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Abstract

Use of proteins in intravenous therapy can be severely hampered by their
proteolytic degradation, short circulating half-lives and the development of adverse
immune responses. Circumvention of such problems has been achieved with various
degrees of success by grafting on to proteins hydrophilic macromolecules. Work on
related potential use in protein delivery of the highly hydrophilic, biodegradable
polymers of N-acetylneuraminic acid (polysialic acids), namely the low molecular
weight, poorly immunogenic and antigenic colominic acid (CA), is reported here.
The first stage of the work involved the covalent coupling of CA to poly-Llysine (a model protein) by reductive amination. Polysialylated catalase and
asparaginase (two therapeutically useful enzymes) were subsequently prepared by the
same method and in some experiments, the enzyme conjugates were simultaneously
tritiated. These neoglycoproteins retained considerable enzymatic activity, apparently
independently of the degree of polysialylation achieved. Methods for the
characterization of the polysialylated enzymes included electrophoresis, gel filtration
chromatography, enzyme kinetics and stability in the presence of proteases, mouse
blood plasma and on freeze-drying.
Polysialylated catalase and asparaginase were tested in vivo in terms of
clearance rates from the circulation of intravenously injected mice. Both enzymes
exhibited improved pharmacokinetics in comparison with their native counterparts.
The increased blood residence of the polysialylated enzymes was apparently related
to their degree of polysialylation.
The immunogenicity of the polysialylated catalase and asparaginase following
intravenous and intramuscular injection of mice was compared with that of the native
enzymes. There was significant supression of immune responses against polysialylated
catalase but not against polysialylated asparaginase. The pharmacokinetics of
polysialylated asparaginase in pre-immunized mice was also investigated in order to
assess whether the presence of specific antibodies against the enzyme would modify
its blood clearance. Although asparaginase was cleared from the blood circulation of
immunized mice more rapidly than in intact animals, clearance of the polysialylated
enzyme was slower than that of the unmodified one.
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Chapter One

Introduction

19

1.1 The use of proteins as drugs

Many of the protein drugs still in use were traditionally extracted from animal
and plant tissues (Bristow, 1991). The advent of the recombinant DNA technology and
biotechnology, allowed for the mass production of protein pharmaceuticals and
consequently less expensive and purer proteins are now readily available. The
development of more sensitive and accurate analytical techniques has also allowed for
better detection and characterization, warranting safer protein drugs and thus
considerably broadening the spectrum of their therapeutic applications. The current
status of therapeutic proteins in clinical use or under development has been recently
reviewed (Goddard, 1991; Bristow, 1991). A summary of proteins, particularly
enzymes, currently used in therapy or with potential clinical applications is given in
Table 1.1. It is evident that proteins can be used to fulfill a wide array of specific
J

biological functions. Enzymes, for instances, are frequently used in replacement
therapy for the treatment of inherited metabolic disorders or acquired disease of organs
where the enzymes are normally synthesized. Goldberg (1992) has described a fully
comprehensive list of genetic diseases in which enzyme replacement therapy has been
attempted with various degrees of success. Haemoglobin, has been suggested as a
potential oxygen carrying blood substitute while proteolytic enzymes are used to
dissolve blood clots and reestablish normal myocardial irrigation following infarction.
Proteins can be rather selective in their action, as in the case of asparaginase which, as
an anti-neoplastic agent, exploits a biochemical difference between malignant and
normal cells (see also 1.7.2.3). In other instances however, their indiscriminate action
in various organs can lead to marked toxicity (Bocci, 1987). Thus, cytokines, a group of
immunomodulators (Goddard, 1991) used in cancer chemotherapy, exhibit undesirable
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toxic effects deriving from non-specific action on different target tissues (Bristow,
1991). Proteins are also employed as diagnostic (e.g. ELISA) and imaging agents
(Spalding, 1991) or as targeting moieties for other drugs or delivery systems
(Gregoriadis, 1981). For instance, tumour-specific monoclonal antibodies coupled to
cytotoxic drugs, radioisotopes or particulate drug carriers have been applied in cancer
treatment and imaging and glycoproteins, due to the specificity of their carbohydrate
moiety for certain receptors in the body are used in drug targeting (Meijer, 1994).

Table 1.1 Proteins with therapeutic potential and respective applications. Compiled from
Poznansky (1986), Goddard (1991), Bristow (1991) and Nucci et al. (1991).

Therapeutic use
Inherited enzyme deficiencies

Protein
a-Galactosidase
a - 1,4-Glucosidase
Adenosine deaminase
Hexosaminidase
Glucocerebrosidase

Growth defects

Growth hormone

Diabetes

Insulin

Anaemia

Erythropoeitin

Blood clotting

Factor VIII

Oxygen toxicity associated diseases

Catalase
Superoxide dismutase

Blood volume replacement

Albumin
Plasma proteins

Passive immunization

Immunoglobulins

Red blood cell substitutes

Haemoglobin

Anticancer therapy

Asparaginase
Arginase
Phenylalanine ammonia-lyase
Cytokines

Thromboembolytic agents

Streptokinase
Urokinase
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1.2 Limitations of protein therapy
1.2.1 Formulation

The problems encountered in the formulation of protein pharmaceuticals are
mainly due to their poor physical and chemical stability (Hanson & Rouan, 1992) with
the consequent loss of biological activity. Chemical instability refers to any process that
involves formation or destruction of covalent bonds (e.g. proteolysis, deamidation,
racemization, oxidation) in proteins while physical instability (dénaturation) involves
changes in their three-dimensional structure (e.g. aggregation, precipitation, adsorption
to surfaces). Despite the successful formulation of many proteins to provide adequate
stability and shelf-life and of the well characterized general principles and modes of
degradation (Wang & Hanson, 1988) and strategies of stabilization (e.g. lyophilization
or spray-drying and use of stabilizers as polyols, antioxidants or proteins) (Hanson &
Rouan, 1992), each protein presents a challenge because of its unique properties.

1.2.2 Route of administration

One of the major problems encountered in the use of proteins as drugs is the
route of administration. When given orally (a standard route for low molecular weight
drugs), proteins suffer dénaturation and enzymatic hydrolysis in the gastrointestinal
tract. Alternative routes of protein administration such as the nasal, pulmonary, rectal,
transdermal and vaginal, where epithelial proteolytic activity is diminished (Lee, 1991),
have already been investigated (Lee, 1991 and 1993; Sanders, 1990). However, because
of their high molecular weight, proteins are generally incapable of crossing physical
barriers (e.g. epithelia), leading to poor bioavailability. Strategies to increase the low
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permeability and reduce cellular proteolytic activity and thus improve the
bioavailability of proteins by non-parenteral routes, include the co-administration of
penetration enhancers, protease inhibitors or the use of iontophoresis (transdermal
route). Although the pulmonary (Lee, 1993) and nasal (Breimer, 1991; Sanders, 1990)
routes seem to be particularly promising, especially for low molecular mass proteins,
problems such as extremely low (with consequent wastage of often expensive protein
drugs) and erratic protein absorption (dependent on the patients and their state of
health) still have to be resolved. Therefore, proteins are at present usually administered
by the parenteral route which, by its invasive nature, is not well accepted by patients
unless they suffer from life-threatening diseases (the problem is exacerbated if we
consider that the majority of the protein drugs are administered chronically).
Parenteral administration of proteins is also suboptimal due to poor
pharmacokinetics. For instance, short half-lives in the circulation and proteolytic
degradation can severely hamper their therapeutic use (Nucci et al., 1991) (see also
1.3). Moreover, administration of large and frequent doses of proteins, required for the
maintenance of therapeutic efficacy, can often provoke toxicity (Bocci, 1987) and for
proteins of non-human origin also increase the possibility of adverse immune responses
(Davis et al., 1991). Recombinant DNA technology has allowed for the production of
“humanized” proteins which exhibit reduced immunogenicity (Nucci et al., 1991).
These recombinant proteins are produced by cells (often E. coli or yeast) that lack the
appropriate enzymatic machinery for the correct post-translational modifications (e.g.
glycosylation) to occur and the ultimate result may be a protein that is still capable of
raising an immune response. Moreover, expression of a cloned human gene in a
mammalian cell is not a warranty of homology with the natural counterpart (Bocci,
1990; Goddard, 1991). Indeed, it has not as yet been established i beyond any
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reasonable doubt that a human derived protein is itself non-immunogenic in humans
(Davis, 1991).
Finally, it should also be stressed that parenteral administration of proteins such
as hormones that are endocrine in their action and are thus, by definition, transported to
the target organ intravascularly, may be adequate. However, the physiological effects of
proteins with a localized action (e.g. cytokines) may be difficult to mimic by this route
of administration (Bristow, 1991) and may moreover, lead to undesirable side effects
and toxicity (Bocci, 1987).

1.3 Biodisposition and catabolism of protein drugs

Knowledge of how the organism disposes of protein drugs is particularly
important for the rational design of strategies to improve their therapeutic index and
will be discussed briefly here. Extensive reviews of the mechanisms of clearance of
protein drugs in general (Kompella & Lee, 1991; Bocci, 1990) and protein anticancer
agents (Bocci, 1987) in particular, have recently been published.
Proteins are usually administered by the intravenous, intramuscular or
subcutaneous routes (Bocci, 1987). Whilst in the first case they enter the circulation
immediately following injection, in the two latter cases there is a lag time of a few
hours between dosing and appearance in the plasma compartment (Bocci, 1990). The
rapid clearance of proteins firom the plasma can be explained by a combination of
transendothelial passage, proteolysis, receptor mediated uptake, non-specific uptake by
the mononuclear-phagocyte system (MPS) and glomerular filtration (Bocci, 1987).
Once in the systemic circulation, clearance of proteins begins with passage
: across the capillary endothelia (Kompella & Lee, 1991). The capacity of proteins to

24

extravasate to the extravascular space depends on such factors as molecular weight,
shape and charge and also on the ultrastructural characteristics of the capillaries (Bocci,
1987; Bocci, 1990; Goldberg, 1992). Fig. 1.1 shows the three types of capillary
endothelia (order of increasing pore size is: continuous, fenestrated and discontinuous
or sinusoidal) and the organs with which these are typically associated. Differences in
permeability (related to pore size) of each type of epithelia as well as the blood flow of
a particular organ thus control the biodisposition of the drug (Bocci, 1987; Hall, 1970).

Types of C o p illo ries
Continuoas

Fe neetroted

Discontinuous

“ To.

BLi

M uscle, Lung,
CNS, Subcutis,
Plocento

Endocrine glonds
Kidney,Choroid plexus .
I n te s tin a l villus

Liver,
S p leen ,
Bone morrow

Fig. 1.1 Schematic drawing indicating modes o f transendothelial passage o f proteins and
quantitative differences (as shown by the arrows’ thickness) among the three major types o f
endothelia. Reproduced from Bocci, 1987.

Fig. 1.2 summarizes clearance mechanisms to which protein drugs are
subjected in the organism. The molecular weight of the protein roughly determines the
mechanisms of clearance (Meijer, 1994) and these can be envisaged as a combination
of metabolism and excretion (Goddard, 1991). Small proteins (<66-67 kDa) that are
susceptible to renal clearance, are eliminated by a combination of metabolism and/or
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excretion. O n the other hand, larger proteins are m etabolized or, if extrem ely large or
aggregated, they rapidly undergo opsonization and/or phagocytosis and are sequestrated
and elim inated by the M PS, m ainly in the liver (K upffer cells) and spleen. H ow ever,
from the sam e figure it is apparent that factors such as charge, sugar recognition and
susceptibility to proteases also determ ine the rem oval o f the protein from the blood.

PH A G O C Y T O S IS
(Part.
\
A g o ra g .) \

R E C .M E D .E N D O C Y T O S IS

EXTRA C E L L /
G L O M .F IL T R A T IO N
HY DR OLY SIS/
(Mol.W.l

O P SO N ISA T IO N
( lg G .« .M .
F I b ro n .)

LIPO ID
PERM EATION

50 0

1.000

5 0 ,0 0 0

2 0 0 ,0 0 0

4 0 0 ,0 0 0

-F L U t O - P H A S E E N D O C Y T . ----------------------------------------

Fig. 1.2 Clearance mechanisms for oligopeptides and proteins in the intact organism.
Dependent on size, charge, sugar recognition, aggregation to particules and formation of
complexes with opsonication factors, they can be filtered in the kidneys, or hydrolysed in the
blood or at cell surfaces, or recognized by receptor-mediated transport systems. Molecular
weight as indicated on the x axis roughly determines the clearance mechanisms. However, the
indicated mechanisms largely overlap and are dependent not only on size but also on
functional groups (sugars), charge, lipophilicity and vulnerability to circulating or fixed
proteases. Fluid phase endocytosis in principle occurs over the entire molecular weight range
(from Meijer, 1994).

In fact, proteolysis contributes significantly to the short elim ination half-lives
(B occi, 1987; B occi, 1990; B reim er, 1991) and protein breakdow n can occur in body
fluids or at the cell surface by m em brane bound proteases (B occi, 1990). Intracellular
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catabolism in the lysosomes occurs after interaction with clearance receptors at the cell
surface and subsequent internalization. Cells can also exibit functional receptors
(responsible for expressing effector functions and side effects). Both types of receptors
mentioned are responsible for protein removal from the circulation.
The liver and the kidney are the major sites where the catabolism of foreign
proteins occurs (Bocci, 1990; Kompella & Lee, 1991; Ferraiolo & Mohler, 1992). The
liver, for instance, exhibits a particularly rich vascularization, possesses underlining
discontinuous endothelia as well as several different cell surface receptors (Kompella &
Lee, 1991) which explains its significant contribution to the catabolism of protein
pharmaceuticals. However, since proteins are administered parenterally, liver first pass
elimination does not occur (Bocci, 1990) and the kidney is thus mainly responsible for
the clearance of small proteins that are within the range of glomerular filtration. Once
in the ultrafiltrate, the protein is reabsorbed by endocytosis in the proximal tubule and
digested in the lysosomes (Kompella & Lee, 1991 ; Meijer, 1994).

1.4 Approaches to improve the efficacy of therapeutic proteins

An increase in the protein’s half-life is usually a synonym of improved
therapeutic efficacy and allows for the reduction of dosing frequency, thus increasing
patient compliance and acceptance. On the other hand, the prevention of development
of antibodies to the protein (which can contribute to its rapid clearance on prolonged
therapy and therefore constitute one mechanism of drug resistance) is also beneficial. In
an attempt to achieve these goals, two major approaches have been made;
encapsulation and covalent coupling of proteins to hydrophilic polymers.
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1.4.1 Encapsulation

Proteins have been entrapped in drug delivery systems such as liposomes
(Gregoriadis & Allison, 1974; Fishman & Citri, 1975, Neerunjun & Gregoriadis, 1976;
Cruz et al., 1993), microcapsules (Chang, 1971), albumin microspheres (Bogdansky,
1990) and dextran hydrogels (Borchert & Hennink, 1994; Hennink et al., 1996) or into
cellular carriers such as erythrocytes (KravtzofF et al., 1990; Sinauridze et al., 1992).
Liposomes in particular, reduced the binding of preformed antibodies to the protein
(Gregoriadis & Allison, 1974; Neerunjun & Gregoriadis, 1976) and recently, proteins
bound to the surface of long-circulating liposomes (Maruyama et al., 1991) showed
prolonged circulation half-life. Drawbacks of these approach are the usually rapid
uptake of the carrier systems by the MPS and the fact that such systems (e.g.
liposomes) can also function as immunological adjuvants (Gregoriadis, 1990; Gupta et
al., 1993).

