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1. INTRODUCTiON 

In recent years the plurification of enzymes has been revolutionized by the 
technique of afhnity chromato,%phyLm2. This method utilized the specific interactions 
found in biological systems. Most proteins undergo biological interactions with other 
proteins and small molecules in order to function. Thus, enzymes bind with sub- 
strates, inhibitors, coenzymes and allosteric electors; antibodies interact with anti- 
gens; hormones bind with specik binding proteins and ceklat receptors; lectins 
bind carbohydrate and nucleic acids and repressor proteins interact with genes3s4. 
These interactions can be used for the puriGc&ion of proteins. 

The general scheme of &in&y chromatography involves the covalent attach- 
ment of a l&and to a solid support. A crude tissue or bacterial homogenate is then 
applied to the columu; only the protein that spccitically interacts with the ligand 
will be retained, whilst the other proteins, having no aEnity for the immobilized 
&and, will be washed out. The retained protein can be eluted specitkally from the 
column either by adding an excess of ligand to the equilibrating buffer or by using 
substances that interfere with the protein-ligand binding such as salts or denaturants. 
The success of afhnity chromatography depends largely ou how closely the conditions 
used in the experiment mimic the native or biological interactions. Careful considera- 
tion must be given to the nature of the matrix and to the steric restriction imposed by 
immobilization of the l&and. The matrix should ‘be relatively hydrophilic and should 
possess good chemical and mechanical stabilities. The steric effect can be overcome 
by using spacers. Both matrix and spacer should lack non-.specSc absorption sites. 
The other important point is the selection of hgand. There are two classes of l&and% 
general hgands and specik ligands. General ligands interact with marry different 
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PURIFICATION OF ENZYMES ON HEPARENSEPHAROSE 337 

proteins and examples are NAD* Cibacron blue and 1ectin.s~‘. I&an& that interact 
with one or few proteins are called specific ligands, examples being antigenSg. Thus 
a&&y chromatography is a unique separation tool which has a major advantage over 
other methods of purification due to its tremendous specificity. This technique 
allows rapid purifkation of various proteins with good yield in a single step. 

2. ENTERACTZON OF EEJ?ARIN WTZH ENZYSES 

Heparin is a linear and highly sulfated glyco saminoglycan with anticoagulant 
properks. It exists in a wide range of polymers (mol. wt. 5000-3~,ooO) and is com- 
posed of disaccharide units of a-r..-idopyran-uranic acid 2-sulfate and 2-deoxy-2- 
sulkmino-a-D-glucopyranose 6-suWate linked through positions 1 and 4qs10. Due to its 
polyanionic nature heparin interacts with many enzymes (Fable 1) and produces 
signCant changes in their activities. Thus, it inhibits almost all lysosomal hydro- 
lases”. On the basis of variation of ionic strength and pH value, it was suggested 
that reversible electrostatic interactions between anionic groups of heparin and 
cationic groups of the enzyme molecule were responsible for this inhibition. Although 
the nature of the inhibition of all these enzymes was not determined, the inhibition 
of acid phosphatase12 and hyaluronidase13 was competitive. Heparin causes marked 
inhibition of enzymes associated with nucleic acid metabolism. Thus, it inhibits 
DNA polymerase 14, RNA polymerase15 and ribonuclease 16*L7. It must be emphasized 
here that the selective binding of these enzymes to heparin is not due to ionic 
interactions but rather due to enzyme-inhibitor imkraction. In the case of DNA- 
dependent RNA polymerase, the heparin interferes with the initiation of transcrip- 
tii~n’~*~. Other enzymes such as trypsin, pepsin and fumarase are also inhibited by 
heparin, pro-bably due to the formation of a heparin-enzyme complexzGz_ Here it 
must be recalled that trypsin= contains an essential imidazole group in its active site. 
It is possible that heparin inhibits trypsin by blocking the positively charged 
imidazole group which is essential for its activity. 

