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SUMMARY 

A homologous series of water-soluble alkyl-dextrans varying in the length of 
their hydrocarbon sidechain [-NH-(CH,J-CH3; n = I-51 were synthesized. When 
alkyl-dextrans were entrapped in polyacrylamide gel, the electrophoretic mobility of 
phosphorylase was retarded by hydrophobic interaction between phosphorylase and 
the immobilized alkyl groups. The dissociation constants of rabbit -brain phos- 
phorylase, rabbit- skeletal muscle phosphorylase a and b and potato glycogen and 
starch phosphorylases were calculated from the extent of the retardation of mobility 
as a function of the concentration of the alkyl groups. 

As the length of the hydrocarbon side-chains of alkyl groups increased, the 
affinity of the phosphorylases for the alkyl groups increased_ The introduction of a 
hydroxyl or an amino group at the terminal position of the hydrocarbon side-chain 
diminished the affinity. 

INTRODUCTION 

AfKnity electrophoresis is a type of electrophoresis that separates proteins on 
the basis of their affinity ligands being immobilized in the electrophoresis carriers1-3. 
In poiyacrylamide gel disc electrophoresis, phosphorylase mobility was retarded when 
glycogen or starch was entrapped in the separating gel. The dissociation constant of 
the phosphorylase-glycogen interaction was calculated from the extent of retardation 
of mobility as a function of glycogen concentration3. 

In the same way, the dissociation constants of the reactions of a-amylase with 
starcha, concanavalin A with various sugars’ and dextran-specific myeloma protein 
with various dextrans5 were calculated; 

Hydrocarbon-coated agarose has been widely used in hydrophobic chromate-‘ 
graphyb-lo. Shaltiel and Er-El’ used this technique to purify glycogen phosphorylase 
and discussed the features of the interaction between phospliorylase and hydrophobic 
groups on agarose. \Ve synthesized a series of water-soluble aikyl-dextrans varying 
in the length of their hydrocarbon side-chaia [-NH-(CH2),-CH3; n = l-51 and 

~seci them to determine the dissociation constants of phosphorylase-alkyl group 
interactions. This is the first report concerning the determination of dissociation 
constants of protein-hydrophobic ligand interactions by means of electrophoresis. 
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EXPERIMENTAL 

Dextran T2000 was purchased., from Pharmacia (Uppsala, Sweden). Ethyl- 
amine, n-propylamine, n-butylamine, n-pentylamine, n-hexylamine, 3-ammo-l- 
propanol, 1 ,Zpropanediamine, mercaptoethanol, EDTA and cyanogen bromide 
(CNBr) were purchased from Wako (Osaka, Japan). Tris(hydroxymethyl)amino- 
methane (Tris), 2,4,6-trinitrobenzene-1-sulphonic acid (JNBS) and adenosine 5’- 
monophosphoric acid (5’-AMP) were purchased from Sigma (St. Louis, MO., U.S.A.). 
Acrylamide, N,N,N’,N’-tetramethylethylenediamine (TEMED), N,N’-methylene- 
bisacrylamide and bromophenol blue (BPB) were purchased from Nakarai Chemical 
Co. (Kyoto, -Japan). Crystalline phosphorylase 6 was purchased from Boehringer 
(Mannheim, G_F.R_). 

Preporation of potato and rabbit tissue crude extracts 
Potato was sliced and homogenized with an equal volume of IO mM EDTA 

and 100 mM mercaptocthanol (pH 7.4). The homogenate was centrifuged at 7180 g 
for 1 h and the supematant was stored at -20”. 

A male rabbit was deeply anaesthetized with 5 ml of 5 % sodium pcntobarbi- 
turate solution by venous injection and the brain and skeletal muscle were removed 
immediately. These tissues were minced on ice and homogenized with an equal 
volume of 10 mM EDTA (PH 7.4). The tissue homogenates were centrifuged at 
11,200 g for 1 h and the supematants were stored at -20”: 

The protein content was determined spectrophotometrically according to 

Warburg and Christian’s method”. 

