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Abstract

Heparin interacts with lipases, phospholipases and kinases. Immobilized heparin can be used for the purification
of diacylglycerol and triacylglycerol lipases, phospholipases A, and C and protein and lipid kinases. The use of
heparin-Sepharose is an important development in analytical and preparative techniques for the separation and
isolation of lipases, phospholipases and kinases.
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1. Introduction raphy has revolutionized the purification of en-
zymes and macromolecules. This method utilizes
In recent years heparin-Sepharose chromatog- the specific and electrostatic interactions of
S heparin with enzymes, growth factors, receptors
* Corresponding author. and blood coagulation factors {1-3]. The general
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scheme of heparin-Sepharose chromatography
involves the covalent attachment of heparin to
Sepharose. A crude tissue preparation is then
applied to the column; only those enzymes and
macromolecules that specifically interact with
heparin are retained on the column while the
other proteins having no affinity for heparin are
washed out. The retained enzymes and macro-
molecules can be eluted from the column either
by adding an excess of heparin to the equili-
brating buffer or by using substances such as
salts or denaturants [2]. Theoretically, the suc-
cess of heparin-Sepharose chromatography de-
pends largely upon how closely the conditions
used in the experiment mimic the native or
biological interactions.

Heparin-Sepharose chromatography has been
useful for the purification of lipases, phospholi-
pases and kinases [4-13]. These enzymes, along
with glycosaminoglycans, play an important role
in cell division, cell differentiation and signal
transduction [14,15]. The purpose of this review
is to discuss the use of heparin-Sepharose for the
purification of lipases, phospholipases and ki-
nases. It is hoped that this discussion will pro-
mote further studies on the uses of heparin-
Sepharose in analytical and preparative biochem-
istry and will result in the development of
procedures for better understanding of heparin—
enzyme interactions and evaluation of heparin—
enzyme binding constants.

Heparin is a linear, naturally occurring, highly
sulfated glycosaminoglycan with anticoagulant
and antilipemic properties [16]. It is character-
ized by the presence of 2-acetamido-2-deoxy-a-
D-glucopyranosyl and «-p-glucopyranosyl-uronic
acid residues containing various proportions of
O-sulfate, N-sulfate and acetyl groups. In the
disaccharide repeating units of heparin,
glucuronic acid and p-glucosamine are linked by
a-1,4-glycosidic linkages [2]. Heparin exists in a
wide range of molecular masses (5000-40 000).
It is highly charged and appears to occur entirely
in mast cells. Heparin has many structural fea-
tures in common with heparan sulfate except it is
more highly sulfated and contains a large propor-
tion of iduronic acid. Because of its unique
structure and surface charge distribution,

heparin is able to interact strongly with many
enzymes and macromolecules in two ways: a
positive, cooperative binding and a specific bind-
ing [16,17]. In positive, cooperative binding,
heparin binds to a protein at different sites, and
the affinity shown at each individual interacting
site contributes to the overall affinity of the
heparin for its protein ligand. An example of a
positive, cooperative interaction is that between
heparin and a lipoprotein particle with several
apolipoprotein molecules [18,19]. In specific
binding of heparin to protein, other glycos-
aminoglycans cannot substitute for heparin in its
binding nor in exerting a biological activity. An
example of a specific heparin protein interaction
is the binding between heparin and antithrombin
HI [2].

When a protein is bound to heparin, its
biological activity is either enhanced or de-
creased; when the heparin is then removed, the
original activity of the protein is restored. This
restorative property plays an important role in
the purification of enzymes and growth factors
by heparin-Sepharose chromatography, and also
in the evaluation of heparin—-enzyme equilibrium
constants and other quantitative features of
protein—heparin reactions. Effects of heparin on
lipases, phospholipases and kinases are shown in
Table 1.

2. Interactions of heparin with lipases

Two triacylglycerol lipases are released into
the bloodstream after intravenous injections of
heparin [20]. Lipoprotein lipase, released from
extrahepatic tissues, is required for the removal
of both chylomicron and very low-density
lipoprotein triacylglycerol from plasma. This
enzyme is inhibited by sodium chloride and
requires a specific apolipoprotein for optimal
activity. A second enzyme that is released from
the liver is hepatic triacylglycerol lipase. This
enzyme differs from lipoprotein lipase in that
there is no requirement for an apoprotein cofac-
tor, and 1 M NaCl stimulates rather than inhibits
the enzymic activity.