1.4.2 Conjugation to macromolecules

Several natural (dextran, albumin, cellulose) or synthetic (poly(N-vinyl
pyrrolidone), polyethylene glycol (PEG)) hydrophilic polymers of various molecular
weights have been covalently grafted to proteins with a view to circumvent hepatic and
renal clearance (see 1.4.2.1) (For reviews see Abuchowski & Davis, 1981 and Davis et
al., 1991). Table 1.2 shows some of the proteins that have already been modified and
the macromolecules used as modifiers. The bulk of the work has been carried out with
enzymes and, with the exception of cellulose, all macromolecules are water-soluble.
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Table 1.2 Natural and synthetic macromolecules used as a means to modify proteins

Macromolecule

Enzyme

Reference

Albumin

asparaginase

Poznansky et al., 1982
Nerkar & Gangadharan, 1989

Dextran

a-amylase

Marshall et al., 1977

asparaginase

Benbough et al., 1979
Wileman et al., 1983
Wileman et al., 1986

catalase

Marshall et al., 1977

superoxide dismutase

Miyata et al., 1988

uricase

Fujita et al., 1990

Cellulose

a-amylase

Barker & Somers, 1968

Poly-DL-alanyl peptides

asparaginase

Uren & Ragin, 1979

Polyethylene glycol

arginase

Savoca et al., 1979

asparaginase

Kamisaki et al., 1981
Wada et al., 1990
Rodera et al., 1992

bovine serum albumin

Abuchowski et al., 1977a

catalase

Abuchowski et al., 1977b
Beckman et al., 1988

phenylalanine ammonia-lyase

Wieder et al., 1979

superoxide dismutase

Miyata et al., 1988
Beckman et al., 1988
Veronese et al., 1990

trypsin

Poly(N-vinylpyrrolidone) chymotrypsin
trypsin

Abuchowski & Davis, 1979

von Specht & Brendel, 1977
von Specht & Brendel, 1977
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To be of therapeutic usefulness, polymer-protein conjugates should be watersoluble (for systemic injection) and show increased circulatory half-lives, reduced or
abrogated inununogenicity and antigenicity, while retaining the enzyme’s activity and
biological properties. These goals have been met with different degrees of success,
depending on the polymer (see 1.5) as well as the protein. To date, the most promising
protein modifier is polyethylene glycol (PEG) and of the conjugates presented in Table
1.2, only PEG-proteins have undergone extensive clinical trials with some of the
constructs already marketed (see 1.5.4.3). Dextran-modified asparaginase has also been
tested in humans (Wileman et al., 1983).
The conjugate approach has been particularly successful not only in altering the
biological properties of the therapeutic proteins but also in tailoring their
physicochemical characteristics. Thus, there are instances when it is beneficial to
modify properties of proteins as solubility, pH optimum, charge, stability, degree of
glycosylation, etc. Encapsulation, on the other hand, does not alter the characteristics of
the protein involved but rather allows its release over an extended period of time
(Nucci et al., 1991).
On the other hand, a major drawback of the chemical modification of proteins
is the concomitant loss of enzymic and biological activities (see Tables 1.5 and 1.6).
This is however, highly dependent on the coupling and purification methods used
(Delgado et al., 1992), In addition, the fact that protein-polymer conjugates are new
chemical entities (Duncan, 1995), poses problems of approval by regulatory agencies
(Davis et al., 1991).
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L4.2.1 Rationale fo r the improved biological properties o f soluble polymer-protein
conjugates

The first consequence of the grafting of polymer chains to the protein is the
increase in its apparent molecular weight and consequent decrease of the glomerular
filtration rate and prolonged time of residence in circulation. This holds particularly
true for small proteins and peptides that are within the range of renal clearance (67-68
kDa; Francis et al., 1992). However, for larger proteins (and if molecular weight alone
is to be taken into consideration) the opposite would be expected due to the increased
probability for the conjugate to be taken up by the MPS (see Fig. 1.2). Fig. 1.3
summarizes some of the factors that are believed to be responsible for the improved
biological properties of proteins, namely the increased circulation time, after the
attachment of hydrophilic polymers. The polymer side chains may help to mask
immunogenic determinants that otherwise might elicit antibody formation and may also
sterically hinder the approach of pre-formed antibodies to the antigenic sites. The result
is decreased (or abrogated) inununogenicity and antigenicity and reduced or abolished
inunune clearance of the conjugate. In addition, both albumin (Poznansky, 1986) and
PEG (Sehon et al., 1987; Sehon, 1991) have been shown to act as toleragens.
Surface modification of proteins, creates a hydrophilic and hydrated surface that
makes it energetically unfavourable for other molecules to approach (Tomlinson, 1990;
1991), thus diminishing interaction with blood (e.g. fribrinogen, fibronectin) and tissue
components responsible for their inactivation (e.g. proteases) and removal from the
circulation (e.g. cell-surface receptors specific for carbohydrate moieties). Grafting of
hydrophilic polymers to enzymes maintains accessibility of the substrate to the active
site (unless the substrate is macromolecular; Abuchowski & Davis, 1979) and also the
injectability of the conjugate.
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Activt Site

Antibody
C|3*—Subetrote

Enzyme
0 * — Product
Polymer

Antibody, Proteoee.Cleorance or Immunogenic
Recognition Sites

Fig. 1.3 Proposed model to explain the biological properties and increased half-life o f soluble
polymer-enzyme adducts. Polymer modification may: (a) mask antigenic determinants; (b)
mask immunogenic recognition sites; (c) mask protease susceptible sites; (d) mask clearance
recognition signals; (e) allow free access to low molecular weight substrates; (f) maintain
systemic injectability (adapted from Uren & Ragin, 1979).

1.5 Soluble polymer-protein conjugates: effects of conjugation with
different polymers

1.5.1 Albumin

Albumin is a natural constituent of the plasma and exhibits a prolonged
circulation half-life (Davis et al., 1991). It was thought that conjugation of albumin to
foreign proteins would produce conjugates that would be accepted as natural plasma
constituents (Poznansky, 1986). In fact, albumin-enzyme conjugates showed improved
therapeutic properties such as increased half-lives, reduced immunogenicity and
increased resistance to proteolysis and heat inactivation. This topic has been
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extensively revie^ved by Poznansky (1986) and, more recently, by Davis (1991). As an
example, asparaginase-albumin constructs are discussed here.
Following albumin conjugation, asparaginase retained 60% of its original
enzymic activity under substrate protection conditions {i.e. asparagine was present
during the coupling reaction to protect the active site) and was resistant to trypsin and
plasma proteases (Poznansky et al., 1982). In vitro half-lives, in the presence of trypsin
and fresh plasma at 37°C, were respectively 0.5 and 1.5 h for the native asparaginase
and 10 and 20 h for the asparaginase-albumin construct. The temperature stability of
the conjugates was also improved (Poznansky et al., 1982; Nerkar & Gangadharan,
1989). Both a 10-fold decrease (Nerkar & Gangadharan, 1989) and a 2 to 3-fold
increase (Poznansky et al., 1982) in the Km of the conjugate as compared to the native
enzyme, were reported.
The asparaginase-albumin conjugate was present in the blood circulation of
mice for extended periods (11% of the conjugate was still circulating 48 h post
injection, against only 3% of native asparaginase) and moreover, exhibited improved
antitumour activity (Poznansky et al., 1982). The survival of mice bearing a 6C3HED
lymphosarcoma was extended about
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times when given the polymeric form of

asparaginase, in comparison with animals given the free enzyme. The albuminasparaginase was also more effective in inhibiting the in vitro cell growth of a human
pancreatic tumour (PANC-1) than the free enzyme. The immunogenicity and
antigenicity of mouse albumin-conjugated asparaginase in mice was reduced or
abrogated (Poznansky et al., 1982; Yagura et al., 1981), depending on the amount of
albumin grafted (Poznansky, 1986). However, it should be stressed that the source of
albumin can alter the immunological properties of the conjugates since antibodies are
raised against the albumin moiety if the protein is of non-homologous origin
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(Poznansky, 1986). The use of albumin as a carrier for human enzyme therapy is
therefore, restricted to human derived albumin.

1.5.2 Poly-DL-alanyl peptides

The attachment of poly(DL-alanine), a non-immunogenic (Davis et al., 1991)
synthetic amino acid polymer, to asparaginase (from Erwinia carotovora and
Escherichia coli) leads to a conjugate with increased heat stability and resistance to
proteolysis (Uren & Ragin, 1979). Modified asparaginase of either of the two sources
was completely resistant to tryptic digestion and about five-fold more resistant to
chymotrypsin. Both enzymes suffered considerable loss of activity upon modification
(between 35 and 80%) but the Km remained unchanged.
Native E. coli and E. carotovora asparaginase exhibited in intraperitoneally
injected mice, half-lives of 3 and 5 h respectively compared to those of 20 and 36 h
observed for the poly-(DL-alanine) derivatives. In intravenously injected rats, modified
asparaginase showed a biphasic clearance (ti/2a = 4 h; ti/2P=13 h) compared to a
monophasic one for the native (ti/2= 1.5 h). The improved residence of poly-(DLalanine)-asparaginase in the blood circulation was accompanied by a longer depletion
of the plasma asparagine. However, only the preparations with a half-life greater than
24 h showed superior therapeutic activity (as compared to that of native asparaginase)
against L5178 murine leukaemia. In addition, the immunogenicity and antigenicity of
asparaginase in mice was reduced by conjugation to poly-(DL-alanine). In mice with
low antibody titers to native E. coli asparaginase, the modified enzyme circulated for
extended periods (although its half-life was shorter than observed in the intact animal)
but was rapidly cleared from the plasma of highly immune animals. Native
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asparaginase in immune mice was short-lived, independently of the antibody titers
(Uren & Ragin, 1979).

1.5.3 Dextran

Dextran is routinely used as a plasma expander in man and its low toxicity is
well established (Wileman et al., 1983; Wileman et al., 1986). Table 1.3 shows some of
the proteins that have been modified with dextran and the respective circulating halflives as compared to the native counterparts. In every case (except for uricase), the
dextran-enzyme’s blood residence was markedly improved by a factor of between 5
and 71. The half-life of the adducts usually increased with increasing size of the
dextran. However, dextran of extremely high molecular weight may not be as efficient
as one with a lower molecular weight (Wileman et al., 1986). The circulation times of
asparaginase-dextran conjugates compared particularly well with the native enzyme in
pre-immune mice (Table 1.3). Catalase-dextran conjugates attained maximum plasma
activity levels 4.5 h after intraperitoneal injection, as compared to the 2 h shown by the
native enzyme (Marshall et al., 1977). This probably reflects the decreased ability of the
conjugate to extravasate from the peritoneal cavity, as anticipated from the increased
size.
Natural glycoproteins are usually more stable than non-glycosylated proteins
(Davis et al., 1991; Marshall, 1978) and the enzyme-dextran conjugates also show
improved stability. The neoglycoproteins were more resistant to heat, exogenous
proteases (e.g. trypsin and chymotrypsin) and protein dénaturants (e.g. urea) (Marshall,
1978). Asparaginase-dextran conjugates showed considerable resistance to trypsin and
stability increased with the molecular weight of the dextran (Wileman et al., 1986).
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Table 1.3 Circulating half-lives o f proteins modified with dextran o f different molecular weights. When half-lives were not reported the % o f protein in
circulation at a certain time is given instead. Results were obtained on first injection; * indicates half-lives obtained after repeated dosing and (a) and (p)
denote that half-lives were respectively calculated from the a and P phases o f the pharmacokinetic profiles. Subscripts denote the molecular weight of the
dextran:
10000,
40000,
70000 and 250000 Da.

Protein

Source

Route

Circulating half-life

Animal
Native

a-Amylase
Asparaginase

w

Os

Bacillus
amylol iquefaciens
Erwinia carotovora

IV

Rat

IV

Man

Erwinia carotovora

IV

Rabbit

Erwinia carotovora

IV

New Zealand
white rabbits

Reference

Modified

Fold increase

h: 16%

2 h: 75%

5

Marshall et al., 1977

h

lid ®

22

Wileman et al., 1983

Ilh

190 h

17

Benbough et al., 1979

h

46 h ®
56 h ®
36 h ®

6

Wileman et al., 1986

< 0.1 h*

h® *
1.7 h ® *
7.1 h ® *

16
17
71

140 min (a)

8

2

12

8

Catalase

Bovine liver

IV

Acatalasémie
mice

17 min (a)

Uricase

?

IV

ddY mice

25 min (a)
3.5 h(P)

1 .6

3 1 min (a)
2 .3 h (p f

7
5

1.2

<I

Marshall et al., 1977

Fujita et al., 1990

Activation of dextran by periodate oxidation produces dialdehyde-dextrans that are
responsible for intra and intermolecular cross-linking between enzyme and
polysaccharide. Dextran multipoint attachment thus results in a rigid conformation that,
together with the change in the protein’s degree of hydration, is believed to account for
the increased stability of the dextran conjugates (Marshall, 1978).

Table 1.4 Immunogenicity and antigenicity of dextran conjugated enzymes

Dextran-protein

Asparaginase
Superoxide
dismutase

Asparaginase
Superoxide
dismutase

Test system
/Animal (route)

Reference

Precipitin

Antigenicity
Reduced

Immunodiffusion

Reduced

New Zealand
white rabbits (IM)
1
Mice (IP)
^

Immunogenicity
Abohshed
1 Increased

Wileman et al., 1986
Miyata et al., 1988

Wileman et al., 1986
Miyata et al., 1988

^^^o antibodies were detected either against the enzyme or the dextran moieties.

The immunological properties of dextran conjugates have not been extensively
investigated but seem to vary with the protein. Asparaginase modified with dextran
(70000 Da), for example, was non-immunogenic in rabbits (Table 1.4). After repeated
injection with the dextran conjugate, native enzyme circulated as in intact animals
(Wileman et al., 1986). No hypersensitivity reactions were observed when the
conjugate was given as a single injection to patients suffering fi-om lymphoblastic
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Table 1.5 Effect of dextran modification on protein activity retention.

Protein

a-Amyiase
Asparaginase

Catalase

Superoxide dismutase

Dextran
molecular weight

Degree of modification
(% lysine residues)

% Remaining activity

60000-90000

1 0 :1

43

Marshall et ah, 1977

40000
70000
250000

?
?
?

50
50
50

Wileman et ah, 1986

110000

34
36

Benbough et ah, 1979

2000000

17
17

70000

?

