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CHROM_ 7542 

THE USE OF AN ENZACRYL AA DERIVATIVE FOR AFFINITY CHRO- 
MATOGRAPHY OF SEX HORMONE BINDiNG GLOBULIN 

A polymer of the polyacrylamide type with side-chains bearing free amino 
groups on the benzene ring (Enzacryl AA) with covalently attached 3-hemisuccinate 
of 5u-androstane-3x. 17&dinl WLLS used for theaffinity chromatogr:lphy of ses hormone 
binding $obulin_ 

After washing with buik of increasin 8 ionic strength, the release of protein 
was ttchievcd by treatment with a butTered solution of testosterone. An spprosimately 
63-fold enrichment of the required protein was achieved. 

The purified protein was characterized by its binding properties and by iso- 
electric focusing_ 

-- 

INTRODUCTION 

Studies on selective steroid-binding proteins such as transcortin or ses 
hormone binding globulin (SH BG) have shown that these high-affinity but low- 
capacity plasmatic carrier proteins can act as reversible regulators ofhormone action’. 

SHBG has already been purified by classical means1-2 (ammonium sulphate 
precipitation followed by repented ion-eschange chromatography and molecular 
sieving) and its physico-chemical properties have b?en \vell establislled1-5: ho\vever_ 
these techniques did not seem to be suitable for preparative-scale \vork_ Affinity 
chromarogriiphy utiiizin s the unique selectivity of steroid-protein intsractions :lp- 
pared to be an ideal method !-w this purpose. 

“Amino-Sepharose” coupled with cortisol ?I-hemisuccinate has been used for 
the separation of transcortin from plasm:~‘~, and escellent results have been obtained 
by affinity chromatography of solub!e oestradiol receptorsi-s. An attempt to separate 
SHBG by this method was also made as early as 1969, but the yields were very low 
(0.4%) owing to the failure to remove SHBG from the column without denaturatiok’. 
In each instance, cyanogen bromide-treated Sepharose 4B coupled with various 
steroid derivatives with or without a spacer was used. 

As activated ‘hmino-Sephnrose” is now available commercinlly, the incon- 
venient work with cyanogen bromide can be avoided. However, when used for the 
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stpartttion of steroid-binding proteins. these materials require extensive washing in 
order to remove the physically adsorbed atlinant. \vhich is limited by the resistance 

of the gel to organic so!ventss-l”- I?_ 
\Ve starched for another matrix \vith good Ho\v properties and resistant to 

organic solvents_ which would moreover permit the direct attachment of suitable 
steroid derivatives_ A cross-linked po!?mer of the polyacrylan~ide type containing 
suf!icient!y long side-chains (Enzacry! AA) scemcd to fulli! these requirements. To 
the free amino group on the benzene rin, (1 of Enz:~cr?_! AA. a steroid deri\-ative con- 
taining ;L carboxy! group_ e-g__ hemisuccinate. could be attached. As a free !7/$- 
hydrosy group is necessary for SHBG binding. ;I srcroid derivative succinylated on 
;I position other than I?$- had to be preparedZ--l_ 

MATERIALS AND METHODS 

Sferoids rurd clfenrictrls 
Radioactive steroids. viz., [I .ZH]testostcrone, specific itCti\.itV 56 Ci/mmo!e. 

and [4-‘4C]-3~;-!~~drosy-5-androsten-!7-one (deh?_drccpitlIidrosterone). specific activ- 
it>- 52 mCi,Gmnn!e, purchased from the Radiochemical Centre. Amcrsham_ Great 
Britain.. \vere purified by paper chromatography in the system c?-clohesrinc-tc;!iIcl~e- 
mctl~anol-water (9: 1 :S 12). The rrrdiochemictl! purity (higher than 97 1’,,) \vas cl~cckcd 
by chromato~rapl~y in the smne sysrcm usins a non-labelled star:dard_ 

Non-radioactive steroids were obtained from Koch-Light (Colnhrook. Great 
Britain). A!! cl~emicals \vere of analytical grade and solvcnts v.crc distilled h&ore use. 