Rat lipoprotein lipase is markedly stimulated
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Table 1
Effects of heparin on lipases, phospholipases and lipid and
protein kinases

Enzyme Effect
Diacylglycerol kinase Inhibition [12]
Phosphatidyl inositol 4-kinase Inhibition [35]
Protein kinase C Inhibition [32]
Casein kinase II Inhibition [30)
Nuclear kinase Inhibition [67]
B-Adrenergic receptor kinase Inhibition [34]
Protein kinase A Inhibition [32]
Myosin II heavy chain kinase A Activation [31]
Tyrosine protein kinase Inhibition [32]
Lipoprotein lipase Inhibition [22]
Triacylglycerol lipase (Plasma) Activation [43]
Triacylglycerol lipase (Brain) Inhibition [23]
Diacylglycerotl lipase Inhibition [4]
Lysophospholipase Inhibition [4]
Monoacylglycerol lipase No effect [4]
Phospholipase A, (pancreas) Inhibition [24]
Phospholipase A, (synovial fluid) No effect [25]
Phospholipase A, (brain, M, 110 000) No effect [26]
Phospholipase A, (brain,M, 39 000) Inhibition [26]

by heparin, perhaps by binding of the enzyme to
chylomicrons. Heparin has no effect on the
stability of the enzyme nor on its activity once
the enzyme-chylomicron complex is formed. It
has been proposed that heparin functions as a
specific ligand that acts as an allosteric modifier
of lipoprotein lipase and alters the kinetics of
substrate—enzyme interactions [21]. In contrast,
milk lipoprotein lipase is strongly inhibited by
heparin [22].

Hepatic triacylglycerol lipase participates in
the clearance of chylomicron remnants and in
conversion of high-density lipoprotein subfrac-
tions (HDL2 into HDL3). Like lipoprotein li-
pase, this enzyme is also stimulated by heparin
[11]. Mammalian brain triacylglycerol lipase is
strongly inhibited by heparin. At 5 pg/mli,
heparin produces 50% inhibition of enzymic
activity [23]. Heparin also inhibits bovine brain
diacylglycerol lipase in a concentration-depen-
dent manner. It has no effect on mono-
acylglycerol lipase, whereas lysophospholipase is
partially inhibited (Fig. 1). The inhibition of
diacylglycerol lipase by heparin is quite specific
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Fig. 1. Effect of heparin on triacylglycerol lipase, lysophos-
pholipase and diacylglycerol lipase. (A) Milk triacylglycerol
lipase [22], (B) bovine brain lysophospholipase [4] and (C)
bovine brain diacylglycerol lipase [4].
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because other glycosaminoglycans do not affect
the enzymic activity [4].

3. Interactions of heparin with phospholipases

Heparin markedly inhibits the activity of por-
cine pancreatic phospholipase A, [24]. It has
been suggested that interactions of porcine pan-
creatic phospholipase A, are electrostatic, and
Ca®*, which is required for optimal activity of
phospholipases A,, is not required for heparin
binding to pancreatic phospholipase A,. Based
on circular dichroism and fluorescence probe
studies, the conformation of the amino-terminus
region of pancreatic phospholipase A, is im-
portant in heparin binding [24]. This region of
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pancreatic phospholipase A, contains Arg, His
and Lys. These amino acids may play an im-
portant role in the binding of pancreatic phos-
pholipase A, to heparin. Synovial fluid phos-
pholipase A,, which resembles pancreatic en-
zyme in its kinetic properties, also binds to
heparin, but its catalytic activity is not affected
[25].

Glycosaminoglycans affect the activities of
bovine brain cytosolic phospholipases A, [26].
Heparin and other glycosaminoglycans markedly
inhibit phospholipase A, of M, 39 000, whereas
phospholipase A, of M, 110000 is not affected
by heparin or other glycosaminoglycans (Fig. 2).
Inhibition of phospholipase A, of M, 39000 by
heparin and other glycosaminoglycans was re-
versed with protamine sulfate and histone. This
suggests that at least some interactions of