50

Wileman et ah, 1983

71

Marshall et ah, 1977

60000-90000

oo

1 0 :l(^)

17000
40000

?
?

49-67
77-82

Davis et ah, 1991

80000

34

67

Miyata et ah, 1988

Relative amount o f carbohydrate to protein on a weight basis.
UJ

'^'

Reference

leukaemia (Wileman et al., 1983). On the other hand, dextran modification of
superoxide dismutase increased the enzyme’s immunogenicity (Table 1.4). Other
enzymes such as catalase and a-amylase showed reduced but not abrogated
immunogenicity (Davis et al., 1991). Antigenicity was usually reduced (Table 1.4 and
Marshall, 1978). In the case of dextran-asparaginase, antigenicity decreased in vivo
with increasing size of the dextran (Wileman et al., 1986). Concerns about the use of
dextran as a protein modifier derive from its reported immunogenicity in humans (Torii
et al., 1976) and non-biodegradability in the lysosomes.
The therapeutic efficacy of catalase-dextran constructs was superior to the
native enzyme (Marshall, 1978): the majority of acatalasémie mice challenged with
hydrogen peroxide survived if the animals were simultaneously injected with the
catalase construct; all the mice given native catalase and untreated animals died.
Loss of enzymatic activity is usually concomitant with dextran attachment, the
degree of which can be inversely proportional to the molecular weight of the dextran
(Table 1.5). The activity retention of asparaginase-dextran conjugates did not however,
seem dependent on the molecular weight of the carrier (Table 1.5). The relationship (if
any) between molecular weight of the polymer and the degree of modification of the
final construct has not been evaluated.

1.5.4 Polyethylene glycol

The covalent attachment of polyethylene glycol to proteins is designated
pegylation or pegnology (Nucci et al., 1991) and this approach was recently extended to
particulate drug delivery systems such as liposomes (Senior et al., 1991; Woodle &
Lasic, 1992).
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PEG is an uncharged, hydrophilic', linear polymer (Davis et al., 1991) which is
commercially available in a variety of molecular weights. It is poorly immunogenic in
humans (Richter & Akerblom, 1983; 1984) and induces no adverse effects upon
repeated intravenous injections (Carpenter et al., 1971). Although non-biodegradable,
PEG with up to 6000 Da molecular weight, when administered intravenously to
humans, is readily excreted mainly by the kidney (Nucci et al., 1991).
A discussion on the methods currently available for the coupling of PEG to
proteins is out of the scope of this work, but the subject has been recently reviewed
(Zalipsky, 1995; Delgado et al., 1992; Francis et al., 1992). The cyanuric chloride
method was originally described by Abuchowski et al. (1977a) and although alternative
methods now exist, it is still in wide use. Polyethylene glycol (PEG) and some derivatives
commonly used for protein modification are shown in Fig. 1.4. Monomethoxypolyethylene glycol (mPEG)^ is prefered as the starting material because one of the
terminal hydroxyl groups of PEG is blocked as a methoxyether, leaving a single
hydroxyl group free for coupling, avoiding cross-linking. Pegylation thus yields more
homogenous and better defined products than dextran modification, where multipoint
attachment is involved (see 1.5.3). Recently, Kodera et al. (1992) and Sasaki et al.
(1993) described a new modifying reagent, designated as comb-shaped PEG (PM 13
and PM 100; Fig. 1.4) which was shown to have some advantages over the chain
shaped PEGl and PEG2 (see 1.5.4.1). Comb-shaped PEG is thought to completely
shield the protein to which it is grafted via an amide linkage (anhydride + lysine
residue), by hydrogen bonding between the side chains of amino acid residues and the
oxygen atoms of the PEG chains (Kodera et al., 1992).

' PEG is hydrophilic by virtue o f hydrogen bonding o f three water molecules per ethylene
oxide unit (Francis et al., 1992).
^In the text, mPEG is also designated as PEG.
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H 0-(C H 2 C H 2 0 )n -H

H0-(CH2CH20)n-CH3

Polyethylene glycol (PEG)

Monomethoxypolyethylene glycol (mPEG)

0-(CH2CH20)n-CH3
/•
C l^
N
N =^
Cl

2-0-methoxypolyethylene glycol-4,6 -dichloro-S-triazine
(activated PEGl)
Abuchowski et al. (1977a)

0-(CH2CH20)n-CH3

N

0-(CH2CH20)n-CH3

2,4-bis (0-methoxypolyethylene glycol)-6 -chloro-S-triazine
(activated PEG2)
Wada et al. (1990)

Comb-shaped copolymer of
R
(Z-CH2-CH
CH 2
^

o

(C 2H 4 0 )n C H 3

CH(L

"o

m

polyoxyethylene allyl methyl diether and maleic
anhydride ( n=33, m= 8 and R=H;MW=13 kDa; PM 13)
or
polyoxyethylene 2 -methyl-2 -propenyl methyl diether and
maleic anhydride (n=40, m=50 and R=CH]; MW=100 kDa; PM 100)
Kodera et al. (1992); Sasaki et al. (1993)

Fig. 1.4 Structure of polyethylene glycol (PEG) and some derivatives commonly used in
protein modification. PEG is a bifunctional reagent while monomethoxypolyethylene glycol
(mPEG) is monofunctional because one of the hydroxyl groups is blocked by a methoxyether
linkage. Activation of mPEG by the coupling of one or two PEG chains (5000 Da) to 2,4,6trichloro-S-triazine (cyanuric chloride) yields PEGl and PEG2 respectively. Comb-shaped
PEG copolymers are designated as PM 13 and PM 100 according to their molecular weight.
Both linear and comb-shaped PEG are coupled to the primary amino groups of the protein.
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Pegylation of enzymes is normally accompanied by loss of enzymatic activity
(Table 1.6). An exception to this rule is PEG-tiypsin, which exhibited increased
esterase activity, probably due the diminished autodigestive capacity (Abuchowski &
Davis, 1979). Ashiara et al. (1978) have studied the effect of the molecular weight of
PEG on the degree of modification and activity retention by PEG-asparaginase. While
the extent of modification did not seem to depend on the size of PEG, enzyme activity
decreased drastically with increasing molecular weight of the polymer. The same
authors demonstrated that asparaginase activity loss was proportional to the degree of
substitution of the amino groups by PEG and Wieder et al. (1979) reported similar
findings for phenylalanine ammonia-lyase (Table 1.6). Modification of asparaginase
with comb-shaped PEG achieved better enzymic activity retention (Kodera et al., 1992)
than with the chain-shaped counterparts shown on Table 1.6. The enzyme coupled to
PM13 and PM 100 retained 46 and 85% of the initial activity with degrees of
modification of 50 and 34% respectively. Moreover, the ratio of the reactants and the
pH of the reaction influence the degree of modification and consequently can also
affect the activity (Wieder et al., 1979) of the pegylated protein.

LS.4,1 Improved biological properties
Increased circulating half-life

Following PEG attachment, both small (e.g. superoxide dismutase) and
oligomeric proteins (e.g. catalase, asparaginase and uricase), showed enhanced blood
half-lives (Table 1.7) and as already discussed (see 1.4.2.1), several factors can be held
responsible. Superoxide dismutase, an enzyme that undergoes glomerular filtration,
shows the most dramatic increase in blood residence time by pegylation (Fuertges &
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Table 1.6 Effect of the extent of pegylation on enzyme activity retention using the cyanuric chloride method.

Protein
Arginase
Asparaginase

PEG molecular weight

% Remaining activity

5000

Degree of modification
(% lysine residues)
53

Reference

65

Savoca et al., 1979

?

70

52

Park et al., 1981

5000

55

30

Cao et al., 1990

5000

56

8

Kamisaki et al., 1981

5000

20

50

Ashihara et al., 1978

41
79

22

15

Catalase

1900
5000

43
40

93
95

Abuchowski et al., 1977b

Phenylalanine ammonia-lyase

5000

9
28
62

71
41
7

Wider et al., 1979

Superoxide dismutase

5000
5000

30-40
24

80-90
52

Trypsin

5000

24
59

95
150

Cao et al., 1990
Mihyata et al., 1988
Abuchowski & Davis, 1979

Table 1.7 Circulating half-lives o f pegylated proteins. When half-lives were not reported the % o f protein in circulation at a certain time is given instead.
Results were obtained on first injection; * indicates half-lifes obtained after repeated dosing;
PEG-1900;
PEG-5000.

Protein
Arginase

Source
Bovine liver

Route
IV

Animal
B6D2F1/J
mice

Native
12 h: 1 0 %

Circulating half-life
Modified
Fold increase
12 h: 52%
5
72 h; 16%

< lh *
Asparaginase

Catalase

E. coli

IV

Man

E. coli

IV

Man

E. coli

IP

E. coli
Bovine liver

12

7-28 h

h*

Superoxide
dismutase

Savoca et al., 1979

12

16-25 d

26

Park et al., 1981

h

357 h

18

Ho et al., 1986

Wistar rats

2.9 h

56 h

19

Kamisaki et al., 1981

IP

BDFi mice

5h

3.75 d

18

Abuchowski et al., 1984

IV

Acatalasémie
mice

h: 1 0 %
48 h: 3%

5

Abuchowski et al., 1977b

h: 2 0 %
48 h: 10%

10

50 h *

25

Fuertges & Abuchowski, 1990

h

3

Wieder et al., 1979

4h*

4

4.4 d

253

17.5 h

11

20

12

h: 2 %

12

12

Phenylalanine
ammonia-lyase

Reference

?

IV

Man

Rhodotorula
glutinis

IV

Swiss-Webster
mice

?

IV

Man

Serratia

IV

Rat

h*

2

6
1

h

h*

25 min
1 .6

h

20

Fuertges & Abuchowski, 1990
Miyata et al., 1988

Abuchowski,

1990), supposedly on account of hindered renal clearance. Extended

blood residence of higher molecular weight proteins, on first injection, is attributed to
reduced cellular clearance and increased resistance to proteolysis (Francis et al., 1992).
As a general rule, the more PEG grafted to the protein (Francis et al., 1992) and the
higher the molecular weight of the PEG (Abuchowski et al., 1977b; Mihyata et al.,
1988), the greater the extension of the circulating half-life. The decreased in vivo
antigenicity of PEG-proteins explains the improved half-life (as compared to native
enzymes) even after repeated injection (Table 1.7). PEG-arginase (Savoca et al., 1979)
and PEG-albumin (Abuchowski et al., 1977a), for instance, circulated in mice pre
immunized for a period of 90 days with the corresponding native enzyme, as in intact
animals. Under the same conditions, native enzyme was rapidly cleared from the
circulation.

Decreased immunogenicitv and antigenicity

The immunogenicity and antigenicity of PEG-proteins is usually either reduced
or abolished depending on the degree of pegylation and on the molecular weight and
type of PEG (Tables 1.8 and 1.9). General rules, although dependent on the protein,
are: (a) to achieve total loss of immunoreactivity a minimum amount of PEG must be
grafted to the protein; (b) for proteins modified to the same extent, higher molecular
weight PEG is more effective in shielding antigenic (Ashihara et al., 1978) and
immunogenic (Miyata et al., 1988) determinants; (c) for the same type of PEG, an
increase of the protein substitution results in a reduction of the antigen binding ability,
i.e. a decrease of antigenicity and (d) chain shaped PEGl and PEG2 are less effective
(Kodera et al., 1992; Sasaki et al., 1993) in reducing or abolishing immunoreactivity of
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Table 1.8 Reduced immunogenicity of pegylated proteins as related to the degree of modification and type of PEG.

PEG-Protein

Degree of

PEG type

Route

Animal

Immunogenicity

Reference

modification (%)
Arginase

53

PEG 1

rv

Mice

Abolished

Asparaginase

56

PEG 2

rv

Balb/c mice

Reduced

Kamisaki et al., 1981

?

PEG 2

IV

mice

Reduced

Wada et al., 1990

90

PEG 1

IV+IM

Rabbits

Abolished

Abuchowski et al., 1977a

93-95

PEGl

rv+iM

Rabbits

Reduced *

Abuchowski et al., 1977b

48

PEG 1

IM

New Zealand

Reduced

Wieder et al., 1979

Bovine albumin

Catalase

Phenylalanine
ammonia-lyase

Superoxide dismutase

os

Savoca et al., 1979

White Rabbits

?

?

ip+rv

Mice

Reduced

Fuertges & Abuchowski, 1990

24

PEG 2

IP

Mice

Reduced

Mihyata et al., 1988

* PEG 1900-catalase was immunogenic IM but not IV. PEG 5000-catalase was not immunogenic by either route.

Table 1.9 Reduced antigenicity of pegylated proteins as related to the degree of modification and type of PEG.

PEG-Protein
Arginase
Asparaginase

Bovine albumin

Phenylalanine ammonia-lyase

Degree
modification (%)
53

PEG type

Test system

Antigenicity

PEGl

Immunodiffusion

Abolished

52

PEG 1

Precipitin

Reduced

79

PEG 1

Precipitin

Abolished

70

PEGl

Immunodiffusion

Abolished

Park et al., 1981

55

PEG 2

Precipitin

Abolished

Cao et al., 1990

56

PEG 2

Precipitin

Abolished

Kamisaki et al., 1981

46

PM13

Precipitin

Abolished

Kodera et al., 1992

31

PMIOO

Precipitin

Abolished

17

PEG 1

Immunodiffusion

Reduced

37

PEG 1

Immunodiffusion

Reduced

90

PEG 1

Immunodiffusion

Abolished

52

PEGl

Immunodiffusion

Reduced

Wieder et al., 1979

Superoxide dismutase

Trypsin

Reference
Savoca et al., 1979
Ashihara et al., 1978

Abuchowski et al., 1977a

/Precipitin
24

PEG 2

Immunodiffusion

Reduced

Mihyata et al., 1988

30-40

PEG 2

Precipitin

Reduced

Cao et al., 1990

24

PEGl

Immimodiffusion

Abolished

Abuchowski & Davis, 1979

the conjugates than the comb shaped copolymers of PEG (PM 13 and PMIOO). E. coli
L-asparaginase, for example, when conjugated to PM 13 and PMIOO completely lost its
antigenicity at respectively 46 and 31% of modified lysine residues as compared to the
70 and 55% necessary with PEGl and PEG2 (Table 1.9). Therefore, the increasing
order of immunoreactivity reduction according to the type of PEG is: PEGl < PEG2 <
PM13< PMIOO.
The route of PEG-protein administration seems to have little effect on the
antibody titer for enzymes such as asparaginase (Abuchowski et al., 1984) and
superoxide dismutase (Fuertges & Abuchowski, 1990). The immunogenicity of PEG1900-catalase given by the IV route was, on the other hand, different than that obtained
by the IM route (Abuchowski et al., 1977b) (Table 1.8). The inability to reduce the
immunogenicity of phenylalanine ammonia-lyase to the same extent observed with
other enzymes (Wieder et al., 1979), was attributed to the enzyme’s dissociation into
subunits following injection and simultaneous exposure of antigenic determinants.
Abuchowski and coworkers (1984) reported that PEG-asparaginase was a poor
immunogen when evaluted by immunodiffusion but definitely immunogenic if assessed
by ELISA (a method that is about a thousand-fold more sensitive than
immunodiffusion). These results cast some doubts on the validity of the immunogenic
evaluation of PEG-proteins, considering that immunodiffusion and the precipitin assay
have been the most commonly used techniques (Table 1.8). Human antibodies (mainly
of the IgM type) raised against PEG occur naturally in 0.2% of the population and are
deemed to be of no clinical significance (Richter & Akerblom, 1984).
Pegylation is known to induce tolerance to certain proteins (Delgado et al.,
1992; Francis et al., 1992), i.e. the protein to which PEG is coupled is recognized by
the organism as a self entity. PEG-superoxide dismutase, for example, induced
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immunotolérance to both PEG-superoxide dismutase and superoxide dismutase
(Miyata et a l, 1988).

