do have some 
limitations. When the Iigand to be immobihxed has a marked hydrophobic character, 
the water-soluble polymer has a substitution limit beyond which its solubility 
properties may be substantially altered. As an example, during the synthesis of 
macroligands bass on dextran and steroids, the attempts to anchor estradiol-7a- 
butyric acid in amounts greater than 2- lo-* equivalents per gram of polymer led to 
the insolubilization of the aflinity material_ On the other band, it was possible to link 
a model carboxylic acid, such as pnitrophenylaicetic acid, up to S- 10-‘-S- 10” 
moles per gram of polymer, without any apparent decrease in the solubility of the 
resulting material. This phenomenon obviously involves a major limitation when a 
species with a low affinity towards the immobilized ligand is to be pmilied. lr~ fact, 
if one takes as an example a steroid linked with a wnceutration of 2. IO-’ equiv- 
alents per gram of dextran, in order to purity a protein the aflinity constant of which 
towards this ligand would be about 105 l-molW1 it then would become neozz~~ to 
add the macroligand at a concentration of 5 g per litre of extract to achieve 99% 
complexation of the complementary macromolecule. For lower aflinity constants Fhe 
macroligand concentrations to be used would be far too high and could lead to 
-unsatiGctory non-spe&c adsorption_ ln contrast, if the ligand is a hydrophilic 
compound, it is then possible to per5orm high substitutions on the dextran without 
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modikation of the soiubilrty in wafer and purifications of low-zfE&y biological 
species cam be carried out successfully by using tie resuking water-soluble bio- 
specific polymers. 

We thank Professor J. N&l and Professor E. E. Beaulieu for many stimulating 
discussions and 3. Mester for his helpf%l assisfance. This work was ptia.Uy supported 
by D.G.R.S.T. 

7. SUMMARY 

Purikation of proteins or other biological macromolecules can be performed 
by techniques based on the biospecifk &k&y of these species for ligamis linked to 
water-soluble polymers. The characteristics of such water-soluble biospecific polymers 
are presented, their applicability in protein purification techniques is discussed and 
their advantages and limitations are compared with those of a&&y chromatography. 
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