100
= A
°: 80 =
z 7.
g & /
«©
A
s % /
«
0
Cantrol 100 200
Heparin {(ug)
100
= B
< 80
g ]
2 60
g .
: /
5 o 7 %
o
. iz
Control 50 100
Heparan sulfate (@)
100
= C
< 80
z
2 60
[3}
©
® 40 /
=
° 20 /
o
[}
50

Control 100
Heparin{ug)

Fig. 2. Effect of heparin and heparan sulfate on phospholip-

ases A,. (A) Bovine brain phospholipase A,, M, 39 000 [26],

(B) bovine brain phospholipase A,, M, 39 000 [26] and (C)

pancreatic phospholipase A, [24].

heparin with this phospholipase A, are electro-
static. Rat liver lysosomal phospholipases A,
and A, are also inhibited by heparin [27]. The
mechanism of inhibition of lipases and phos-
pholipases is not known. However, three possi-
bilities should be carefully considered. Heparin
may bind directly to the amino-terminus of
lipases and phospholipases (which is rich in basic
amino acids), blocking the interfacial recognition
site by steric hindrance. Another possibility is
that the conformation of the interfacial recogni-
tion site may be altered by the binding of
heparin to another site on the enzymes. Finally,
heparin is known to bind phospholipids [28] and
may interfere with the interaction between en-
zyme and substrate.

4. Interactions of heparin with protein and lipid
kinases

Protein kinases are classified into several
groups. Cyclic nucleotide-dependent kinases are
active only with ATP as the phosphate donor
and preferentially phosphorylate basic proteins
such as histone in vitro. Cyclic nucleotide-in-
dependent protein kinases utilize GTP as well as
ATP as the phosphate donor and prefer acidic
proteins such as casein and phosvitin. Heparin is
a potent inhibitor of phosvitin and casein kinases
but has no effect on histone kinase [29-31]. For
casein kinase the nature of inhibition is competi-
tive (inhibitor constant, K, = 1.4 nM). The inhi-
bition is not reversed by ATP. However, in
rabbit smooth muscle cells, protein kinases are
markedly inhibited by heparin [32]. Dictyoste-
lium myosin II heavy-chain kinase A is stimu-
lated by heparin [31], whereas protein kinase C
is strongly inhibited in a dose-dependent manner
[32]. The nature of inhibition is non-competitive
with respect to ATP (K, = 0.2 uM). The molecu-
lar size of heparin is a critical determinant for
inhibition of protein kinase C and other protein
kinases [32]. Very-low-molecular-mass fractions
of heparin (M, 600-20 000) have no effect on the
activities of protein kinases, but high-molecular-
mass heparin (ca. 40 000) produces maximal
inhibition. Heparin also inhibits formation of
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c-fos mRNA in control vascular smooth muscle
cells but does not inhibit serum stimulation of
c-fos mRNA in protein kinase down-regulated
vascular smooth muscle cells. Thus, heparin may
selectively inhibit protein kinase C-dependent
but not protein kinase C-independent stimula-
tion of gene expression [33].

B-Adrenergic receptor kinase is also inhibited
by heparin in a concentration-dependent manner
[34]. In this system, heparin is a competitive
inhibitor with respect to rhodopsin. Fibroblast
growth factor receptor kinase has an essential
heparin-binding domain that markedly affects its
kinase activity [3]. One of the early cellular
events induced by the binding of growth factors
to their respective receptors is the stimulation of
phospholipases A, and C. These enzymes hydro-
lyze membrane phospholipids and generate sec-
ond messengers, arachidonate, eicosanoids,
diacylglycerol and inositol 1,4,5-trisphosphate
[14,15]. The messengers are required for normal
cell function.

Lipid kinases (phosphatidylinositol 4-phos-
phate kinase and diacyiglycerol kinases) are also
inhibited by heparin in a dose-dependent manner
[12,35,36]. The effects of heparin on these en-
zymes may be involved in the mechanism of
oncogene-induced cell transformation.

5. Attachment of heparin to solid supports

The ideal matrix for the attachment of heparin
should be hydrophilic, inert, rigid, spherical and
stable to chemical and microbial degradation.