Resistance to proteolysis

Pegylation increases the resistance of proteins to proteolytic inactivation (Table
1.10), reflecting the hindrance of the PEG chains to the approach of proteases. From the
same Table it is apparent that PEG-proteins are particularly resistant to tryptic digestion
due to the modification of the lysines residues (Abuchowski & Davis, 1981), which are
sites of cleavage for trypsin. The autolytic capacity of PEG-trypsin was completely
abolished and its proteolytic action against macromolecular substrates was also
substantially reduced (Abuchowski & Davis, 1979).

1.5.4.2 Physicochemical properties

PEG attachment to proteins usually improves their solubility (Davis et al.,
1991; Nucci et al., 1991). PEG-albumin for example, was soluble over a wide range of
pH (1-12) (Abuchowski et al., 1977a). Since PEG has both hydrophilic and
hydrophobic properties, PEG-enzymes are active in aqueous and lipophilic
environments (Davis et al., 1991; Nucci et al., 1991; Delgado et al., 1992).
The pH optimum of enzymes is usually maintained (Kamisaki et al., 1981;
Wada et al., 1990; Abuchowski et al., 1977b) and their Km remains either unchanged
(e.g. asparaginase) (Kamisaki et al., 1981; Wada et al., 1990) or is increased (e.g.
arginase) (Savoca et al., 1979) on pegylation. A rare exception of a decrease in Km
following PEG attachment has been reported by Cao et al. (1990) for asparaginase.
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Table 1.10 Reduced proteolysis o f pegylated proteins.

PEG-Protein

Asparaginase

Catalase

Phenylalanine ammonia-lyase

Superoxide dismutase
LA

o

Degree
modification
(%)
79

Trypsin

30

10

80

Ashihara et al., 1978

?

Trypsin

30

20

90

Wada et al., 1990

55

Human plasma

30

10

60

Cao et al., 1990

40

Trypsin

40

0

95

Abuchowski et al., 1977b

Chymotrypsin

60

70

98

S. griseus

60

10

80

40

Trypsin

15

0

75

40

S. griseus

20

0

40

Pepsin

30

20

60

30-40

Protease

Incubation

% Remainig activity

time (min)

Native

Reference

Modified

Wieder et al., 1979

Cao et al., 1990

In the presence o f cinnamic acid, a competitive inhibitor o f the enzyme. In the absence o f the inhibitor the native and PEG-phenylalanine ammonia-lyase
are digested at equal rates (Wieder et al., 1979).

The thermostability of proteins does not seem to be enhanced to the same extent
on pegylation as it is for dextran-modified proteins (Davis et ah, 1991). The
temperature at which catalase was inactivated, remained unchanged after PEG
attachment and both unmodified and modified enzyme showed similar activity at
different temperatures (Abuchowski et al., 1977b). It was suggested (Veronese et al.,
1990) that, since the multipoint attachment of dextran confers a more rigid
conformation to the construct, the sugar is more protective against heat dénaturation
than the PEG chains which move freely around the protein.

1.5.4.3 Therapeutic efficacy o f PEG-proteins

The enhanced biological properties shown by PEG-proteins, particularly the
extended half-lives and the decreased antigenicity in vivo, translate into improved
therapeutic efficacy. Asparaginase antitumour activity against a murine lymphoma
(6C3HED) was superior to the unmodified enzyme, both in intact and pre-immunised
animals (Abuchowski et al., 1984; Wada et al., 1990; Kamisaki et al., 1981). The antiinflamatory and radioprotective activities of PEG-superoxide dismutase in mice were
also significantly improved as compared to the native enzyme. These are just some
examples of the numerous and promising pre-clinical data published on PEG-proteins,
which have opened the way to the clinical evaluation of the conjugates. Several PEGconstructs are undergoing clinical trials (e.g. PEG-superoxide dismutase, PEG-catalase,
PEG-uricase, etc.) and two are already commercially available (PEG-adenosine
deaminase in 1990 and PEG-asparaginase in 1994). The current pre-clinical and
clinical status of pegylated proteins has been extensively reviewed (Fuertges &
Abuchowski, 1990; Muss et al., 1990; Nucci et al., 1991; Francis et al., 1992; Delgado
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et a l, 1992; Burnham, 1994) and reflects the interest in these new generation of protein
pharmaceuticals.

1.6 Polysialic acids: potential in drug delivery

Gregoriadis et al. (1993) demonstrated that bacterial polysialic acids (PSAs)
exibit long half-lives (up to 40 h depending on the type of polysialic acid (PSA) used)
in the blood circulation of intravenously injected mice. Furthermore, a low molecular
weight model drug (fluorescein) covalently coupled to PSA assumed the half-life of the
latter. The use of PSAs as a means to prolong the half-life of proteins, as well as that of
small peptides, drugs and even drug delivery systems was therefore suggested
(Gregoriadis et al., 1993) as an alternative to PEG, since the long term effect of
accumulation in tissues of the non-biodegradable mPEG moiety on chronic treatment is
at present unknown. Several characteristics of the PSAs that make them ideal carrier
molecules to use in drug delivery will be discussed in the following sections.

1.6.1 Occurrence, structure and function of the polysialic acids

Sialic acids are a family of about 36 derivatives of neuraminic acid (Schauer et
al., 1995) of which N-acetylneuraminic acid (Neu5Ac) appears to be the most
widespread. Neu5Ac is found in glycoproteins and glycolipids as a terminal non
reducing group (Murray et al., 1989) and is one of the factors involved in determining
the survival of glycoproteins in the blood circulation (Morell et al., 1971). The sialic
acids have demonstrated a dual role both as antigens and as biological masks for
antigenic determinants (Schauer, 1985; Schauer, 1988).
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Neu5Ac can also be found as a polysaccharide in the capsules of bacteria
(McGuire & Binkley, 1964; Liu et al, 1971) and vertebrate neural (Finne, 1982; Finne
et al., 1983) and non-neural (Nishiyama et al., 1993) tissues. PSAs are thus naturally
occuring polymers of NeuSAc but in aquatic organisms, in addition to Neu5Ac, Nglycolylneuraminic acid and deaminated neuraminic acid (Reglero et al., 1993; Troy II,
1995) are also part of the PSA structure.
The polysialylated capsule of N. meningitidis serogroups B and C and E. coli
K1 is a neurovirulent determinant associated with neonatal meningitis in humans (Troy
II, 1995).

Table 1.11 Occurrence, structure and average chain length o f bacterial polysialic acids.
Compiled from Troy D (1995), Reglero et al. (1993) and Lifely et al. (1986)

Organism

Neu5Ac* units

Type of linkage

Neisseria meningitidis group B

196

cc-(2 —>8 )

Neisseria meningitidis group C

316

a -(2 ^ 9 )

>200

cc-(2 —>8 )

78

cc-(2—>8 ), (x-(2—>9)

Pasteurella haemolytica A2

?

cc-(2 —>8 )

Moraxella nonliquefaciens

?

ct-(2 —>8 )

Escherichia coli K1
Escherichia coli K92

* The molecular weight o f NeuSAc unit in the polymers is 291 (Liu et al., 1971).

Table 1.11 summarizes the bacterial species producing capsular PSAs and their
respective structure. In these species, between 78 and more than 200 Neu5Ac residues
are joined by a-(2 ^ 8 ), a-(2->9) or alternate a-(2 ^ 8 ), a-(2-^9) ketosidic linkages
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resulting in linear, high molecular weight polymers. Both group B meningococci and E.
coli K1 have structurally identical capsules (Bhattachaijee et al., 1975) and the PSA
derived from E. coli K1 is designated as colominic acid (CA) taking into account its
origin. CA was originally described by McGuire & Binkley (1964) as a low molecular
weight homopolymer of NeuSAc joined through a-(2^8)-ketosidic linkages (Fig. 1.5).
Low molecular weight CA was later shown to be a culture artifact (Troy II, 1995),
derived from the acid hydrolysis of the long PSA chains that are found in the E. coli K1
cells. Structural analysis of this capsular PSA demonstrated that CA consists of at least
200 NeuSAc residues (Rohr & Troy, 1980).

OH
O
N H -C -C H 3

HO

HOOC O — T6
^

7 CHOH
8

OH
O
N H -C -C H 3

I
CH

9 CH2OH

n

OOC o
7 CHOH

OH

O

8CH

N H -C -C H 3

9 CH2 OH

>5

HOOC O
^

7CHOH
8

CHOH
I

9 CH2 OH

Fig. 1.5 Structure of colominic acid. N-acetylneuraminic acid units are linked via a-(2^8)
glycosidic linkages (McGuire & Binkley, 1964). Arrow indicates the carbon atom (C?) at the
non-reducing end of the sugar where periodate oxidation introduces an aldehyde group (see
also Fig. 1.9).
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The polysaccharides from N. meningitidis groups B and C and Escherichia coli
K92 are covalently bound to a phospholipid molecule at the reducing end of some
chains of the polymer (Gotschlich et al, 1981), resulting in hydrophobic aggregation
and higher apparent molecular weight. Lifely et al. (1986) confirmed these results on
the basis of findings that only the PSA derived from E. coli K1 incorporated tritium on
treatment with NaB[^H4].
In vertebrates, a-(2^8)-linked PSA occurs in neural cell adhesion molecules
(N-CAM) (Finne, 1982; Finne, 1983), especially in the embrionic stage of brain
development (Livingston et al., 1988) where PSA appears to regulate cell adhesion and
movement (Troy II, 1995). a-(2->8)-Linked PSA is also expressed on the surface of
several human tumours (Reglero et al., 1993; Rougon, 1993)

1.6.2 Characteristics of polysialic acids relevant to their use as carriers in drug
delivery

A. Biodegradability
PSAs are degraded by sialidases (also designated neuraminidases) to non-toxic
excretable or metabolised products (e.g. Neu5Ac) (Saito & Yu, 1995). Mammalian
sialidases are exoglycosidases that catalize the cleavage of non-reducing sialic acid
residues ketosidically linked to another saccharide. Human liver lysosomal sialidases
are particularly active on (2^8)-linked PSAs (Saito & Yu, 1995). In contrast, due to its
non-biodegradability, PEG and indeed dextran conjugated with proteins will
accumulate in the lysosomes on prolonged use, therefore leading to problems of
toxicity.
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B. Hydrophilicity
PSAs are highly hydrophilic (see Fig. 1.5) and highly hydrated (Rougon, 1993).
Laser light scattering analysis of N-CAM shows a hydration volume for the intact
molecule three times that of the desialylated N-CAM (Rougon, 1993) proving that
extensive solvation of the PSAs effectively increases their size. Both hydration volume
and charge repulsion (due to the polyanionic nature of the PSAs) are thought (Rougon,
1993) to be implicated in the inhibition of cell adhesion observed in highly
polysialylated molecules (e.g. N-CAM and tumours).

C. High molecular weight
In studies with synthetic polymers it has been established that in addition to the
effects of its chemical structure, the molecular weight of the macromolecule ultimately
determines its residence time in the blood circulation (Goddard, 1991). From Table
1.11 molecular masses between 23 and 92 kDa can be deduced for the PSAs and their
attachment to small proteins, peptides and conventional drugs, can therefore
circumvent glomerular filtration. Grafting of PEG of up to 5 kDa (the molecular size
usually used) is not enough to extend the circulating half-life of small molecules
because the conjugates will undergo rapid renal clearance (Bocci, 1990). Therefore,
modification with polymers of higher molecular weights are necessary and the larger
PSAs appear to be a valid alternative.

D. Body receptors
No cell-surface receptor for circulating glycoproteins bearing terminal Neu5Ac
has been demonstrated (Ashwell & Harford, 1982) and there are no known receptors in
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the body for PSAs (Troy II, 1995). This is obviously important when the carrier is
intended to maintain the drug in circulation for extended periods of time.

E. Immunogenicity
PSAs are, like other polysaccharides, thymus-independent antigens and
therefore do not induce immunological memory (Gregoriadis et al., 1993). Although
differing from N. meningitidis group B and E. coli K1 only by linkage (see Table 1.11),
PSAs from N. meningitidis group C and E. coli K92 show distinct immunological
properties that are important considerations in selecting a PSA for drug delivery.
Whereas PSAs containing a-(2->9) internal linkages become T-dependent antigens
after coupling to proteins (Jennings & Lugowski, 1981) and are thus (as complexes)
immunogenic, poly-a-(2->8)-linked PSA alone (Wyle et al., 1972) or complexed to
outer membrane proteins (Lifely et al., 1991) only induces low transient levels of IgM
antibodies. Covalent attachment of periodate-treated poly-a-(2^8)-linked PSA to
tetanus toxoid, also failed (Jennings & Lugowski, 1981) to elicit antibodies against
PSA. These negative results have hampered the development of an effective vaccine
against meningitis caused by group B meningococci and E. coli K l. Devi et al. (1991)
however, were recently able to raise murine IgG antibodies to a poly-a-(2->8)-linked
PSA-tetanus toxoid conjugate, prepared under conditions that avoid lactone formation:
at pH<6.0, a lactone is formed between the carboxyl residue and the C9 hydroxyl group
of the preceding Neu5Ac (Lifely et al., 1981) and the poly-a-(2->8)-linked PSA no
longer reacts with its antibodies.
The poor immunogenicity of these poly-a-(2^8)-linked PSAs has been
attributed to immune tolerance (Finne et al., 1983) due to the mimicry of similar
polysialylated structures found in the host tissues (e.g. N-CAM in the human
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developing brain). The same author therefore hypothesized that, were antibodies
against these capsular PSAs to be raised, they would function as autoantibodies and
thus be pathologic. This however, does not seem to be the case since antisera against
the polysaccharide of E. coli Kl and group B menningococci cross-reacted with a brain
ganglioside in vitro (Finne et al., 1983; Finne & Makela, 1985) although in vivo
interaction could not be demonstrated (Saukkonen et al., 1986). Administration of polya-( 2 -> 8 ) antibodies to pregnant rats did not result in binding to or in lesions of the
foetal brain (Saukkonen et al., 1986). Moreover, antibodies against poly-a-(2->8)linked PSA are present in the majority of the population following exposure to the
bacteria or vaccination, without ill-effects (Lifely etal., 1991).
It is thought (Troy II, 1995) that the polyanionic shield of the PSAs expressed
on the surface of certain tumours alters cell interaction and protects malignant cells
from immune surveillance. The same author suggests that surface expression of PSAs
on neuroinvasive bacteria and tumour cells may represent an elaborate survival
mechanism that evolved to evade the human immune system.