Srr-Androsrane--3,r_!7f;-dio! 3-hemisuccinatc NTIS synthesized from androstcr- 
one by treatment with succinic anhvdride in drv pvridine and bv sukscquent reduction _ _ 
of the resulting crystals (m-p_ 1 S3 ‘) with sodiuni borohydridc_ The product uxs 
crFsta!!ized from acetone-n-hrsrrne. The crystals. 1n.p. 221 _ c!iromato~-rnp!lica!!~ 
homogeneous in the system Silica gel H F,,,:‘cthy! rrcet~~tc-1;1et!~;~~~l~! (92:s) (RI: =:- 
03) and more polar thn androsteronc l~ernisuccinatt (Rf.- L--- (MS)_ merr’ cl~amc- 
terizsd ;)s SrL-;lLldrost;tlle-3rl. 1 iyi-dial 3-hcmisuccinuts. The final yield \\a 3 1 !.!,,_ 

5-Androsrene-3/-;_! 7+dioI M~emisuccinate \V:LS prcparcd hv the s;mx ~~~~‘t!~oci 

from de!z~droepiaIldrostsrone. The xicld \\iis 34 P;,. 
[4-“CJ-5-tlndrostene-3f;, !7+dio! 3-hemis~Iccinr~tc was prrparcd bx the same 

method from [l-:~“]deh~droepiandroster~~Ile (10 ZcCi) diluted with non-li~bcllcd steroid 
(100 mgj_ A product \vith ;L specific acti\ity of O.OSS ,&i!mg \vas obtained. 

A ZOO-ms amount of 5rr-ntldrost;tIle-jc1. !7$-dio! X~emisuccinate and X0 mg 
of dicyclolwsylcarbodiimide in 10 ml of diI1~eth~lf~~rmamide were stirred ctlrofully at 

room temperature for YO min, filtered_ the filtrate \vas added to a suspension of 6 g 
of Enzxry! AA (Koch-Light) in 40 ml of dimethvlformamide and the misture uxs 

stirred gently for a further 3 h. The Enzacryl-aflinant wls then \vashed with dimethyl- 
formamide (5 ::-I IO0 m!)y diosane (,3 :-: 100 ml), \vater (6 :d: 100 ml) and O-015 JI 

phosphate buffer (pH 72) with 1 mM EDTA. 
After tile affinity chromatography had been performed, the foIIo\\-ing sequence 

of solvents ~~1s used for resenerarion of the Enzacryl-aifinant: 6 ;\I urea, water, 
diosane. dimet~~~lformamide_ water and buffer_ 
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Pm-ificution 4 f SHBG 
The serum obtained from pooled placental blood collected at full-term deliv- 

eries was first freed from endogenous steroids by treatment with charcoall”. As con- 
firmed with trace amowts (0.1 ,Ki) of labelled testosterone, less than 0.013~~ of 
testosterone was retained after such a treatment. Steroid-free serum was then precip- 
itated twice with equal volumes of saturated ammonium sulphate solution and the 
final precipitate was redissolved in 0.015 AI phosphate butyer with 1 ml/ EDTA 
(one quarter of the serum volume). The globulins were then dialyzed with deminer- 
alized water on a Sephades G-25 column (40 >-: 2.5 cm) and the 60-m! fraction fo!!o\v- 
ing the void volume (70 ml) was taken for aflinity chromatogrttphy. 

The sample NXS suspended \vith EnzacryI-afTinant (6 2) in phosphate bufrer 
(10 ml) and_ after gcntlr stirring for 1 h at 4”_ ~vas allowed to stand overnight at 4’_ 

The mixture NXS then applied on a chromatographic column xvith a sinter (,3 cm 

diameter) and. after the brd had settled, the proteins were eluted step by step with 
0.0 15 df phosphate buRkr containin, ‘y I rn~~f EDTA and increasing concentrations of 
potassium chloride (0, 0.2 and 1 .O :\Z) at 4’. Concomitantly. an aliquot (10 nil) of a 

dialyzed globular fraction of serlmi \vas suspended with untreated Enzacryl AA ( 1 g) 
and then eluted with the s:tmc bu!ks 3s above as the “Enzxryl control”. Tile !lo\v- 
rate uxs 1 ml/min_ The Etlzacr~l-affin3nt with bound protein \vas then transferred 
into a fask to \vhich testosterone with ;I trace amount of radioactive testosterone in 
butkr 1~:~s added (600 !lg of testosterone and 0.6 !Ki of [:‘tt]tcstostcror;e nwt’ dis- 
solved in 60 1’1 of ethanol and 60 ml ofO.Ol5 .\I phosphate buKx \vith 1 m,\/ EDTA 
and 0.2 M potassium chloride)_ After stirring for 1 Ii at room temperature. the _ 
solution W:IS allot-ed to stand overnigln at 4’ and then separated on a Biichner fu~u:e!_ 

The steroid NXS r~movcd by treatment \vith charcoal as described previously’:’ and 
the solution \v;ts I~opl~ylized. In a11 aliquot_ the radioactivity before and after charcoal 
treatment NXS measured in order to cheek for the complete removal of the strroid. 