Sepharose is the trade name (Pharmacia, Upp-

sala, Sweden) of the beaded agarose (a linear
polysaccharide consisting of alternating residues
of p-galactose and 3,6-anhydro-L-galactose). This
matrix has been used extensively for the coupling
of heparin [2]. The major requirements for the
immobilization of heparin to matrix are the
synthesis of a stable linkage between the matrix
and heparin and, perhaps more importantly,
retention of specific heparin-binding characteris-
tics of the immobilized heparin. Heparin has
been coupled to Sepharose, Affi-Gel, poly-

acrylamide and Toyopearl gel by several pro-
cedures described elsewhere in detail [2,37-39].
Several factors affect the coupling of heparin to
the matrix. They are the pH of the coupling
buffer, temperature, reaction time and amount
of reacted heparin.

Success of the purification of lipases, phos-
pholipases and kinases depends upon the follow-
ing requirements; (1) the protein to be isolated
should bind in a reversible way to heparin with
an affinity such that it can be retained on the
heparin-Sepharose while the other proteins are
washed away; (2) the enzymes should interact
with heparin-Sepharose with an affinity allowing
their elution by the free ligand or by other
non-denaturing agents; and (3) accompanying
proteins should not bind to the matrix, but, if
retained, should not be eluted from it under the
conditions used for the desired protein.

6. Assay of heparin in heparin-Sepharose
samples

The heparin content of heparin-Sepharose can
be estimated by determining the hexosamine,
uronic acid, and sulfate contents of the gel. With
this method the above heparin constituents in
the reaction mixture are determined prior to
coupling and are compared to the free heparin
that is left in the supernatant and washing after
coupling. The difference is taken as the amount
of heparin bound to Sepharose [2]. The amount
of heparin in heparin-Sepharose can also be
determined potentiometrically by the titration of
heparin carboxyl groups [40]. Some investigators
have used the dye-binding interactions of o-
toluidine blue to colorimetrically or fluorimetri-
cally quantitate unbound heparin before and
after coupling [41]. The amount of heparin
covalently bound to Sepharose can also be de-
termined by assessing the interference by
heparin in the Bradford dye-binding assay for
proteins [42]. This method is extremely sensitive,
rapid, and inexpensive, and it is capable of
distinguishing between heparin and other poly-
saccharides.
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7. Purification of lipases, phospholipases,
lysophospholipases and kinases by heparin-
Sepharose chromatography

Lipases, phospholipases and kinases have been
successfully purified by heparin-Sepharose col-
umn chromatography (Table 2). Heparin-Sepha-
rose is packed into a column and washed with 4
to 6 bed volumes of the desired buffer. Crude
preparations of lipolytic enzymes or kinases are
dialyzed against the equilibrating buffer and
applied to the heparin-Sepharose column at a
flow-rate of 0.2 mi/min. Enzymes that interact
with immobilized heparin are retained and all
other proteins are washed out. The retained
enzymes can be eluted from the column with a
gradient of NaCl or heparin.

7.1. Purification of lipases

Lipoprotein lipase and hepatic triacylglycerol
lipase from human plasma bind tightly to
heparin-Sepharose, but can be eluted with a
linear gradient of sodium chloride. This pro-
cedure resulted in a 7400-fold purification of
lipoprotein lipase with 95% recovery of enzymic
activity. Hepatic triacylglycerol lipase was
purified 6500-fold with 48% recovery under
similar conditions by heparin-Sepharose chroma-
tography [5]. The elution profile and fold purifi-
cation of canine hepatic triacylglycerol lipase [43]

Table 2
Lipases, phospholipases and kinases purified by heparin-
Sepharose chromatography

Enzyme Fold purification
Diacylglycerol lipase [4] 10
Triacylglycerol lipase [5] 6250
Lipoprotein lipase [5] 7430
Phospholipase A, [7] 17
Phospholipase A, (48] 4
Phospholipase A, [47] 61
Phospholipase A, [46] 3
Phospholipase C [13] 7
Phospholipase C [11] 17

Phospholipase C [11]
Diacylglycerol kinase [12]
Diacylglycerol kinase [12]

~ W

was similar to that of the human plasma triacyl-
glycerol lipase. Bovine brain diacylglycerol lip-
ases have also been purified by heparin-Sepha-
rose chromatography. About 60 to 65% of the
protein was washed out while diacylglycerol
lipase was completely retained. The enzyme
appeared as a sharp peak when the column was
washed with 0.5 M NaCl [4]. Heparin-Sepharose
chromatography yielded a 4-fold purification
with 75% recovery over the previous step [44].