F. Antigenicity
Another desirable characteristic of a natural polymeric carrier is the lack of
antigenicity (Bogdansky, 1990). PSAs, especially the a-(2-^8)-linked, exhibit low
antibody binding affinity (Mandrell & Zollinger, 1982). Equilibrium binding constants
are extremely temperature dependent and the affinity of the IgM antibodies to the polya -(2 ^ 8 ) antigens is markedly reduced at 37°C as compared to 4°C (Mandrell &
Zollinger, 1982). Antigenicity of the polysaccharide C (poly-a-(2->9)-linked) on the
other hand, is not only higher than that of group B but also independent of temperature
(Mandrell & Zollinger, 1982).
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While immunogenicity did not seem to depend on the molecular weight of the
poly-a-(2->8)-linked PSA (Wyle et al, 1972), its antigenicity decreased with a
decrease in chain length (Lifely et al., 1988). Low molecular weight CA is thus less
antigenic than native group B polysaccharide and it appears that antigenic determinants
present on the latter are inadequately expressed on oligosaccharides as long as 28
Neu5Ac units in length (Lifely et al., 1988). Jennings et al. (1985) and Finne & Makela
(1985) had previously demonstrated that a decasaccharide was required to bind or
inhibit group B meningococcal polysaccharide horse antibodies (IgM) and the antigenic
properties of this poly-a-(2->8) PSAs were thought (Lifely et al., 1986) to be
dependent on its three-dimensional structure. In fact, Yamasaki & Bacon (1991) have
shown that the PSA from the N. meningitidis group B exists in helical conformations in
solution (three to four Neu5Ac residues per helix turn) and suggested that hydrogen
bonding between chains accounts for its tertiary structure. Such findings support the
theory that antibodies against PSA from the N. meningitidis group B recognize a
conformational antigenic determinant and explain why oligomers, that are more
flexible and cannot form an ordered structure, show less affinity for the antibodies. The
importance of the negative charge of the carboxylic group in maintaining the
conformation of the native epitope, and thus the antigenicity of the PSA, has been
demonstrated by Baumann etal. (1993).

G. Versatile chemistry
PSAs are flexible molecules in terms of groups available to covalently link to
other molecules, directly or after mild chemical modifications as shown in Fig. 1.6 .
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*

OH
Polysialic acid

HOOC

(1)

CHO

Fig. 1.6 Groups available for chemical coupling o f polysialic acids to other molecules. *The
amino group becomes available on deacetylation by hydrolysis o f the amide bond;
the
aldehyde group can be introduced at the non-reducing end by periodate oxidation.

1.7 Outline of the work

The work described in this thesis aims to investigate the alternative use of PSAs
in protein delivery. It is proposed here that the covalent coupling of the highly
hydrophilic PSAs to proteins vrill produce constructs that combine the property of
prolonged circulatory survival with improved stability and reduced immunogenicity
and antigenicity. Polysialylation of proteins would therefore contribute to a more
effective use of proteins in long-term therapy, similarly to what has been shown for
other soluble polymer-protein conjugates (see 1.5). Considerations that preceded the
experimental part of the work, such as the choice of PSA and proteins to polysialylate,
as well as the selection of the coupling method, are presented in the follovring sections.

1.7.1 Choice of the polysialic acid

In the present work, CA was the PSA chosen to couple to the proteins, mainly
because of its poor immunogenicity (Wyle et al., 1972) and antigenicity (Mandrell &
Zollinger, 1982) in humans, as discussed previously (see 1.6.2 E and F). Moreover, CA
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is commercially available and is extracted from E. coli Kl which is only slightly
pathogenic (Sarff et al., 1975) and can be found in about one third of healthy
individuals of all ages. CA exhibits an average molecular weight of 10 kDa, the
equivalent to 34-35 Neu5Ac residues per molecule. CA is extracted from the bacterial
capsule according to Uchida et al. (1973). The isolation procedure involves an acidic
step which explains the reduced size of CA and its polydisperse nature, as the internal
a -(2 ^ 8 ) linkages are sensitive to acid hydrolysis (McGuire & Binkley, 1964). In
addition, the periodate resistance exhibited by the CA internal linkages was also an
advantage in view of the coupling method used (see 1.7.3). In contrast, PSAs with a(2->9) internal linkages, are susceptible to internal cleavage by periodate (Lifely et al.,
1986), with marked reduction of their chain length.

1.7.2 Characteristics and therapeutic applications of the proteins used for
polysialylation

1.7.2,1 Poly-L-lysine

O
II

-C- ■N— CH CO -hO H
H

Fig. 1.7 Chemical structure o f poly-L-lysine.

(CH2)4
NH 2

n

Poly-L-lysine with its numerous primary amino groups to which CA could be
grafted under the coupling conditions employed here, was used as a model protein
(see also section 3.1).
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1,7.2.2 Catalase

Catalase (hydrogen peroxide: hydrogen peroxide oxidoreductase, EC 1.11.1.6)
is a tetrameric haemprotein, characteristic of the peroxisomes, that catalyses
(Deisseroth & Doimce, 1970) the degradation of hydrogen peroxide to j oxygen and
water:
2 H2O 2

2 H2O

+ O2

eq.

1

Human erythrocytes are normally rich in catalase where it exists in the soluble
state (Aebi, 1983) and is responsible (Gaetani et al., 1989; Scott et al., 1991) (together
with glutathione peroxidase) for the disposal of H2O2. In a rare catalase-deficiency
condition (Japanese-type and Swiss-type acatalasemia) (Aebi, 1983) the levels of
erythrocytic catalase are diminished but patients exhibit no or mild sensitivity (Scott et
al., 1991; Deisseroth & Bounce, 1970) to H2O2 generating agents.
Catalase was chosen as a model therapeutic protein because of its increasing
use as an oxygen radical scavenger. Several reviews on the potential therapeutic
applications of the enzyme have been recently published (Greenwald, 1990;
Greenwald, 1991; Zimmerman, 1991). Catalase protects the organism against hydrogen
peroxide-mediated damage in situations such as inflammation (e.g. rheumatoid
arthritis), ischaemic heart injury, organ transplantation and thermal injuiy. Intravenous
catalase, for instance, was shown to have a protective effect (Jones et al., 1990) against
ionizing radiation-induced cellular damage (eg. DNA breakage and membrane lipid
peroxidation) that occurs as a side-effect of anti-cancer radiotherapy. To circumvent the
problems of immunogenicity and reduced blood half-life of catalase, the enzyme has
been encapsulated in microspheres (Poznansky & Chang, 1974) or covalentely coupled
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to dextran (Marshall et al., 1977) and PEG (Abuchowski et al., 1977b) as already
discussed (see 1.5).

1.7,2.3 Asparaginase

L-Asparaginase (L-asparagine amido hydrolase, B.C. 3.5.1.1) is a tetrameric
enzyme that catalyses the hydrolysis of the non-essential amino-acid L-asparagine to Laspartic acid and ammonia (Ruyssen & Lawers, 1978):

XX ^ Asparaginase
OÇ— CH2—ÇH— COOH + H2O ___ __ : ___ ^ HOOC— CH2— CH— COOH + NH3

NH2

NH2
Asparagine

NH2
Aspartic acid
eq. 2

L-Asparaginase from two bacterial sources {Escherichia coli and Erwinia
carotovora) is currently in clinical use for the treatment of acute lymphoblastic
leukaemia (Keating et al., 1993). It is also active against non-Hodgkin’s lymphoma
(Muss et al., 1990) and pancreatic carcinoma (Yunis et al., 1977). The antitumour
activity of the enzyme is based on the dépendance of certain tumour cells that are
deficient in L-asparagine synthetase (Haskell et al., 1969), on the external supply of Lasparagine required for the biosynthesis of proteins and purine nucleotides (Goldberg,
1992). Normal cells on the other hand, produce the synthetase and are therefore not
affected by the treatment. Thus, unlike conventional cancer therapy, L-asparaginase
therapy is highly selective.
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The anti-tumour activity of asparaginase is a function of its affinity for the
substrate (Schwartz et al., 1966) and, as L-asparagine is present in the blood, also a
function of its half-life in the circulation (Boyse et al., 1967). However, as with other
foreign proteins, the use of asparaginase in therapy is limited by an extremely short
half-life, thus necessitating frequent injections to maintain therapeutic levels, in turn
leading to the development of immune responses (Keating et al.,

1993).

Hypersensitivity on prolonged use of the enzyme, ranges from mild allergic reactions to
life-threatening anaphylaxis. E. coli and E. carotovora asparaginase are antigenically
dissimilar and no cross reactivity between them is observed. This offers a therapeutic
alternative if a patient develops hypersensitivity to one of the enzymes. Antibodies to
asparaginase greatly affect enzymatic clearance and decrease its therapeutic
effectiveness (Wahn et al., 1983; Peterson et al., 1971). Therefore, attempts have been
made to increase the half-life of the enzyme in the blood circulation, for instance by its
entrapment into liposomes (Neerunjun & Gregoriadis, 1976; Fishman & Citri, 1975),
microcapsules (Chang, 1971) and erythrocytes (Kravtzoff et al., 1990; Sinauridze et al.,
1992), covalent coupling to hydrophilic macromolecules (see Table 1.2) or by the
chemical modification of the enzyme followed by entrapment into liposomes (Jorge et
al., 1994). The modification of asparaginase with PEG increased its therapeutic value
through an increase in half-life and decrease in immunogenicity, as discussed
previously in section 1.5.4.

1.7.3 Choice of the coupling method

The coupling method should be gentle so as to preserve the enzymic and
biological activity of the enzymes subjected to polysialylation, as well as acid labile
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structures, for instance the CA internal glycosidic linkages. An ideal coupling method
would also take advantage of a single, specifically activated site for coupling. This
would avoid multipoint attachment of CA and thus intermolecular cross-linkage
leading to the formation of very high molecular weight products that would probably be
insoluble in water, immunogenic and difficult to characterize. Since a-(2->8) internal
linkages are not sensitive to periodate (Lifely et al., 1986), a free terminal aldehyde
group can be introduced at the non-reducing end of CA by controlled periodate
oxidation (see Fig. 1.5 and 1.9). The resultant polysaccharide has essentially a single
terminal aldehyde group (Jennings & Lugowski, 1981) that can then be coupled to the
amino groups of the protein molecule. It should be noted however that, in solution, the
NeuSAc residue at the reducing end of CA exists in a keto-enol equilibrium, as shown
in Fig 1.8. The keto form, although in a much smaller proportion (Jennings &
Lugowski, 1981), can potentially also react with the proteins.

HO—C—COOH

ÇH2
O

CHOH
I
HCNHAc
CH
HÇOH
HCOH

CH2OH

COOH
I

c=o
I
ÇH2

CHOH
I
HCNHAc
HOCH
I
HÇOH
HCOH
CH2OH

Fig. 1.8 Keto-enol equilibrium o f N-acetylneuraminic acid (NeuSAc). The open form exists in
solution in much smaller quantities than the cyclic form (Jennings & Lugowski, 1981), as
indicated by the length o f the arrows. The NeuSAc residue at the terminal reducing end o f CA
is also in equilibrium with its keto form (carbon 2 holds the reducing keto group) and can also
react with the primary amino groups of the proteins. Ac= acetate.
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1.7.3.1 Polysialylation o f proteins by reductive amination

The reductive amination of proteins and saccharides was initially developed by
Gray et al. (1978) as a one-step method for the coupling of reducing mono and
disaccharides to proteins. It was subsequently applied to the covalent linkage of PSAs
to tetanus toxoid and albumin (Jennings & Lugowski, 1981) which were used as carrier
proteins in an attempt to boost the immunological response to these polysaccharides.
The method of reductive amination is also useful for the specific labelling of
sialylglycoproteins at the terminal non-reducing sialic acid by the attachment of
radioactive compounds containing an amino group (Murray et al., 1989).
The method of Jennings & Lugowski (1981) was adopted for the grafting of CA
to the proteins.The coupling reaction, as summarized in Fig. 1.9, can be divided into
two steps. The first (Fig. 1.9A) involves the introduction of a free aldehyde group at the
non-reducing end of CA (Carbon 7) (see also Fig. 1.5) by means of periodate oxidation.
In the second step (Fig. 1.9B), the recently introduced aldehyde group reacts, under
alkaline conditions, with the primary amino groups of the protein (mostly the e-amino
groups of the lysine residues (Glazer et al., 1976) although the terminal amino group
can also be involved). The imine or Schiff base formed is then readily reduced by
sodium cyanoborohydride (NaCNBHg) to a secondary amine. Unlike sodium
borohydride, NaCNBHg (under the alkaline conditions of the reaction) does not reduce
free aldehyde groups (Borch et al., 1971). The high selectivity of NaCNBHg thus
allows it to be present throughout the reaction (even in the presence of the carbonyl
compound) and the rapid reduction of the unstable intermediate imine (which is in
equilibrium with the initial reagents, i.e. protein and CA), shifts the equilibrium to the
right (note arrows in Fig. 1.9B) thus increasing the yield of conjugate.
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OH OH
CA I-C H -C H -C H 2OH
7

8

CA \ - C — H

9

7

O

B

Prot—NH2 +

O

NaI0 4

CA - C —H

pH 9.0^
Prot - N = C H — CA
35-40'C
NaCNBHg

Prot -N H -C H 2 — CA

Fig. 1.9 Overall reaction scheme for the coupling o f colominic acid to proteins. A. introduction
of a free aldehyde group at the terminal non-reducing end o f CA by oxidation with periodate
and B. reductive amination o f the activated CA with the protein, forming an intermediate
Schiff base. In the presence o f NaCNBHg this unstable intermediate is readily reduced to a
secondary amine. Only the groups involved in the covalent coupling are depicted. The
backbones o f the protein and CA are represented by Prot and CA respectively.

Advantages of this conjugation method include its selectivity for the primary
amino groups of the proteins and the formation of a stable linkage (Gray et al., 1978)
between the PSA and the protein. Moreover, no spacer is needed for attachment, which
is a further advantage if we consider that spacers can give rise to immunological
problems (Francis et al., 1992; Delgado et al., 1992)
The loss of enzyme activity observed upon enzyme modification can be due,
among other causes, to the modification of amino acid residues in the enzyme’s active
site that are vital to its catalytic function. A common strategy (Poznansky, 1986; Cao et
al., 1990) to protect the active site from modification, is to perform the covalent
coupling reaction in the presence of excess substrate. Since catalase is rapidly
inactivated in the presence of high concentrations (>100 mM) of substrate (Aebi,
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1983), its use during reductive amination was precluded. The use of asparagine, the
substrate for asparaginase, during the polysialylation of this enzyme was also ruled out
in view of the probable competition of the asparagine primary amino groups (see Eq.2)
for the formation of Schiff s bases with CA.