Heparin stimulates several enzymes. K0rn2’*~ isolated lipoprotein lipase from 
rat heart and showed that the hydrolysis of chylomicron by this enzyme was activated 
by heparin and strongly inhibited by a polycation such as protamine. He postulated 
that lipoprotein lipase contained bound heparin which could be competitively 
displaced by protamine. Patten and HoIlenbergz6 suggested tha% heparin stimulation 
of lipoprotein lipase was due to increased binding of the enzyme to chylomicrons 
and heparin had no effect on the stability of the enzyme OF on its activity once the 
complex was formed. On the basis of various kinetic studies, Whayne and Feltsz’ 
suggested that heparin may function as a specific ligand that acts as an allosteric 
modifier of lipoprotein lipase and alters the kinetics of substrate-enzyme interaction. 
Iverius et rJ.28 also concluded that lipoprotein lipase contained small amounts of an 
endogenous, heparin-like material, father indicating that hepzrin may be part of, 
or bound to, the enzyme protein. Although the exact rBle of heparin in lipoprotein 
lipase reaction is not known, the collective &den-’ indicates that intravenous 
injections of heparin in the rat, pig and man cause the release of two lipoprotein 
lipases which diEer in their sensitivity to NaCl, pro&mine sulfate and diethyl-p- 
nitrophenyl phosphate and in their requirement for a lipoprotein polypeptide. One 
of these lipases is reported to originate solely in extrahepatic tissues and requires 
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apoLp-Glu for maximal activity. The second lipase, res%tant to high NaCl and 
protamine sulphate, has been reported to come from the liver. Ir: titro, heparin 
stimulates lipoprotein lipase but the precise nature of this activation is not clear. 
Heparin not only stabilizes the enzyme and protects it from heat inactivation, but 
21~0 plays a r6le in linking the enzyme to its lipid substrate. 

Lap;, et aL3= were the first to report the sttisnulation of trehalose phosphate 
synthetase by heparin- They found that heparin concentrations ofO.5-I cle/mI were 
optimal for activation, whereas higher concentrations (5 pg/ml) were inhiiitory. 
Elbein and Mitchella*u reinvestigated the stimtiatory effect of heparin on the 
trehalose phosphate synthetase activity of Mycuhcferti smegmctis and reported 
that in the presence of heparin (OS mg/ml) the trehzdose phosphate synthetase 
shows increased stability when heated at WC for various time periods as compared 
to the enzyme in the absence of heparin. Heparin also prevents digestion of the 
enzyme by trypsin. In the absence of hepariu, the enzyme was retained on a 
Sephadex G-200 cohunu (ruol.wt. 40,000-5QOOO). However, when heparin (0.5 mg/ml) 
was mixed with the enzyme the trehalose phosphate synthetase was excluded from 
the Sephadex G-200 column and eluted in an area suggesting a mokcular weight of 
greater than 450,000. The data of EIbein and Mitchellu were consistent with the 
vie= that hepariu stabihzes the trehalose phosphate synthetase and also causes an 
asso&ation of the enzyme to high-molecular-weight forms which have increased 
stability. 

The enzyme tyrosine hydroxylase is also activated allosterically by heparin. 
Kuczenski and MandeU3s*s reported that the addition of heparin induces a con- 
formational change in tyrosine hydroxylase which results in a greater aEnity for 
norepinephrine. It has also been suggested that heparin can produce a more active 
tyrosine hydroxykse which is responsible for modulation in the level of the end 
product, norepinephrine. Now it is believed that the normally soluble tyrosine 
hydroxykse becomes activated as it approaches the surface of the synaptic vesicle 
or other membrane site which contains heparin3’. The action of heparin or heparin 
sulfate on tyrosine hydroxylase is not shared by the offier mucopolysaccharides. 

3. METHODS FO.7 THE COVALEbii ATTACJiHMEN’F OF HEPARIN TO SEPHAJXOSE 

Two procedures have been used for couphng heparin to Sepharose: (1) the 
cyanogen bromide procedure; (2) the cyanuric chloride procedure. 