7.2. Purification of phospholipases A,

Heparin-Sepharose chromatography has been
used extensively for the purification of rabbit and
bovine platelet phospholipases A, [8,45,46].
Some phospholipases A, were retained on the
heparin-Sepharose column; others were washed
out [8,45,46]. In rabbit platelets the heparin
binding form of phospholipase A, had a molecu-
lar mass of 14 000 and reacted with antihuman
phospholipase A, monoclonal antibody of M,
14 000. The phospholipase A, activity found in
the heparin unbound fraction did not appreciably
react with the above antibody [8,45,46].
Heparin-Sepharose chromatography gave a 3-
fold purification of phospholipase A, with 70%
recovery of enzymic activity. Similarly, pan-
creatic phospholipase A, can also be separated
into heparin-bound and heparin-unbound frac-
tions [32]. A phosphatidylserine-hydrolyzing
phospholipase A, has been purified by heparin-
Sepharose chromatography from cultured mast
cells. In this case, heparin-Sepharose chromatog-
raphy yielded a 61-fold purification with 83%
recovery of enzymic activity [47]. Heparin-
Sepharose chromatography of human monocytic
cell cytosolic phospholipase A, resulted in a
4-fold purification of this enzyme [48].

7.3. Purification of phospholipase C

Heparin-Sepharose chromatography has been
useful for the purification of phospholipase C
from several sources. Heparin-Sepharose chro-
matography gave a 5-fold purification of human
platelet phospholipase C with 73% recovery of
enzymic activity [49]. Similarly, bovine liver [10],
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pholipases C have been purified by this pro-
cedure. In all cases heparin- Sepharose chroma-
tography resulted in good purification and yield

of enzymic activity (Fig. 3).

7.4. Puriﬁcation of protein kinase C and casein
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Protein kinase C and casein kinase II can be
purified by heparin-Sepharose chromatography
[51,52]. Heparin-Sepharose chromatography
yielded a 17-fold purification of bovine kidney
protein kinase C with a recovery of 42% [51}.
olmuarry, casein kinase II was compietely re-
tained on a heparin-Sepharose column and was
eluted with 0.5 M NaCl. This step resulted in an
increase of specific activity with 55% yield of

enzymic activity.

7.5. Purification of diacylglycerol kinase and
phosphatidylinositol 4-kinase

Diacylglycerol kinases and phosphatidylino-
sitol 4-kinases were retained on heparin-Sepha-
rose and heparin-acrylamide columns [12,35,36].
They can be eluted from heparin-Sepharose with
a linear gradient of NaCl. Heparin-Sepharose

Af Aio~vlglynnral bimaan mesmsa

chromatog' pu_y O1 QiacCyigi1yCCrol Kinasc picpa-
rations resulted in two peaks designated as
diacylglycerol kinase I and diacylglycerol kinase
IT [12]. Phosphatidylinositol 4-kinase also bound
to a heparin—acrylamide column and could be
eluted by a linear NaCl gradient. This procedure
resulted in a 15-fold puriﬁcation with 81% re-
covery of enzymic activity [36].

An important feature of heparin-Sepharose
chromatography is the resolution of multiple
forms (isozymes) of lipases, phospholipases and
kinases. It is not possible to separate the multi-
ple forms of the above enzymes by ion-exchange
and hydrophobic chromatographies Multiple

lullllb Ul pllprﬂUllpdbe A2 l/] leprIlUllpdDC \/
[13,53-55], diacylglycerol kinase [12] and protein
kinase C [51] can be separated easily from crude
extracts using heparin-Sepharose chromatog-
raphy. This suggests that multiple forms of these
enzymes have different affinities for heparin.
Heparin-Sepharose chromatography can also be
used as an aiternative to equilibrium dialysis for
the direct determination of enzyme-heparin af-
ﬁnltv constants Hﬁ]

Heparin- Sepharose columns can be regener-
ated for reuse by washing the gel alternatively
with a 10 X bed volume of high pH (8.5) and low
pH (5.0) buffers containing 0.5 M NaCl. The
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addition of 6 M urea or guanidine hydrochloride
to the washing buffer removes all proteins from
the heparin-Sepharose columns.