The following chapters describe methodology (Chapter 2) and results obtained
during the polysialylation of the proteins mentioned in 1.7.2. The optimization of the
coupling method with a model protein (poly-L-lysine) was the goal of the initial phase
of the work (Chapter 3). Chapter 4 deals with the synthesis and in vitro characterization
of the polysialyted therapeutic enzymes (catalase and asparaginase) and Chapters 5 and
6

with the in vivo behaviour of the two neoglycoproteins, in intact and pre-immunised

animals. Chapter

6

also describes the immunological evaluation of the polysialylated

asparaginase and catalase conjugates.
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Chapter Two
G eneral m aterials and m ethods
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2.1 Materials

Deionised water was obtained from an Elgastat Option 4 water purification unit
(Elga Ltd, UK). In short, the water was pre-treated in a reverse osmosis cartridge and
then further purified via an ion/organic removal cartridge, UV chamber and a 0.2 pm
filter. The resistivity of the purified water was above 5 MQ cm at 25°C and its pH was
neutral.
Ultra High Quality (UHQ) water was obtained in an Elgastat UHQ-PS unit (Ultra
High Quality Polishing System; Elga Ltd, UK) fed with water pre-purified by
deionisation as mentioned above and further purified by a combination of organic
adsorption, deionisation, microfiltration and photo-oxidation. The final water had a
resistivity above 18 MQ cm at 25°C.

Table 2.1 Characteristics and sources of the polysialic acid and proteins used.
Material

Source**

Colominic acid sodium salt from E. coli K l (10 kDa)

Sigma Chemical Company, UK

Poly-L-lysine hydrochloride (30-70 kDa)

Sigma Chemical Company, UK

Poly-L-lysine hydrobromide (150-300 kDa)

Fluka BioChemica, UK

Poly (lysine, tyrosine) 1:1 hydrobromide (50-150 kDa)

Sigma Chemical Company, UK

Bovine liver catalase, twice crystallized (240 kDa)

Sigma Chemical Company, UK

specific activity 58000 U/mg
L-Asparaginase from Erwinia carotovora ( \ 3 5 kDa)

MRE, Porton Down, UK *

specific activity 550 U/mg
* Kindly donated by Dr. C. N. Wiblin
** The full address of the manufacturers and suppliers is given in Appendix 2.
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Table 2.2 Materials used in the methods described in Chapter 2.

Material

Source**

Acrylamide *
Ammonium persulphate (> 98%)*
Ammonium sulphate
L-Asparagine monohydrate (95% pure)
Blue dextran
Bovine serum albumin (98-99%)
Bromophenol blue *
Coomassie brilliant blue G-250
Coomassie brilliant blue R-250
Cupric sulphate (~ 98%)
Dialysis tubing
2 N Folin & Ciocalteu’s phenol reagent
Gel loading tips (5-200 pi)
Glacial acetic acid
Glycerol (99%)*
Glycine (> 99%)*
High molecular weight markers
30% Hydrogen peroxide
Methanol
P-Mercaptoethanol (> 98%)*
N ,N’-Methylene-bis-acrylamide (> 98%)*
Nessler’s reagent
Pharmacia broad pi marker kit
Phast Gel homogeneous 12.5% polyacrylamide
Phast Gel lEF 3-9
Phast Gel SDS buffer strips
85% Phosphoric acid
Rapid silver staining kit
Resorcinol (99%)
Sephadex and Sepharose media
Silver stain SDS molecular weight wide range mixture
Sodium azide
Sodium carbonate
Sodium dodecyl sulphate (SDS) (~ 99%)*
Sodium potassium tartrate
Trichloroacetic acid (TCA)
N,N,N’,N ’-Tetramethylene diamine (TEMED)*
Trizma base (Tris) (> 99%)*
Whatman No. 1 filter paper________________________

Sigma Chemical Company, UK
Sigma Chemical Company, UK
Sigma Chemical Company, UK
Fluka BioChemica, UK
Sigma Chemical Company, UK
Sigma Chemical Company, UK
Pharmacia LKB Biotecnology, UK
Sigma Chemical Company, UK
Sigma Chemical Company, UK
Sigma Chemical Company, UK
Medicell International Ltd, UK
Sigma Chemical Company, UK
Sorensen Bioscience, Inc., USA
BDH, Laboratories Supplies, UK
BDH, Laboratories Supplies, UK
Sigma Chemical Company, UK
Pharmacia LKB Biotecnology, UK
Sigma Chemical Company, UK
Rathbum Chemical Ltd, UK
Sigma Chemical Company, UK
Sigma Chemical Company, UK
Sigma Chemical Company, UK
Pharmacia LKB Biotecnology, UK
Pharmacia LKB Biotecnology, UK
Pharmacia LKB Biotecnology, UK
Pharmacia LKB Biotecnology, UK
Sigma Chemical Company, UK
Sigma Chemical Company, UK
Sigma Chemical Company, UK
Pharmacia LKB Biotecnology, UK
Sigma Chemical Company, UK
Sigma Chemical Company, UK
Sigma Chemical Company, UK
Sigma Chemical Company, UK
Sigma Chemical Company, UK
Sigma Chemical Company, UK
Sigma Chemical Company, UK
Sigma Chemical Company, UK
Whatman Scientific Ltd., UK

* electrophoresis grade reagents. Degree of purity is given in parentheses.
** The tull address of the manufacturers and suppliers is given in Appendix 2.

All Other reagents were of analytical grade. A Wallac CompuSpec UV/Visible
spectrophotometer connected to a PC, (Wallac UK Ltd., UK) was used in all
spectrophotometric determinations.
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2.2 Methods

The methodology used throughout the evaluation and characterization of the
polysialylated proteins is described below. For more details on the composition of
buffers and reagent solutions see Appendix 1.

2.2.1 Determination of total sialic acid

The sialic acid content of the samples was estimated by the resorcinol method
(Svennerholm, 1957). In brief, a 0.5 ml sample (4-40 pg/ml sialic acid) was added to
0.5 ml of resorcinol reagent and the mixture boiled in a water bath for 30 min in
sealed test tubes. The solution was then allowed to cool for 20-30 min and its
absorbance read at 570 nm against a blank containing the appropriate buffer and the
reagent.

2.2.2 Determination of total protein
2.2.2.1 Lowry method

To a 100 pi sample (5-50 pg/ml protein) 1 ml of alkaline copper reagent was
added and the mixture allowed to stand for 30 min. 100 pi of 1 N Folin & Ciocalteu’s
reagent was added and vortexed immediately after as the Folin reagent has a lifetime
of only

8

s in this alkaline medium (Sengupta & Chattopadhyay, 1993). The samples

were allowed to stand at 20°C (preferably in a dark cupboard) for 1 h and absorbance
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was read at 750 nm (Lowry et al, 1951) against a blank containing buffer and
reagents. The colour was stable in the dark for several hours.

1.1.12 Bradford method

To a 100 p.1 sample (10—100 pg/ml protein) 1 ml of colour reagent (acid dye
solution) was added according to Bradford (1976). The absorbance was then read at
595 nm against a blank. This method is applicable to soluble proteins only
(Grossberg & Sedmark, 1977). When the absorbance reading of the sample is above
the linear range, it can be lowered by dilution of both the sample and the blank with
an equal volume of colour reagent (Spector, 1978).

2.2.2.3 Measurement at 405 nm (A405)

This method of determination of catalase concentration relies on the fact that the
enzyme exibits a characteristic absorption maximum, the Soret band, at 405 nm
(Aebi, 1983) (E% =13.5).

2.2.3 Determination of enzyme activity
2.2.3.1 Catalase

Catalase and polysialylated catalase activity was measured by monitoring
spectrophotometrically at 240 nm the disappearance of hydrogen peroxide at|20°C
(Beers & Sizer, 1952). In short, in a silica cuvette, 2.9 ml of substrate solution was
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added 0.1 ml of enzyme solution appropriately diluted (~ 50 U/ml) with 0.05 M
sodium and potassium phosphate buffer, pH 7.0. The time (min) required for the
absorbance of the mixture to decrease from 0.450 to 0.400 corresponds to the
decomposition of 3.45 pmol of H2O2 in the 3 ml assay. A blank was made with 2.9
ml phosphate buffer and 0.1 ml of enzyme solution. One unit (U) of catalase is
defined here as the amount of enzyme required to decompose

1

p.mol of hydrogen

peroxide, per min at pH 7.0 and 25° C.

2.2.3.2 Asparaginase

Asparaginase activity was determined spectrophotometrically at 450 nm by
direct nesslerization of the liberated ammonia (Ruyssen & Lawers, 1978). Briefly,
the asparaginase solution was diluted to 1-2 U/ml in albumin buffer (0.07 M
phosphate buffer, pH 7.2 containing 1% (w/v) albumin to prevent adsorption of the
enzyme to glass). To a pre-warmed (37°C) aliquot (1.5 ml) of a 10 mg/ml solution of
L-asparagine in albumin buffer, 0.5 ml of the suitably diluted enzyme was added.
The centrifuge tubes were sealed as soon as possible to avoid interference with
atmospheric ammonia and the tubes incubated at 37°C for exactly 30 min. After this
time, 0.1 ml of a 49% (w/v) trichloroacetic acid (TCA) solution was pipetted into
each tube. The tubes were then placed in a ice-water bath for 15 min and the
precipitated protein subsequently separated by centrifugation (6000 rpm/15 min;
Megafuge 1.0, Heraeus Equipment Ltd., UK). 0.5 ml of the clear supernatant was
pipetted into a 25 ml volumetric flask, diluted to 20 ml with water, slowly
supplemented with 1.0 ml Nessler's reagent with continous mixing and made up to
volume with water. Exactly 15 min after the addition of the reagent, A450 was
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measured against the appropriate blank solution. Standards (ammonium sulphate
standard solution; see Appendix 1), liberating 0-20 pmol of ammonia were always
run, together with the samples. From the calibration curve (a plot of A450 vs pmol of
ammonia) the quantity of ammonia (pmol) liberated by asparaginase in the samples
(related to the enzyme activity) was read off. One asparaginase unit (U) is the
enzyme activity that, under the specified conditions, releases from L-asparagine
1 pmol

of ammonia per min.

2.2.4 Gel filtration chromatography

In gel filtration chromatography, molecules in solution are separated, as they
pass through a column packed with a gel, according to their size. While small
molecules enter the gel beads and are retarded in their passage down the colunm,
larger molecules that cannot diffuse into the gel move together with the eluent in the
forefront. Molecules thus leave the column in order of decreasing size due to the
sieving effect of the gel and for this reason this technique is also known as molecular
sieve or size exclusion chromatography. The apparent MW of proteins can be
determined by gel filtration on a column that has previously been calibrated with
MW standards (Whitaker, 1963). Pharmacia's handbook. Gel Filtration: Principles
and Methods (1991) gives an excellent theoretical and practical overview of this
technique.

Procedure:
Sephadex gels were suspended in 0.15 M sodium phosphate buffered saline pH
7.4 (PBS), and allowed to swell overnight at 20°C. Sepharose CL-6 B was supplied
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pre-swollen. The columns used were pipettes or burettes, with a glass wool plug at
the bottom. The column was filled with PBS up to approximately 25% of the volume
and the gel suspension carefully added, while the outlet was simultaneously opened.
During the process of settling, the gel was continuously poured into the column until
about 2 cm from the top. The column was then washed and equilibrated with at least
3 volumes of PBS (unless otherwise stated, columns were always equilibrated and
eluted with PBS). Samples (0.5-1.0 ml) were carefully applied at the top of the gel
bed to avoid disturbance. The sample was let into the gel and washed by the addition
of only a small volume (1-2 ml) of PBS to prevent dilution. Once all the sample had
entered the gel, PBS was then added onto the gel and the column eluted at room
temperature with the same buffer contained in an above reservoir (in the case of
Sephadex G-lOO where there were problems of packing, the buffer was forced
through the gel with a peristaltic pump; Watson-Marlow 502, UK). Typically, 1 ml
fractions were collected with a fraction collector (RediFrac, Pharmacia LKB
Biotechnology, UK) equipped with a drop counting device. The number of drops
equivalent to 1 ml were pre-determined for each different system. Columns were then
washed as described above, prior to the addition of a different sample. If not in use
for more than 2 days, columns were equilibrated with PBS containing 0.02% (w/v)
sodium azide to prevent microbial growth.
Prior to any experiment, columns were loaded with a 0.5% (w/v) solution of blue
dextran (MW ~ 2000 kDa) to check for packaging and determine the void volume
(Vo). Blue dextran was detected spectrophotometrically at 610 nm and the volume of
buffer eluted up to the middle of the peak was taken as the Vq. Since samples usually
gave symmetrical peaks, elution volume correspondent to the peak maximum was
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taken as their elution volume

(V e).

The elution behaviour of a molecule was

normalized, for each system, by the use of the ratio

Ve

/ Vq.

2.2.5 Electrophoresis

Due to their amphoteric character, proteins migrate and can be separated in an
applied electric field. This phenomenon is knovm as electrophoresis.

2.2.5.1 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE is the most common form of electrophoresis of proteins, used to
assess purity and determine apparent MW. When denatured by heating in the
presence of excess sodium dodecylsulphate (SDS) and a reducing agent (usually pmercaptoethanol), most proteins bind the negatively charged SDS in a constant
weight ratio so that they acquire identical charge densities and migrate in
polyacrylamide gels of adequate porosity according to their size (Hames, 1990).
Thus, this system gives a linear relationship between a protein’s relative mobility (Rf)
and the logio of its molecular weight (MW).

Procedure:
Prior to electrophoresis, samples were desalted on Sephadex G-25 mini-columns
(Pasteur pipettes) equilibrated with deionised water and diluted to a suitable protein
concentration. An equal volume of sample solubilization buffer containing SDS and
P-mercaptoethanol was added to each sample and the mixture boiled for 1 min.
Electrophoresis of the samples was performed on:
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a) Phast System (Pharmacia LKB Biotecnhology, UK) using pre-cast Phast Gel
homogeneous 12.5% polyacrylamide gels and Phast Gel SDS buffer strips according
to the manufacturer's instructions. Gels were stained with Coomassie blue. The high
molecular weight-SDS markers kit included: canine muscle myosin, 212 kDa; bovine
plasma a-2-macroglobulin, 170 kDa; E. coli P-galactosidase, 116 kDa; human
transferrin, 76 kDa and bovine liver glutamate dehydrogenase, 53 kDa.

b) The Dual Cooled Mini Vertical Gel Unit (model MVl-DC), gel casting
module (model CM l) and power supply (model PSU-400/200) were all from
Anachem, UK. The SDS-PAGE discontinous buffer system originally described by
Laemmli (1970) was used. It results in the concentration of the sample proteins into a
narrow starting zone prior to separation, thereby ensuring very sharp protein zones
during the separation process. Gels were prepared with a 12.5% concentration of
acrylamide and a final concentration of buffers as follows: stacking gel: 0.125 M
Tris-HCl, pH 6 .8 ; resolving gel: 0.375 M Tris-HCl, pH 8 .8 ; reservoir buffer: 0.025 M
Tris, 0.192 M glycine, pH 8.3. For details on the preparation of the stock solutions
see Appendix 1.
The casting system was assembled using 1 mm spacers. The resolving and
stacking gel solutions containing all the reagents except TEMED, werej degassed
under vacuum for 10 min. Just before pouring the solutions in the cassettes, TEMED
(accelerator of polymerization) was added and the solution gently swirled to avoid
the generation of bubbles. The resolving gel was overlayed with deionised water and
allowed to polymerize for at least 2 h at room temperature. Each sandwich was then
filled with the stacking gel solution and a

10

well comb was inserted taking care not

to trap any air bubbles below the teeth of the combs. The stacking gel was left to
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polymerize for at least 2 h at room temperature. After removing the combs, each well
was rinsed with reservoir buffer and the samples were applied using gel loading tips.
Typically, gels were run at a constant current of 15 mA/gel until the samples entered
the stacking gel and at 25 mA/gel afterwards. Electrophoresis was stopped when the
tracking dye (bromophenol blue) had migrated up to

1

cm from the bottom of the gel.