Synthesis of water-soluble alkybdextrans 

A series of water-soluble alkyl-dextrans were prepared by using aliquots from 
the same dextrans activated with cyanogen bromide7~12~13~19 as follows : 1.25g (12mmole) 
of cyanogen bromide was dissolved in 50 ml of water, then added with constant 
stirring to a s’olution of 5 g of Dextran T2000 (30 mmole of glycosyl residues) dissolved 
in 500 ml of water. The pH of the solution was adjusted to 11 .O by automatic addition 
of 1 IM so&urn hydroxide solution with a pH stat (Autotitrator or RAT 11, Hiranuma, 
ToQo, Japan). After 15 min, the consumption of 1 M sodium hydroxide solution 
(about 13 ml) had ceased and the pH became constant. The pH of the solution was 
then decreased to 9.0 by the addition of 1 M hydrochloric acid and the whole solution 
(580 ml) was divided into five equal parts. These aliquots were added to 10 mmole of 
ethylamine, n-propylamine, n-butylamine, n-pentylamine and n-hexylamine dissolved 
in 18 m! of water, respectively. The pH of each solution was maintained at 9.0 by 
automatic addition of 1 M hydrochloric acid and they were allowed to stand for 
24 h at 4” with gentle stirring. 

Aminopropyl-ciextran and hydroxypropyl-dextram were prepared with 1,3- 
propanediamine and 3-amino-1-propanol by the same procedure as described here. 

Each reaction mixture was successively dialyzed against a large volume of 
distilled water overnight with frequent, changes of water, then twice with 2 1 of 0.1 M 
sodium hydrogen carbonate buffer (pH 9.0) for 6 h, twice with 2 1 of 0.1 M sodium 
acetate buffer @H 6.0) for 6 h and, finally, a large volume of distilled water overnight 
with constant stirring. The dialysates (about 180 ml) were obtained and no un- 
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reacted a&ylamines were detected inthe outer dialysis sofution- by the TNBS colour 
tesP. Then, eack alkyl-dextran was concentrated to EOO ml by.evaporation in vuczq 
and stored at 4”. 

The contents of the aikyl groups conjugated on the :.aB$_dextrans .were 
determined by the Kjehlahl method. With aminopropyi-dextran, the terminal amino 
groups of the hydrocarbon side-chains were determined by the TNBS -method15_. A 
l-ml volume of the sample sohrtion was added to I rrd of 4% sodium hydrogen 
carbonate solution, I ml of 0.1% TNBS and 1 ml of water, tken stored in the dark 
at 40” for 2 k. A l-ml volume of L M kydrockloric acid was added to tke orange 
colom-ed solution and the absorbance of the solution was measured spectrophoto- 
metrically at 340 nm. One miikhtre of distilled water, instead of the sample solution, 
was used as a blankx5. :.-. 

From 1 ml of the aminopropyLdextran solution, LOE mmote .&ivalent 
nitrogen atoms were determined by the Kjehlahl method and 0.92 mmole equivalent 
free amino groups by the TNBS metkod. This result indicated that 92%.of the tatal 
nitrogen atoms in the aminopropyEdextran were derived from 1,fpropanediamine. 
Table I gives the contents of the alhyl groups conjugated on the dextrans. Aft alkyE 
groups conjugated at nearly equal rates. 

TABLE I 

STRUCTURES OF A SERXES OF WATER-SOLUBLE ALKYL-D Ex-naNS USED IN THIS 
WORKANDRESWLTSOFTHED ETERMNATION OF THE CONTENTS OF CON- 
JUGATED ALKYL GROUPS 

Abbrevhtion 

Dext_c2 
Dext-Ca 
Dext-C* 
DextG 
DextG 
Dext-C&H 
Dait-C3-NHt 

Structure Chtent of ah&i g&p Immolek) 

l-NH-cEprc& 1.6 
I-NH-CHrcHrcH, 1.5 
&NHXH&H&H&-CH, - 1.4 
I_NH-CH2-CH&H&H&X3 1.4 
&NH-CHrCE&-CK~H~HrCHa 1.3 
)-NHX&-CHrCHz-OH 1.4 
~NH-CHZ-CHZ-CHZ-NHZ ‘; - _ 1.4 

. _ 

Electropizoresis 

Poiyacrylamide gel disc electrophoresis was carried out by a %ghtiy modified 
version of Takeo and Nahamura’s methods. The separating gel (5 ti in height) was 
prepared as a 7.5 % acryhunide gel (pH 6.7) in Tris-hydrochloric acid-using the btdfer 
system for the spacer gei descrii by Ornstein and DavW. The spacer gel (I cm in 
height) was prepared as a 2.5 % acrylamide gel (ppH 6.7) in Tris-hydroc-gotic acid, 
using the same buffer system. Electrophoresis was run in a Tris+$ycine buf+ at 
pH 8.3. The synthesized aihyl-dextrans were mixed with the preparation mix- of 
the separating gel. To ensure a uniform concentration of a&y&dextran throughout the 
separating gel, it was prepared by overlaying an &yLdextran soh%ion of the same 
concentration as that of the separating gel instead of water. The sampfe protein 
solution (50 pg of Protein for tissue extracts and 1 pg of protein for crystalline phos- 
phorylase b) were applied in a 10% sucrose sofution to each gel tub@. 