Both the tcstosteronc binding capacity (TeBC) and testosterone binding aflinit; 
(TeBA) \vere determined b_v Sephades gel dinlvsis in :t batch\visr fashion accordins 
to Prar!man cr II/-~. In this method (Method !- in ref. 3). ;I ten times larger ;1IliOLIllt 

of testosterone_ Le._ 10 ng_ has usei!. 
The method of Lowry- VI crl.“_ with 1~~11nan sermn albumin as ;I srandrtrd_ \Y:K 

used for quantification of proteins. 

After dialysis on Sephades G-25 fo!lo\ved by I_\-ophylization. ;ln equivalent of 
20 1111 of puriticd SHBG (TeBC = 215 np: protein content X3 mu) uith 1 psi of 
[:sH]testosterone in 1.5 ml of \\‘ater w:~s subjected to isoelectric focusing on :l 5 y,:i 

po!_vacr~!amidc s-i’! CO!UI~I~ (12 3: 0-S cm) containins 2’:,: of Ampl~oline. pH 3-10 
(LKB_ Stockholm. S\vedcn). The initial voltage of 10 Vjcnl 1~1s gadual!_v increased to 
35 \rjc~n during 10 h; the current did not exceed 1 IIIA per co!u~n~~ The course of the 
pH gradient wts drtmniucd according to Finalayson*~_ After staining with Coomassie 
Rrilliant Blue R-250 (ICI, Dyestut& Division, hktncl~ester. Great Britain)‘“. the pat- 
tern was cut into 3-mm segments, which were transferred into counting vials, the gel 
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was solubilized according to Caputo and Host) f17 using NCS solubilizer (Amersham- 
Searle, Arlingon Heights. Ill., U.S.A.) and the radioactivity was measured. 

Determizzzztion qf displzzcezzzezrt of cJ H_jrestosterozze _ from pzw$erl SHBG h_l- WI-iorrs 
steroids 

The relative displacement effect of various steroids was assessed according to 
Heyns et cd_-‘_ Briefly, the procedure was as follows. Increasing amounts (2-100 ns) 
of various steroids were added with stirrin g to the system containing a constant 
amount of purified protein (1 ml; TeBC = IO-73 ng), [3H]testosterone (50 000 dpm) 
and Sephades G-IO (100 mg) in a total volume 2 ml. After equilibrium had been 
achievedz the radioactivity in the supernatant was measured. The amomit of each 
steroid producing the same dispIacement as 2 ng of testosterone 1~~1s determined_ 

The radioactivities of both JH and ‘-*C \vere measured on a Bctaszint BF 5000 
liquidscintiIlationspectrometer(Bertholdr Frieseke,WildblritG_F_R_)\~,ithaconlpllting 
programme for the calcukxtion of disintegrations per minute using the external stan- 
dard channels ratio method_ The scintillation fluid consisrcd of4 E ofPP0 and 50 ms 
POPOP in I I of toluene. When aqueous samples (below 02 ml) were measured_ ;L 
scintillation fluid containing 25 “/, (v$) of ethylene glycol monomethyl ether \vas used. 