Gels were stained with a rapid silver staining kit according to thej manufacturer's
instructions for mini gels ( 1 0 x 8 cm, 1 mm thick). The silver stain SDS molecular
weight wide range mixture includes: human plasma a 2-macroglobulin, 205 kDa; E.
coli P-galactosidase, 116 kDa; rabbit muscle phosphorylase b, 97 kDa; BSA,

66

kDa;

porcine heart fumarase, 48.5 kDa; bovine erythrocyte carbonic anhydrase, 29 kDa;
bovine milk p-lactoglobulin, 18.4 kDa; bovine milk a-lactalbumin, 14.2 kDa and
bovine lung aprotinin, 6.5 kDa.

Gels were evaluated by computerized image analysis (Video camera JVC,
Microscope Services & Sales, UK., connected to a computeij equipped with PC Im age
for Windows 3 from Foster Findlay Associates Ltd., UK). In the calculation of the
protein’s

Rf,

the tracking dye position was taken as the reference point and the log

MW of the samples was interpolated from the calibration plot.

2.2.S.2 Analytical isoelectric focusing

Isoelectric focusing (lEF) is an electrophoretic technique that separates proteins
through a pH gradient according to their isoelectric point (pi) (Righetti et al, 1990).
Proteins migrate in an electrical field, essentially unhindered by the porous gel, to a
point in the pH gradient that corresponds to their pi. A plot of the migrated distance
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from a reference point (cathode) versus the known pi values of the marker proteins,
gives the pH gradient profile. By measuring the distance of the sample protein from
the cathode to where it focuses, its pi can be interpolated from the pH profile.

Procedure:
Prior to electrophoresis, samples were desalted on Sephadex G-25 mini-columns
(Pasteur pipettes) equilibrated with deionised H2O. lEF was performed with
PhastSystem (Pharmacia LKB Biotechnology, UK) and ready-made, rehydratable
homogenous polyacrylamide gels containing carrier ampholytes (Phast Gel lEF 3-9)
were used. Samples were applied in the cathode and gels were run and silver stained
(0.5% w/v silver nitrate in UHQ water) according to the manufacturer’s instructions.
The pi markers (with pi in parentheses) starting from the cathode were:
amyloglucosidase (3.50); methyl red (3.75); soybean trypsin inhibitor (4.55); Plactoglobulin A (5.20); bovine carbonic anhydrase B (5.85); human carbonic
anhydrase B (6.55); horse myoglobin, acid band (6.85); horse myoglobin, basic band
(7.35); Lens culinaris lectin, acid band (8.15); Lens culinaris lectin, middle band
(8.45); Lens culinaris lectin, basic band (8.65) and trypsinogen (9.30). Gels were
evaluated by computerized image analysis as described above.

2.2.6 Dialysis

Dialysis was used to desalt the samples and for buffer exchange. Samples were
placed in a semi-permeable cellulose tubing with a 12000 to 14000 MW cut-off and
usually dialysed overnight against PBS or water, at 4°C.
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Chapter Three
Poly-L-lysine: a m odel protein for the coupling
to colom inic acid by reductive am ination
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3.1 Introduction

As already discussed in Chapter 1, the coupling method chosen to covalentely
link colominic acid (CA) to proteins, was that of Jennings and Lugowski (1981), i.e.
reductive amination in the presence of sodium cyanoborohydride, following the
controlled periodation of the saccharide. This procedure involves mainly the s-amino
groups of the lysine residues of proteins, although the terminal amino group can also
react (Glazer et ah, 1976). Poly-L-lysine (PL) was chosen as the model protein due to
the large availability of amino groups to which CA could be coupled. PL is a synthetic
homopolymer of lysine (see Fig. 1.7) that has been used as a macromolecular carrier for
low molecular weight drugs (Chu & Howell, 1981; Shen & Ryser, 1979). As PL is
commercially available in a variety of molecular weights (1-300 kDa) this allows
mimicking of the molecular weight of a wide array of natural proteins.
At the outset of the work, it seemed important to optimize the periodate
activation of CA as well as investigate if this was an essential step for the subsequent
covalent linkage to occur. The method of coupling CA to the model protein was set-up
and the influence of the molecular weight of protein and temperature of incubation on
the degree of polysialylation, evaluated. A method to isolate the neoglycoproteins and
quantitate their degree of modification was developed and validated. The
chromatographic behaviour of CA, PL and of the conjugates was evaluated by gel
filtration chromatography (GFC). An investigation on the differences of solubility
observed upon sialylation was also carried out.
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3.2 Materials and Methods
3.2.1 Materials

Table 3.1 Materials used in Chapter 3 with origin o f the materials or purity given in
parentheses.

Material

Source

Albumin (bovine serum)

Sigma Chemical Company, UK

Ammonium carbonate

Sigma Chemical Company, UK

Aprotinin (bovine lung)

Sigma Chemical Company, UK

Deoxyribonuclease I (bovine pancreas)

Sigma Chemical Company, UK

Ethylene glycol

Sigma Chemical Company, UK

Myoglobin (horse skeletal muscle)

Sigma Chemical Company, UK

Peroxidase (horseradish)

Sigma Chemical Company, UK

Sodium cyanoborohydride (>98%)

Sigma Chemical Company, UK

Sodium m-periodate

Sigma Chemical Company, UK

Tyrosinase (mushroom)

Sigma Chemical Company, UK

Toluene

BDH Laboratories Supplies, UK

For poly-L-lysine (PL) and colominic acid (CA) sources, see Chapter 2. All other
reagents are mentioned in the previous chapter or were of analytical grade.

3.2.2 Periodate oxidation of colominic acid

Colominic acid was oxidized with a freshly prepared solution of 0.1 M sodium
periodate (10 mg CA/ml periodate solution) at 20°C. The solution was magnetically
stirred for 15 min in the dark to avoid decomposition of the reagent. At the end of the
reaction, oxidized CA was isolated from reagents by gel filtration on a Sephadex G-25
column equilibrated with deionised water.

Alternatively,

the medium was
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supplemented with ethylene glycol (2 ml/ml of periodate solution) to expend excess
periodate, and left stirring for a further 30 min at 20°C. The solution was then either
directly applied to a Sephadex G-25 column (40.0 x 1.7 cm) as described above or
extensively dialysed at 4°C against 0.01% ammonium carbonate buffer. Dialysates or
pooled sialic acid-positive (Svennerholm, 1957) fractions were freeze-dried and kept at
-40°C until further use.

3.2.3 Characterization of colominic acid in gel filtration chromatography

A Sephadex G-lOO column (45.0 x 1.1 cm) was calibrated with proteins of
known molecular weight and the chromatographic behaviour of CA in this system
evaluated. The column was loaded in sequence vrith 500 pi of a 5 mg/ml protein
solution and eluted with PBS (flow rate 14 ml h'^). The proteins and respective MW
(wavelengths used for detection are given in parentheses) were as follows: mushroom
tyrosinase, 125 kDa (280 nm); bovine serum albumin,

66

kDa (280 nm); horseradish

peroxidase, 44 kDa (403 nm); bovine pancreas deoxyribonuclease I, 31 kDa (280 nm);
horse skeletal muscle myoglobin, 17.8 kDa (409 nm); bovine lung aprotinin, 6.5 kDa
(280 nm).

3.2.4 Vahdation of the trichloroacetic acid precipitation as a method to isolate the
neoglycoproteins

Triplicate samples (1 ml) containing 1 mg of either CA, polylysine (PLi and
PL2) or a mixture of both (i.e. CA+PLi and CA+PL2) in 0.75 M K 2HPO4 (pH 9.0),
were mixed with an equal volume of a 20% trichloroacetic acid (TCA) solution (10%
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w/v final concentration), allowed to stand at 4°C for 30 min and then centrifuged at
SOOOxg (Megafuge) for 30 min. The protein containing samples showed a white
precipitate that was subsequently washed with the same TCA solution (1 ml) and
centrifuged again at 3000xg for 15 min. The pellets were then recovered with 0.1 N
NaOH (1 ml) and vortexed until all protein was dissolved'. The pellets and
supernatants were appropriately diluted and assayed in duplicate for the presence of
protein (Lowry et al., 1951) and sialic acid (Svennerholm, 1957) respectively. The
extreme acidity of the supernatants prevented the estimation of protein by Lowry. In a
similar fashion, pellets recovered with NaOH, could not be assayed for CA, due to the
pH sensitivity (Svennerholm, 1957) of the resorcinol method.

3.2.5 Preparation of poly-L-lysine-colominic acid conjugates

The oxidized colominic acid was coupled to the e-amino groups of PL by
reductive amination (Jennings & Lugowski, 1981) in the presence of sodium
cyanoborohydride (NaCNBHg). PL with two different average molecular weights (3070 and 150-300 kDa designated here respectively as PLi and PLi) were used. In short,
to a solution of PLi (5 mg; 0.1 pmol; preparation Ai) or PL2 (22.5 mg; 0.1 pmol;
preparation A%) in 5 ml of 0.75 M dipotassium hydrogen phosphate, pH 9.0, oxidized
CA (10 mg; 1.0 pmol), NaCNBHg (20 mg; 0.32 mmol) was added together with a drop
of toluene as a preservative. The mixtures were magnetically stirred in sealed vials for
11 days at 35-40°C. An equivalent preparation (designated here as B) containing PL2
was incubated at 4°C for the same period of time. Controls where (a) oxidized CA was

‘ Occasionally pellets were very hard and difficult to redissolve. In such cases, they were
sonicated (Deacon FSIOOB ultrasonic bath) at 37°C for 15 min.
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replaced by non-oxidized CA (10 mg; preparation C) and (b) PL was absent
(preparation D), were also incubated at 35-40°C. The reaction was followed in time by
the concomitant precipitation of protein and covalently linked CA by TCA. Aliquots
(500 pi) removed at time intervals were precipitated with TCA as already described
(see 3.2.4). CA linked to PL was expressed in terms of CA: protein molar ratio,
assuming that all protein molecules had been modified and that precipitation of protein
by TCA was quantitative. In another set of experiments, aliquots (500 pi) of all the
preparations mentioned above, were taken at zero time (immediately after mixture) and
days 1, 3, 5,

8

and 11. They were then centrifuged at 3000xg for 30 min and the

supernatants chromatographed on a Sepharose CL-6 B column (55.0 x 0.9 cm). Eluted
fractions (1 ml) were assayed for CA (Svennerholm, 1957) and PL (Bradford, 1976)
contents.

3.2.6 Solubility of colominic acid and polylysine after reductive amination

Aliquots (1 ml) of preparation Ai, taken at zero time and day 11, were
centrifuged at 3000xg for 30 min. Sediments of the insoluble material were washed
with 0.75 M K2HPO4, pH 9.0 (1 ml) and centrifuged again under the same conditions.
Sialic acid (Svennerholm, 1957) and polylysine (Lowry et al., 1951) ' contents of the
pellets ressuspended in the same buffer

(1

ml) and of the supernatants (containing the

water soluble material) were determined.

' Protein was estimated by the method o f Lowry, as the Bradford method is only valid for
proteins in solution (Sedmark & Grossberg, 1977).
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3.3. Results and Discussion
3.3.1 Activation of colominic acid

The vicinal hydroxyl groups in the non-reducing end of CA (Fig. 1.5) allow for
the introduction of a free, reactive aldehyde group at C?, by periodate oxidation
(Jennings & Lugowski, 1981). However, activation of CA has to be carefully controlled
to limit overoxidation and consequent changes in the physicochemical properties of
CA. Contact of the oxidant with CA was kept to 15 min, as described (Jennings &
Lugowski, 1981). Since internal (2->8)-a-linked N-acetylneuraminic acid residues are
resistant to periodate (Lifely et al., 1986), no significant diminution of the molecular
weight of the saccharide would be expected. Indeed, after periodate oxidation, CA
showed no significant reduction in MW as shown by the identical elution profiles (in
the same calibrated Sephadex G-50 column) of both intact and oxidized saccharide
(Fig. 3.1). The hydrodynamic properties of CA appear to have been preserved and no
lower MW degradation products were detected.
Several methods of purification of the oxidized CA were tested. Of these, the
dialysis of the ethylene glycol-treated solution against a volatile buffer ((NH4)2C0 3 )
proved to be the best (95-98% of CA recovery) and was used in most of the work.
Treatment of the same mixture on GFC was limited in experimental terms since it
required very thick gel filtration columns, due to the large volumes of the samples to be
purified (3 ml ethylene glycol-treated solution/10 mg CA). In addition, the high
viscosity of the sample also caused problems with its purification by GFC. An
alternative method was the direct application of the periodate-treated solution in a GFC
column, that would simultaneously stop the reaction and achieve CA purification.
Limitations to this method were that it was not only time consuming but it was also
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difficult to exactly reproduce the time of contact between CA and periodate, before the
entry of the solution into the separation media, bi addition, since the columns were
eluted with deionised water (to avoid salt contamination in the lyopbilized product), the
extremely acidic pH (2.6) (McGuire & Binkley, 1964) of the CA aqueous solutions,
could bave hydrolysed the saccharide: CA internal linkages are acid sensitive (McGuire
& Binkley, 1964) and CA is known to undergo autobydrolysis in aqueous solutions
(Kundig et al., 1971). For the same reason, the ethylene glycol-treated solution was not
dialysed against water. CA recovery from GFC was between 87 and 95% of the
polysialic acid used. All treatments yielded equivalent oxidized CA as determined by
GFC.
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Fig. 3.1 Elution profile of intact (non-oxidized) CA ( # ) and oxidized CA (O) on Sephadex
G-50 (column, 28.0 x 0.9 cm; sample volume, 1 ml; eluent, PBS; flow rate, 1.5 ml min ').
Vo= 12 ml.