8. Advantages and disadvantages of heparin-
Sepharose chromatography

Heparin has a stable structure, and its func-
tional groups can be easily coupled to Sepharose,
Affi-Gel or polyacrylamide. The immobilized
heparin can interact reversibly with many en-
zymes and proteins [2]. The swollen heparin-
Sepharose is stable for at least two years at 4°C
in the presence of 0.02% merthiolate [57].
Heparin-Sepharose can be sterilized by autoclav-
ing at pH 7.0 at 120°C. It has excellent flow
properties and packs well into columns. Because
of its polymeric and polyanionic properties, the
immobilized heparin has a very high binding
capacity, and this allows the use of a small bed
volume. As a result, enzymes are eluted from
the column in small volumes with very high
activities. The elution of lipases, phospholipases
or kinases from heparin-Sepharose columns by
heparin or other polyanionic polysaccharides
gives sharper peaks than elution by a salt gra-
dient.

Heparin is a general ligand that inhibits a
variety of biological reactions. Some of these
interactions are specific; others are electrostatic.
The presence of negatively charged groups on
heparin results in retention of many positively
charged proteins on the heparin-Sepharose col-
umn. Thus, electrostatic interactions can modify
the efficiency of the protein separation process.
These interactions can be eliminated by packing
the column in high-ionic-strength buffer and
eluting it with either heparin or other glycos-
aminoglycans. Trehalose phosphate synthetase
and hyaluronidase have been successfully eluted
from a heparin-Sepharose column by heparin
and hyaluronic acid, respectively [58,59]. Under
high ionic strength the eclution of specifically
bound proteins can also be achieved by using low
concentrations of denaturants. In some cases this
procedure has resulted in the elution of proteins

that interact with heparin by specific interac-
tions.

Another major disadvantage of heparin-
Sepharose chromatography is its lack of specifici-
ty. It is not possible to obtain homogeneous
preparations of lipases, phospholipases or ki-
nases in a single step. Furthermore, the chemical
modification of heparin or the matrix during
coupling can introduce additional binding sites.
Blocking of these sites, as well as prior knowl-
edge of the isoelectric points of the enzymes to
be purified and their behavior on ion-exchange
columns, are required in order to select the
appropriate spacer and buffer for optimal elution
of enzymic activities.

9. Conclusions

The unique structure and surface charge dis-
tribution of heparin allow it to interact with
lipases, phospholipases, lysophospholipases and
kinases in a specific manner (Fig. 4). These
interactions inhibit or stimulate activities of the
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Lysophospholipase

C32+—dependent
Phospholipase A2

Lipoprotein lipase

Triacylglycerol lipase
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Phosphatidylinositol 4-kinase

Qther protein kinases

Fig. 4. Interactions of lipases, phospholipases and Kinases
with heparin.
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above enzymes. The crucial question, whether
these interactions occur in vivo and play some
role in the regulation of lipases, phospholipases,
lysophospholipases and kinases, cannot be an-
swered at this time because our knowledge of
heparin—enzyme interactions is incomplete.
However, it is possible that in the plasma mem-
brane, heparan sulfate, a glycosaminoglycan
similar to heparin in structure, and other glycos-
aminoglycans may serve to anchor lipases, phos-
pholipases and kinases from cytosol to the plas-
ma membrane and regulate signal transduction,
cell proliferation, cell differentiation and cell
division [14,15]. Tyrosine kinase and phospholip-
ases A, and C are linked to epidermal and
fibroblast growth factors (FGFs) [15,60]. FGFs
bind heparin, which potentiates or inhibits
specific actions on different cell types [61,62).
Heparin also protects the FGF from proteolytic
degradation {62,63]. Based on these studies, it
has been suggested that heparin or heparan
sulfate, along with protein kinases, may be
involved in translocation and regulation of lip-
ases and phospholipases [26]. Heparin has also
been shown to possess anti-cancer activity. It
may cause tumor regression and inhibit metas-
tasis [64]. Recent studies have also indicated that
heparin suppresses local immune response lead-
ing to tissue destruction. In fact, heparin reduces
glomerulosclerosis, whereas the administration
of protamine accelerates the development of this
pathology [65,66]. There is a growing body of
evidence to indicate that Heparin—enzyme inter-
actions are important in connective tissues and in
the circulatory system [16]. This suggests that
heparin and other glycosaminoglycans play im-
portant roles in cellular metabolism in vivo. In
vitro, heparin—protein interactions can be used
successfully for the isolation and characterization
of lipases, phospholipases and kinases.
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