IveriuP was the first to coupIe heparin to Sepharose 4B using cyanogen 
bromid&g**o_ Sepharose 4B (settled bed volume 500 ml) was washed twice with 
distilled water by decautation and suspended in 1.5 I of distilled water. Cyanogen 
bromide (25 g) were dissolved in 50 ml of cold dime*&ylformamide and added to the 
Sepharose s-uspension with stirring in an ice-bath. The pH of the mixture was 
maintained between 10.5 and 11.5 with 5 N NaOH and the reaction was allowed to 
continue until the rate of change of the pH with time became negligible (about 
l-l.5 h). The suspension was then poured over a f&ted glass tiher and the activated 
Sepharose 4B washed with 8 1 of water AU of these operations were carried out in a 
fme tz;pboard. The Sepharose 4B cake was suspended in I .5 I of 0.1 M NaHC03 
containing 1.5 g of heparin and the suspension was stirred slowly overnight at 4°C. 
Triethylamine (60 n@ was then added and stirring was continued for a fkrther 4 h. 
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Fig. 1. Reaction sequence showing the coupling of beparin to Sepharose by cyanogen bromide 
procedUre. 

The heparin-!%pharose was collected on a fritted glass filter and washed with 3 1 of 
water. The gel was then suspended in an equal volume of buffer containing 20 mM 
Tris-HCl buffer, pH 7.0, and 0.5 mM EDTA. 

The chemistry of the cyanogen bromide reaction is not known but it has been 
suggested~r that isourea or carbamate derivatives are formed during the reaction 
(Fig. 1). This procedure depends on the availability of free amino groups on the 
heparin molecule. The source of such groups is either an unsulfated hexosamine 
unit or a N-terminal amino acid retained from the native proteoglycarP_ The 
preparation of heparinized aminoethyl agarose using cyanogen bromide has also been 
reported”. Srivastava and FarooquP covalently attached heparin to Sepharosc 4B 
using cyanuric chloride (2,4,~trichloro-l,3.5-triazinz). Sepharose 4B (50 ml) was 
washed five times with 1 M Na,CO, and the excess of Na,C03 was removed by 
draining. Heparin (100 mg) dissolved in 5 ml of 1 A4 Na,CO, was added to Sepharose 
4B with constant shaking. Cyanuric chloride (1 g) suspended in 15 ml of acetonitrile 
was added to the above Sepharose 4B. The mixture was maintained at bH I I with 
1 M Na2C03 during shaking for 1 h at 65°C. The reaction mixture turned yellow 
during the reaction. After 1 h the mixture was filtered through a biichuer funnel, and 
washed with 500 ml of water-ethanol-trimethylamine (2:l: 1, v/v/v)_ Finally, the 
heparin-Sepharose 4B was washed with 50 mM Tris-HCl buffer, pH 7.0, containing 
0.5 mM EDTA. The proposed mechanism of coupling by cyanuric chloride is shown 
in Fig. 2. During the activation reaction the free hydroxy group of heparin reacts with 
cyanuric chloride to give a heparin+zyanuric chloride complex at alkaline PH. The 
hydroxy group of Sepharose 4B then reacts with a second chlorine atom to form 
heparin-monochlorotriazinyl Sepharose 4B. 

The amount of heparin covalentiy bound to Sepharose can be determined by 
measuring the hexosamine and sulfate contents of the gel. Thus the cyanogen bromide 
procedure resulted in coupling of about Z mg heparin per ml of wet Sepharose 
4B%. The cyamuic chloride procedure gave a heparin-Sepharose preparation which 
had 0.8 mg heparin per ml of the wet geP. Recently Varshavskaya et ~1.~ described 
a simple method for the determina tion of the heparin content in heparin-Sepharose. 
This method is based on the potentiometric titration of heparin with 0.5 M KOH. The 
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Fig. 2. The ixckxmisxn of coupling of kparin to Scpharose by cyamric ch!ori& proc&ureU. 

values obtained for the coupled heparin by the potentiometic method and by the 
determination of hexosamine and sulfate content were similar. 