Electropkoresis was carried out at 2 nxA per g.el tube for about 2 h untikthe 
BPB band had migrated 4.5 cm from origin in the separating gel. After electropho- 
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resis, a tie + was inserted at the position of the BPB band. The phosphorylase 
band was revealed by the activity staining method1’*18 and the relative migration 
distance (Rm) tias determined as the ratio of the distance travelled by the phos- 
phorylase band to that of the tracking BPB band. 

Theory of afinity electrophoresis 

Gdculation of dissociation constants for the interactions between phos- 
phorylase and immobihzed aikyi groups was based on the theory of aEuity efectro- 
phoresis, developed for the phosphorylase-gIycogeen iuteraction3. 

The theory is bass on the finding that the mobility of the phosphorylase- 
gfycogen complex is zero and that the concentration of glycogen is very large relative 
to that of the enzyme, so that the total concentration of glycogen is almost equal to 
that of free glycogen- These assumptions are valid for the present experiment. 

In the interaction between phosphorylase and an alkyl group, the dissociation 
constant (K) can be determined from the fohowing equations: -~ 

P+R$PR (1) 

,_PJWl 
-IPRl (2) 

where Ip],. [R] and [PR] are the concentrations of free phosphorylase, free alkyd 
group conjugated on alkyl-dextran and phosphorylase-alkyl-dextran complex, 
respectively. As the average molecular weight of Dextran T2000 is reported to be 
2- 106, the. mobility of the phosphorylase-alkyl-dextran complex should be zero in 
a 7.5 % poIyyacryIamide gel. In the present experiment, the total concentration of a&y1 
groups ( 10-3-10-1 M) was far higher than that of phosphorylase [P] (about 10e6 M), 
but the total concentration of alkyl groups (c) was almost equal to that of free alkyl 
groups conjugated on alkyl-dextran, [RI_ Thus: 

hi concentration of free phosphorylase I?1 
- = concentration of total phosphorylase = [p] f [PR] h0 

(3) 

where Rm, and &zi are the reIative migration distances of phosphorylase in the 
absence and in the presence of the alkyl-dextran, pspectively, in the separating gel. 
From eqns. 2 and 3: 

Equ. 4 can be transformed into 

(4) 

Therefore, if the reciprocal of Rml is plotted against c, a straight line will be obtained, 
the intercept on the c-axis giving --K. 



RESULTS AND DISCUSSION 

Fig. 1 shows the phusphorykse z&&y staining pat@& of &&it 6&&n 
extract after disc electrophoresis in the presence of various conm~tins C$ D+& 
(A), Dekt-C5 (B!, Dext-t&QH (C) and Dext-G-mi @) in tbe,.sepzr&ing:ge~~ .fn, 
the absence of tke akyl-dextraas (gel No. I in each Series), phosphury@ mi&ra.t+d 
about half the distance traveikd by the trackiug BPB band. When.& ~1 cu&@ed =I., 
alkyl-dextran, the phosphorylase mobility WE& retarded, As the cancentr&t+h .of .^_ 
alkyl-dextran was increased, the mobiiity of phosphorykse decremed progressiveIy 
in proportion to the concentration of alkyl-dextmn. 

As can be SXR in Fig. I, the phosphorylase mobility approzched zero in the 
separating &f containing 1 mM Dext-CL or Dext-C,. In contrast, ffie mobiiity of. 
other major protein fractions, except phosphorylase in brain extract, did-not &arige 
in the separating gel contai&g I mM &kyl-dextrans. 

This resrrlt indicates tkt the retardation of phosphorykse mobility is not dm 
to any change in the molecular sieve efkct by the addition of the II@&-mOI&ub- 

Fig. 1. Po~yacrylamlde gel disc electrophonzsis of mb& brain phmpfioryiast. in & ~&S&XX of 
varying amounts of a series of water-soluble alkyl-dextrans (A) I3ext-G: C.B) Ekxt-G; [Cl l3ext-G 
OH; (D) D~xGG-NH,. cConcentr&~n of conjugated alkyl groups on dextmt entrapped in paly- 
acr~lamidt? gel: 1.0: 2, 0.3: 3,0.6; 4, 1.2; 5. 2.4; 6,4.8 m&f. 
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weight alkyl-dextran to the separat,ing gel, or to the positive charges introduced as a 
result of activation with cyanogeti bromide and subsequent coupli~ig with alkyl- 
amines. The retardation should be due to a speci% interaction between phospho- 
rylase and alkyl groups conjugated on dextran. 