RESULTS 

nrti~z-izzinrztiz,iz of t!le eoiipiiit~ of rz#imz f z t to !ktiC~Ji 
As 5-androstcne-3$,17$-diol X~emisuccinate did not differ from Swandros- 

tnne-3l,17$-diol 3-hemisuccinate in its binding affinity to SHBG (see belwv), [‘-‘C]- 
kmdrostene-3~;,17~Ldiol Xemisuccinnte was used for the determination of coupling 
to Enzacryl_ A 15mg amount of IabelIed hemisuccinats with a specific activity of 
O.OSS _Li/mg \vas coupled with 100 mg of Enzacryl as described above_ The Enzacryl- 
affinant comples was then \clshed thoroughly with dimeth~lformnmide, diosanc and 
water until no radioactivitu could be detected in the effluent. The remainin_r Enzacryl 
with covalently bound steroid was then subjected to hydrolysis \vith 10% hydro- 
chloric acid in methanol and the hydrolysate was extracted with dichloromethtme. 
After evaporation of the solvent, the radioactivity in the dry residue was measured. 
The value of 34,000 dpm found corresponded to 195 ,MS_ i.e._ 0.5 ynole of steroid 
bound to 100 mg of polymer. 

In order to exclude the participation of physical adstirption, the same amount 
of labelled steroid was added to a suspension of Enzacryl AA in dimeth_vlformamidc 
xirhout the addition of a condensation reagent (dicyclohesylcarbodiimide) and 
washed successively as above. The soiid was hydrolyzed and the radioactivity in the 
hydrolyzate ~~1s measured; none w;1s found. 

Pzzrifkztion of SHBG 

In a t_pical procedure, 40 ml of placental serum was worked up in one step. 
After removal of endogenous steroid with charcoal, the serum \vas precipitated txvice 
with ammonium sulphate and the precipitate of globular proteins was dialyzed on 
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Sephades G-25. The dialyzate was then apFhed in a batchwise fashion on Enzacryl- 
affmant and washed successively with 0.015 d/ phosphate buffer (pH 7.2) containing 

1 mtll EDTA and increasing concentrations of potassium chloride (0,O.Z and 1.0 ~11). 
Simultaneously, an aliquot of the dialyzed protein misture was applied on the column 
with untreated Enzacryl AA and worked up as above as an “Enzacryl control”, in 
order to esclude non-specific adsorption_ The bound protein was released by treat- 
ment with a concentrated testosterone solution containing trace amounts of labelled 
hormone_ The steroid was removed again ivith charcoal_ The completeness of the 
steroid removal was checked by measurement of tracer radioactivity; practically none 
could be detected after charcoal treatment. 

In all fractions. including those of the “Enzacryl control”, both the total pro- 
tein concentration and the testosterone binding capacity were determined_ The results 
obtained after individual purification steps are summarized in Table I_ In the “Enza- 
cry1 control” pattern. almost complete recovery of TeBC was achieved within the first 
t\vo fractions_ As demonstrated in Table I, a product with a TeBC of 66 112 of bound 
testosterone per milligram of total protein was obtained, \vhich corresponds to ap- 
prosimntcly 6%fold enrichment of the required protein. 

TABLE I 

_ _ 
(IIZj (o~/tt~g pror&) 

Initial scrunl -10 -106s I’S0 1.05 
Amnxmium sulphatc pra5pitation 

($obular fraction) 10 1530 1110 2.75 
Dial_\-& on Ssphldrs G-15 6S 1000 414s -I_15 
Fractionation on Enzacryl-zlfiinant : 

t-rxrion 1 (0.015 _\I phosphate bulk) SS 155 1 so-l 3-96 
fmction 7 (0.015 Jf phosphate bulk) 100 __ 57 I33 2.56 
frxtion 3 (0.015 .\I phosphate butI& 

with 0.2 .\I KCI) 100 195 X6 1.9s 
fraction -I (0.015 _\I phosphate buffer 

with 1.0 .\I KCI) 100 133 X0 36 
fraction 5 (0.015 .\I phosphate bulk 

with 1.0 If KCI) 100 h_> 3. 35 0-42 
fraction 6 (0.015 _\f phosphate bulTer 

with 1.0 _\I KCI) 100 5 0 - 

Elution with testosterone solution and 
removal of steroid with chnrcoal SO 13 Y5S 66.0 

___~ _.-_ __._ _~__ . . ___---. 

The binding affinity espressed as an intrinsic association constant at 35’ with 

testosterone as a tracer was determined in both a globular fraction of placental serum 
and purified material. The respective values (mean of five determinations, 2 SD.) 
were 3.4 * O-43 - 10s and 1.92 2 0.28 - lO$ I/mole_ In both instances, complete loss of 
binding affinity after heating to 60’ occurred_ 
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The relative displacing effect of various steroids as a percentage (the testoster- 
one el‘ect being taken as loo?/, is shown in Table II. 