I PURIFICATION OF ENZYMES BY KEPARING3EPKAROSE CMROKATOGRAPKY 

The list of enzymes purikd by heparin-Sepharose chromatography is shown 
in Table 2. The heparinGepha.rose was washed with the desired buffer and packed 
into a small cohxmn. The crude enzyme preparation, dialysed against t&e column 

TABLE 2 

ENZYMEtS PURIFIED BY KEPARIN-SEPEFAROSE AFFINITY CKROMATOGRAPKY 

Pfm~cafion achieved Ref. 
(FoW 

Lipprot& L;psc 4%53 
DNA _ml~ 107-12s 14 
=JAp&=== lu-sO %!x 
R&r&ion ~donuckse 10 48 
~Jhz=== 7 59 
Iduronidasc 18 60 
KeparinN-sutp~ 4 61 
Kyalmok&KC 4-10 43.62 
Thnzhse~osphatesynthetase la-38 34 



equilibrating buffer, was applied to the heparin4epharose 43 column at a flow-rate 
of LO-L2 ml/h. The enzymes having affinity or interaction with heparin were retained 
and the rest of the proteins were washed out. The enzymes appeared as a sharp pe& 
when the column was eluted with a gradient of N&l or heparin or some other com- 
pound which interferes with the binding of heparinsephahose with the retained 
enzymes, The heparinsepharose can be+ regenerated for rechromatography by 
washing the gel alternately with fifteen to twene column bed volumes of buffers of 
pH 8.0 and pH 5.0 containing OS M NaCl. : 

It is obvious from Table 1 that heparin-fkpharose can be used for the 
purification of lysosomal hydrolases, and enzymes of nucleic acid and lipid metab- 
olism. According to Brennessel et al. “, heparinsepharose may be useful in evaluating 
the subunit structure and mechanism of action of euharyotic DNA polymerases, 
particularly since the inhibition of at least one cellular DNA polymerase enzyme by 
heparin can be correlated with a dissociation of the polymeric form of the enzyme into 
smaller active species 63. The difkences in the molecular weights of DNA polymerase 
isolated by heparinSepharose chromatography and by conventional methods may 
help in determining the structure and function of these important cellular enzymes. 
Lipases having similar physicochemical properties can also be separated by heparin- 
Sepharose chromatography. Thus, Boberg et &.51 separated lipoprotein lipase and 
hepatic triglyceride lipase by this procedure. HepariQ-Sepharose chromatography has 
been successfully used for the separation of two forms of hyaluronidase43 and 
heparin N-sulphata@. 

It must be noted here that it was not possible to separate these forms either by 
ionexchange chromatography or polyacrylamide gel electrophoresis. During the 
purikation of hyaluronidase C3*6* by heparin-Sepharose chromatography it was 
clearly shown that the binding of this enzyme to heparin-Sepharose was due to 
enzyme-inhibitor interaction. As heparin-Sepharose is a polyanionic gel, it may 
interact with many proteins such as lysotyme64 and acrosin65. 

These proteins have isoelectric points of 10.5 and 10.2 respectively. It is 
interesting that both these proteins are retained on the heparin-Sepharose column 
and are readily elutecl with a linear gradient of O-1 M NaCl but not with heparin or 
hyaluronic acid. This strongly suggests that, unlike hyaluronidase, the binding of 
lysoqme and acrosin to the heparin-Sepharose was due to charge interactions. 

5. QTEiER USES OF HEPARINSEPHAROSE CHROMATOGECAPHY 

Heparin binds selectively and fkmly to many blood proteins such as fibrinogen, 
thrombin and plasmin tie It also interacts with low and high density serum lipo- 
protcins67*6g. HeparinSepharose was successfully used for the purification of throm- 
bina, autithrombin IIP”, arginine-rich apoprotein71 and low and high density lipo- 
proteinsi2*tl. On the basis of acetylation of low density lipoproteins, Iverius72 
suggested that lysine residues of these proteins were involved in binding with heparin. 
In the case of arginine-rich apoprotein”, arginine residues have been shown to be 
important during ffie interaction of heparin with protein. The fact that the heparin- 
protein complexes can be disrupted by high salt concentration indicates the ionic 
nature of these interactions. 

Heparin also interacts with cytosol oestrogen receptor of lactating mammary 



342 A. k FAROOQuI 

glands and utenrs7’. The treatment ofcytosol with heparin dissociates the oestrogen- 
binding activity from the 2ggregate into a receptor. Auricchio et QL’~ puri&d this 
receptor by heparin-Sepharose chromatography and suw that the heparin- 
induced dissociation of the receptor could be due either to the removal of substances 
associated with the receptor or to the direct interaction of the receptor with heparin. 
Heparin-Sepharose chromatography was eEciently used for the purification of 
androgen receptors from rat prostate76. It must be noted here that the nature of the 
interaction between these receptor proteins and heparin was not determined. It is 
hoped that some explanation of receptor-heparin interaction will be fo.rthcoming. 