In Fig. 2, the reciprocal of l?m is plotted against the concentration of each 
alkyl-dextran in the separating gel. Each plot is a straigbt line, as predicted by the 
theory. From these plo;s, the dissociation constants of rabbit brain phosphorylase 
were calculated, as shown in Table II. Affinity is expressed as the r&iprocal of the 
dissociation constant. 

TABLE 11 

DETERMINATION OF DISSOCIATION CONSTANTS OF RABBIT BRAIN PHOSPHORYL- 
ASE-ALKYL-DEXTRAN COMPLEXES 

Alkyl-dextran Dissociation constant (m&f) 

Dext-C, 0.29 
Dext-cs 0.19 
Dext-c, 0.16 
Dext-Cs 0.13 
Dext-C, 0.15 
Dext-C,-OH 1.50 
Dext-&NH2 1.00 

As the length of the hydrocarbon side-chain on the dextran increased from 
Dext-C, to Dext-C5, the dissociation constant decreased from 2.9 - 1Om4 to 1.3 - IO-’ M, 
and hence the affinity of phosphorylase for the hydrophobic group increased more 
than 2-fold. However, further elongation of the hydrocarbon side-chain did not 
affect the affinity of the phosphorylase. 

For alkyl groups with a hydrwyl or amino group in the terminal position, 
the dissociation constants of the phosphorylase were estimated to be IS- 10m3 and 
1.0. 10m3 M, respectively. The introduction of a hydroxyl or amino group decreased 
the afl?nity of phosphorylase for alkyl groups to about one fifth or one seventh, 
respectively. 

in the same way, the dissociation constants of various phosphorylase were 
calculaled. In Fig. 3, phosphorylase activity staining patterns of rabbit skeletal 
muscle extract (A), crystalline phosphorylase b (B) and potato extract (C) are shown. 

Two distinct phosphorylase bands were identified in the rabbit skeletaal 
muscle extract. As can be Seen in Fig. 3A, comparison of the skeletal;qscle phos- 
phorylases and crystalline phosphorylase b suggests that the faster band ,corresponds 
to phosphorylase b, while the slower band corresponds to phosphorylase a. In Fig. 4, 
the reciprocal of Rm is plotted against the concentration of Dext-C5 in ‘the separating 
gel. From those plots, the dissociation constants of the faster band and the slower 
band for Dext-C, were calculated to be 2.6. 10WJ and l.O- lOma M, respectively. The 
dissociation constant of crystalline phosphorylase b was 2.6. 10SJ M. From these va- 
lues, it is concluded that the faster band corresponds to phosphorylase b and the 
slower band to phosphorylase a. 

Potato extract contains two phqsphorylase isoenzymes (Fig. 3C); one was a 
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Fig. 3. PolyacryIamide gel disc e!ectrophoresis of phosphorylase &enzymes in the presence of vary- 
ing amounts of Dext-G (A) Rabbit skeletal muscle phosphoryiase isoenzymq (B) crystalline 
phosphorylase b; (C) potato phosphorylase isoeuzymes. Concentration of conjugated alkyl group on 
Dext-C5 entrapped in polyacrylamide gel: 1, 0; 2,0.07; 3,0.14; 4,0.28; 5,0.56; 6, 1.12 mM_ 

slower migrating main band which displayed almost no affinity for starch or glycogen 
upon affinity electrophoresis4, whereas the other displayed a strong affinity for starch 
and glycogen and corresponded to potato glycogen phosphorylase. On the other 
hand, both potato phosphorylases have a strong affinity for alkyl groups. As can be 
seen in Fig. 3C, the mobility of both phosphorylases was strongly retarded. They 
approached zero mobility in the separating gel containing 0.28 mM Dext-C,. The 
dissociation constants of the faster and the slower bands were 0.6 - IO-’ and 0.4 - lo--’ M, 

respectively, There were no significant differences between the two potato phospho- 
rylases in their afiinity for alkyl groups. Their affinities were greater than that of the 
other rabbit phosphorylase, as shown in Table III. 

Accdrding to Shaltiel and Er-El’**, as columns of hydrocarbon-coated agarose 
(Seph-C,) increased in the length of their hydrocarbon side-chain, their affinity for 
phosphorylase b increased progressively. One-carbon-atom alkyl-agarose (Seph-C,) 
excluded phosphorylase b, while three-carbon-atom alkyl-agarose (Seph-C,) retarded 
the enzyme and higher alkyl-agaroses adsorbed it. Thus, while phosphorylase b was 
eluted from four-carbon-atom alkyl-agarose (Seph-C,) using a deforming buffer, the 
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