Isoelectric focusiq of purified protein showed only two bands: the first in 
the ttren between pl5_2-55 and the second at the cathodic end area, corresponding to 
immunogIobuIins_ The radioacrfvity distribution showed two peaks, the first, probably 
the unbound testosterone, containing more than 70% of the total radioactivity was 
located as a ditruse band in the anodic area, and the second peak was associated with 
the band of pl between 5.2 and 5.5. 

- TABLE II 

REL.4TIVE DISPt4CEMENT OF ~HlTESTOSTERONE BY VARlOUS STEROIDS 
Testosreronc etlkt is taken as loo::_ 

_~_ ~. 
Stm-aid _ - Rcktriw t fis,dcrcetttcttr ( :J 
___~.. 

Testosterone 100 
Src-Androst~ne-jr~,17i:_diol 106 
5-Androstcne-3yiI7$-diol 9s 
Sc-Androst~tnc-~r:.l7~~-i;-dinl 3-hemisuccinate 1x5 
5-_4ndrustcne-3;;.17~~iol 3-hemisucci-t-inate 2.5 
17$-Ocstradiol 5s 
I_4nJrostrne--3.17-Jinnr 1-s 
Cwtisol -<il.1 

__....- -_ .~__ 

DISCUSSIOK 

Using Enmct-51 A.4 with covalentI_\ a%xhed j-hemisuccinate of 5l-mndrosta- 
tie--3rl_l7$-dial. apprositnatcly C&fold cnrichnwnt of SH BG \v;ts achicvcd in one 
step. Under the conditions used ) approsimatcly Y4:: rccaucry of the initial tcsfostcr- 
one binding capacity w\‘;ts obtained and in the higIll_\- purified form about 20:,, of the 
binding capacity \vas found (Table 1). 

111 order to tsrablish a reliable technique for the rektsc of SHBG from its 
binding to Enzacr~l-attItlatlt_ various procedures involvin= ‘* changes of pH and ionic 
strength as well as elution with butl-cred solutions of various 17!i’-lt?-dros_\-steroids 
were tried_ The most effective tnethod appeared to be clution \\ith a conccnwated 
aqueous fes~osterone soIution_ A disadvanktge of this procedure \\‘;Ls the nccccssiry 
for intensive freattnent with charcoal in order to remove the steroid moiety_ in \vhich 
a certain loss of binding capacity may occur. 

The isoelectric focusing and the displacement espcrimcnrs and the bindins 
constants found confirmed the identity of SH BG in rhc purified fraction. The pl \-alue 
of the band associated with radioactivity \vas in accordance with that reported previ- 
ot~ly for SHBG”_ Holsever, this method also reveaIed that some by-products \virh 
the mobilit_v of immunoglobulins accompanied SHBG and could not be separated 
completely by the described method_ 

In addition to its convenient flow properties_ anorher advantage of Enzacryl 
_4A is its ability to give direct attachment of known amounts of steroid ligands. A 
ligand concentmtion of 30 ]lmole of 5-androstene-3[;.17~~-diol 3-hemisuccinate pet- 
6 g of Enzacryl AA was obtained_ 
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Although the displacing ability of androstanediol 3-hemisttccinate is not very 
high (X5”/, relative to testosterone, see Table Ii_), this derivative seems to be a reliable 
aflktant, because, on the other hand, the binding protein can be released without great 
difficulty_ In general, very strong binding of protein to the afinat-tt is undesirable, as 
was found by experience with the ai’itiity chromatography of oesiradtoi receptors on 
Sepliarose derivatives’~“. 

Previously, Enzacryls had been used only for immobilization of biopolymers, 
especially enzymes. In the present study, Enzacryf AA wls used for the affinity chro- 
matography of selective steroid-carrier protein_ 

In comparison with other polymers used for aflinity chromatography, Enzactyl 
seems to have several advantages- as follows_ The synthesis of Enzacryl-afflnant does 
not require previous activation of the carrier and the steroid is botmd covulct;tly in 

good yields_ The resistance of Enzacryl AA to organic solvents permits the elective 
removal of physically adsorbed ligands without the use of large volumes of solvents_ 
An enrichment of protein could be achieved by a relatively simple and rapid pro- 
ccdurc_ 