The binding of heparin to other proteins also includes insulin, oxytocin, corti- 
cctropin and vasopressin”. Aborg and I_J~nas’~ reported a protamin*hcparin com- 
plex which has the ability to bind histamine and monoamines by ionic interactions_ 

Several studies7es2 have indicated that heparin-Sepharose chromatography 
was efficiently used for the isolation of protein synthesis factors and ribosomes. The 
pollyribosomes retained on heparin-!Tepharose are readily dissociated into subunits by 
a mere increase in the Kf/Mg2+ ratio. The use of heparin4epharose chromatography 
for the separation of various protein synthesis factors will result in further charac- 
terization of initiation, elongation and protein synthesis factors and will result in 
considerable knowledge regarding the protein synthesis. 

It has recently been reported 83*64 that heparin-Sepharose can be used for the 
removal of kholesterol from the blood and can be important for the treatment of 
homozygous familial hyperchofesterolemia. 

6_ ADVANTAGES AND DISADVANTAGES OF HEPARIN-SEPHAROSE CHROMATO- 
GRAPHY 

Heparin-Sepharose chromatography offers many advantages over ionex- 
change chromatography. Heparin has a stable structure and once coupled the heparin- 
Sepharose is stable for at least 1 year. This gel has excellent flow properties and packs 
well into the column. The chemical stability of heparin-Sepharose appears to be 
quite good. Due to the polymeric and polyanionic nature of heparin, the gel has a 
very high capacity allowing the use of small columns. As 2 result the enzymes elute 
from the column in small volumes with very high activity. The proteins retained on 
heparin-Sepharose are very sensitive to variation of pH and ionic strength. Further- 
more, the peaks of enzymes eluted by heparin are sharper than those eluted by a salt 
gradient. 

Heparin is a general l&and which interacts with many enzyme proteins. 
Some of these interactions are specific and others are ionic. The major disadvantage 
of heparin-Sepharose chromatography is its broad specificity. Thus it is not possible 
to obtain homogeneous enzyme preparations in a single step. If homogeneous 
preparations of enzymes are required, the heparinSepharose chromatography must 
be combined with other methods of purifications. The heparin_Sepharose cannot be 
used below pH 3.0 and above pK 9.0 because many proteins which bind to heparin- 
Sepharose between pH 5 to 7 are either not retained in the column or are irreversibly 
bound to the heparinsepharose matrix. 
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7; CONCLUSION 

From the above discussion it is clear that heparin interacts with many enzymes 
and proteins. These interactions may result in activation or inhibition of enzyme 
activity. The fact that heparin CIII bind to or alter enzyme a&ivities is perhaps not 
surprising since it is highly charged at physiological pH values. The crucial questions, 
whether these interactions occur in v&o and play some r6le in regulation of enzyme 
activities, cannot be answered at this time because our knowledge of heparin- 
protein interactions is still incomplete. However, there is a reasonable body of 
evidence to indicate that heparin does interact with cells or protein in connective 
tissue= and circuIating sy~tem~.~. The “discovery” of heparinsepharose has been 
one of the most important developments in analytical and preparative techniques 
used for the separation and isolation of various proteins. For the last 3-4 years, 
heparin has been highly exploited as a ligand for aEn& chromatography. Yet, only 
a small percentage of the total number of enzymes which interact with heptin have 
been chromatographed on heparin-Sepharose_ It is hoped that in the future heparin- 
Sepharose chromatography wiJ.l be widely used for protein fractionation. 

8. SUMMARY 

Heparin sekctively interacts with many enzymes and brings about signiE=t 
changes in their activities. Due to its polyanionic nature, heparin also binds to many 
cationic proteins. Both these interactions may be used as a basis for the purification 
of proteins by heparin-Sepharose afkity chromatography. Recently heparin-Sepha- 
rose bi3s been extensively used for the purikation of enzymes, coagulation proteins, 
steroid receptors and protein synthesis factors. 
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