3.3.2 Characterization of colominic acid by gel filtration chromatography

From the very beginning of the work it became apparent that CA behaved
abnormaly in GFC, i.e. its elution volume was not that expected from its average MW
(10 kDa as determined by low angle laser light scattering; data obtained from Sigma
Chemical Company). Even though this technique only gives accurate MW estimations
of globular proteins (usually used for calibration of the columns) it was decided to
characterize the CA elution pattern against standard proteins (Fig. 3.4). Both intact and
oxidized CA consistently eluted in a MW range of 28.8-35.5 kDa (each CA sample was
passed through the column twice), i.e. approximately thrice its average MW.
This experiment confirmed that, the hydrodynamic properties of native globular
proteins and CA are in fact different. Recently, Yamasaki & Bacon (1991) showed by
two-dimensional NMR that the group B polysaccharide from Neisseria meningitidis
exists in an helical conformation in solution and '^C NMR analysis has confirmed
(Bhattacharjee et al., 1975) the structural identity between this polysialic acid and CA
from E. coli K l. It is likely that CA also exhibits a similar configuration in solution and
thus a much larger effective volume than that of compact globular proteins.
Difficulties in calibrating GFC columns to estimate the MW of the
neoglycoconj ugates arose from the shape differences between saccharides and globular
proteins. Thus, no attempt was made in this work to determine the MW of the
polysialylated enzymes by GFC. A method for the accurate sizing of PEG-proteins by
GFC has however been developed by Kunitani et al. (1991) through a combined
calibration with PEG of different MW and standard proteins.

89

.6

10

Colominic acid
Tyrosinase
BSA

,5

10

Peroxidase
4

DNase I
Myoglobin

10

Aprotinin
.3
10

r=-0.994
1.00

1.25

1.50

1.75 2.00

2.25

2.50

Fig. 3.2 Characterization o f colominic acid elution profile by gel filtration chromatography
against standard proteins. (Separation medium, Sephadex G-lOO; column, 45.0 x 1.1 cm;
sample volume, 500 pi; eluent, PBS; flow rate, 14 ml h'*). Standards were as follows:
tyrosinase, 125 kDa; BSA, 66 kDa; peroxidase, 44 kDa; deoxyribonuclease I (DNase I), 31
kDa; myoglobin, 17.8 kDa; aprotinin, 6.5 kDa. Vo = 14 ml. Retention coefficients ( V /V q)
obtained for intact and oxidized CA were similar to those obtained for DNase I, corresponding
to an average molecular weight o f 30 kDa. See the text for other details.

Separation of macromolecules by GFC is based both on size and shape and,
ideally, no physical interaction between sample and the separating media should occur.
However, due to the polyanionic nature of CA, ionic interactions cannot be ruled out.
Highly sialylated macromolecules are known to behave abnormally in GFC (Alhadeff,
1978), probably because the negative charges prevent them from entering the beads of
the gel.
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3.3.3 Validation of the trichloroacetic acid precipitation as a method to isolate the
neoglycoproteins

The coupling reactions of polymers to proteins have traditionally been followed
(Cao et al., 1990; Hirano et al., 1994) by measuring the reduction of primary amino
groups in the proteins, by the method of Habeeb (1966). Limitations to this method are
the fact that other nucleophiles (Abuchowski et al., 1977a) also react with the
trinitrobenzenesulfonic acid used in the detection and also the lack of sensitivity (0 .6 1.0 mg/ml of protein is required; Habeeb, 1966). Moreover, Kunitani et al. (1991) has
recently pointed out, that this method leads to erroneous estimations of the degree of
modification of the protein, particularly if its degree of derivatization is low. We
approached the problem in a different way and reasoned that, since TCA is a known
protein precipitant, precipitation of PL by this reagent, would co-precipitate bound CA
leaving the free polysaccharide in solution. It was thus important to validate the method
and verify that CA itself is not precipitable with TCA. Since protein precipitation with
TCA is quantitative only above 25 pg (Bensadoun & Weinstein, 1976), the total PL
concentration in the samples to be analysed was always maintained above this value.
In this experiment, it was established that, under the same experimental
conditions used to precipitate the protein, CA is not per se precipitable by TCA with
CA remaining in solution either when used alone or in mixture with PL. Another
important observation was that PL and CA do not interfere with the total sialic acid
determination and with the Lowry method of protein estimation, respectively. McGuire
& Binkley (1964) have also reported that CA, at a concentration of 6 mg/ml, does not
produce colour with the Lowry reagent. Subsequently, it was also demonstrated, by a
similar procedure, that the presence of CA in the samples causes no interference with
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the Bradford method*. In the samples containing PL, the protein was quantitatively
recovered in the pellets (96-99%). CA was also found quantitatively (97-101%) in the
supernatant of the mixtures containing PL and CA.

3.3.4 Method of protein determination

Detection of PL by the Lowry method was difficult, especially in the
monitorization of the GFC eluted fractions, as GFC dilutes the samples 3 to 4 fold.
Although the whole peptide backbone (Sengupta & Chattopadhyay, 1993) is involved
in colour development, the existence in the protein of amino acids containing aromatic
rings enhances colour formation. However, because PL is a homopolymer of lysine (an
amino acid with an aliphatic structure), the colour obtained was very faint. Fig. 3.3
shows a typical calibration curve obtained with PL in comparison with BSA which is
often used as a standard in the determination of protein concentration. As seen at
similar protein concentrations, the absorbance at 750 nm yielded by PL is much lower
than that observed with BSA. The estimation of PL at low protein concentration could
thus lead to considerable experimental error. The alternative method of determining
protein concentration by measuring absorbance at 280 nm is, again, dependent on the
amino acid composition of the protein and the detection of the peptide bond in the far
UV (205 nm) (Harris, 1989b) was deemed impossible, because of the great

* This method is however affected by the presence of NaCNBHg in the samples. Due to the
liberation o f HCN resultant from the decomposition o f NaCNBHs in the strong acidic media of
the Bradford reagent, there is an effect o f ‘bleaching’ and consequently readings are lower than
expected. After dialysis, GFC or precipitation with ammonium sulphate the interference was
removed.
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Fig. 3.3 Typical calibration curve obtained for determination o f poly-L-lysine (PL)
concentration by the Lowry method. Colour development (A750) by PL (O ) is compared here
with the absorbance yielded by BSA ( • ) in the same concentration range.

possibility of interferences in this region of the spectra (e.g. CA absorbs strongly).
Attempts was therefore made to solve the problem with the use of poly (lysine,
tyrosine) 1:1 hydrobromide (50-150 kDa) which, due to the tyrosine residues, would
yield a strong colour by the Lowry method. However, this heteropolymer owing to the
hydrophobic characteristics of the aromatic residues was not soluble in water, PBS or
0.75M K2HPO4 and thus its modification with CA was not attempted. As an
alternative, the dye-binding method of protein estimation (Bradford, 1977) in which
colour development is related not only to the presence of aromatic rings but also to
basic amino acid residues (Compton & Jones, 1985), was tested. In the presence of
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NHs^ protein groups, Coomassie blue colour changes from a brownish orange to an
intense blue, a phenomenon that is extremely dependent on the acidic pH of the dye
reagent. As expected, colour development by PL was much improved. Moreover, the
method proved to have several advantages over that of Lowry. It is four-fold more
sensitive (Bradford, 1977), less time consuming, more reproducible (for the same batch
of reagent it was sufficient to run two standards in parallel in order to validate the pre
determined calibration curve) and suffers from less interferences (Bradford, 1976;
Spector, 1978; Sedmark & Grossberg, 1977). It was therefore adopted as the main
method for protein determination, in this thesis.

3.3.5 Reductive amination of polylysine and colominic acid

By virtue of the PL polycationic character it was possible that electrostatic
interactions with the negatively charged CA also occured. To prevent their ionic
association, a high molarity buffer was used in the coupling reaction and, latter on, in
the GFC experiments.
A time course study of the coupling of PLi and PL2 to CA is shown in Fig. 3.4.
The degree of polysialylation was determined after TCA precipitation of the constructs
and expressed in terms of CA:PL molar ratio. The coupling reaction was initially fast,
when PLi or PL2 (preparations Ai and A 2 respectively) were incubated at 35-40°C with
the oxidized CA in the presence of NaCNBHg. In fact, after 24 h of reaction, around 5
molecules of CA were already attached to PL. From day 5 on, the amount of linked
CA, remained almost constant. A maximum of 6 .6 8 ± 0.27 for PLi and 6.76 ± 0.31 for
PL2 moles of CA were conjugated to a mole of protein at the end of the reaction. The
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yield of the coupling was found independent of the MW of the PL used, since both PLi
and PL2 were modified to similar extents.
Considering that future work envisaged the modification of enzymes by the
same method used for PL, it was particularly important to verify that reductive
amination could occur at 4°C. Work at this low temperature would allow for less
protein

dénaturation,

and

hopefully,

better

retention

of

enzymic

activity.

Disappointingly, incubation at 4°C of a PL2 (preparation B) sample, showed a very
limited degree of protein modification (1.26 ± 0.03) excluding the possibility of
working at this temperature.
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Fig 3.4 Colominic acid (CA): poly-L-lysine (PL) molar ratios in the conjugates as estimated
by TCA precipitation. Preparations were: oxidized CA and PL] (Ai) (O ) or PL] (A%) (■)
reacted at 10:1 saccharide: protein molar ratio, at 35-40°C for 11 days; B, equivalent to A]
but incubated at 4°C for the same period ( □ ) and C, a control containing non-oxidized CA,
PL] and NaCNBHs ( • ) in the same molar ratio and incubated at 35-40°C. Values denote
mean ± s.d. from three different preparations. For other details see the Materials and
Methods.
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The direct linkage of the polysialic acid to PL, through its hemiketal group
(reducing end) would have been more convenient, as it would dispense the prior
periodate activation. However, only 0.77 ± 0.05 of CA molecules were estimated as
linked to each PL molecule, even though CA was reacted with the protein at a 10:1
molar excess. This result is consistent with reports from Jennings & Lugowski (1981)
for the coupling of the same saccharide to tetanus toxoid. The involvement of the
ketonic group in the reducing end in an hemiketal linkage, explains its diminished
reactivity and the low yield of conjugation observed.

3.3.6 Isolation of the neoglycoproteins by gel filtration chromatography

Separation of the conjugate constructs from unreacted protein, CA and small
molecular weight reagents was attempted by GFC. This non-destructive method would
allow for the isolation of the constructs without irreversible dénaturation of the protein
as seen with TCA precipitation. In theory, if both or at least one of the molecules were
in the fractionation range of the separation media, due to differences in their MW, they
would be separated by GFC. However, PLi could not be conveniently resolved from
CA even though a wide range of separation media (Sephadex G-lOO, Sephadex G-200
and Sepharose CL-6 B) was tried. Data are not shown but CA and PLi elution profiles
were systematically overlapped when they were passed separately through the column,
probably because the difference in their MW was not sufficient for resolution to occur.
Another reason could be the polydisperse nature of both PL and CA which led to broad
elution profiles. The use of a higher molecular weight PL would, in theory, solve the
problem and PL2 was tried instead. Although the resolution was in fact improved, there
was always partial overlapping of the elution profiles, as shown in Fig. 3.5.
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Fig. 3.5 Molecular sieve chromatography of colominic acid (A) and PL2 (B) at zero time
(O) and after reaction for 11 days (□). Samples were chromatographed on Sepharose CL63 (column, 55.0 x 0.9 cm; sample volume, 500 pi; eluent, 0.5 M PBS; flow rate, 20 ml h ’).
Arrow indicates the void volume (V o ) of the column. For other details see the Materials and
Methods.
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Comparison of the elution profiles of CA (Fig. 3.5A) at zero time, i.e.
immediately after mixing with PL and at the end of incubation for 11 days at 35-40°C,
shows a distinct shift into a higher MW. Elution profiles and retention volumes
obtained when CA or PL were chromatographed separately are similar to those
obtained at zero time, thus excluding the possibility of ionic interaction between these
macromolecules of opposite charge. Another indication of the covalent linkage of the
two molecules is that CA assumes the same elution profile as PL2. A smaller proportion
of the conjugates eluted in the void volume (Vo) of the Sepharose CL-6 B column, as
indicated by the arrow in Fig. 3.5A. The broad elution peaks obtained are characteristic
of polymeric mixtures. In fact, when CA is conjugated to PL, the heterogeneity of the
constructs obtained can be due to variations in (a) length of the PL molecule, (b) length
of the CA chain attached, (c) number of CA molecules per PL molecule and (d)
location of the CA molecules. Even PL molecules with the same degree of modification
can exhibit distinct behaviour in GFC, due to differences in shape derived from
different points of attachment.
In an independent set of experiments, the coupling reaction was followed over
the same period of time by GFC on Sepharose CL-6 B. Eluted fractions were assayed
for CA and protein contents. Results of elution profiles and elution volumes obtained
for CA are shown in Table 3.3 and Fig. 3.6. As before, the elution profile of CA was
broader for the sample (A2) where coupling reaction took place. The PL2 elution profile
was also broadened in time with its elution peak shifted from fraction 37 to 31 (data not
shown). CA and PL2 elution patterns were coincident but the peak of higher MW
species that eluted in the void volume of the column in the previous experiment (Fig.
3.5) could not be reproduced. The retention of both elution profile and elution volume
of CA in samples B and C, throughout the incubation period, is consistent with the very
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low degree of modification of equivalent samples, as determined by TCA precipitation
of the conjugates (see Fig. 3.4).

Table 3.2 Range o f colominic acid elution profile (fraction numbers) and elution volumes (ml)
in parentheses at different reaction times. Samples contained: A 2, CA + PL2 + NaCNBHg (3540°C); B, CA + PL2+ NaCNBHg (4°C); C , non-oxidized CA + PL2+ NaCNBHg (35-40°C); D,
CA + NaCNBHs (35-40°C). At time intervals, aliquots (500 pi) were centrifuged (SOOOxg for
30 min) and the supernatant applied to a Sepharose CL-6B column (column, 55.0 x 0.9 cm;
eluent, 0.5 M sodium phosphate buffer, pH 7.4; flow rate, 20 ml h’’). The void volume (V o ) of
the column (determined with blue dextran) was 20 ml and the elution volume of unreacted
colominic acid in the same calibrated column was 43 ml.

Reaction time (days)
Sample

1

3

5

8

11

A2

22-51 (40)

20-50 (37)

20-51 (37)

21-51 (37)

25-50 (38)

B

32-54 (43)

32-54 (43)

32-54 (43)

32-54 (43)

32-52 (43)

C

33-53 (43)

32-54 (43)

32-54 (43)

32-54 (42)

32-54 (42)

D

31-55 (43)

32-55 (43)

32-53 (43)

32-53 (43)

34-51 (43)

To rule out the possibility of CA polymerization under the reaction conditions
used, which would account for the broadening of its elution profile in this set of
experiments, CA was incubated for the same period of time at 35-40°C in the presence
of the reducing agent and toluene (preparation D). No modification in the
chromatographic behaviour of CA was seen (Table 3.2 and Fig. 3.6) and retention
volume (Ve=43 ml) of the polysaccharide after 11 days of incubation, was still
coincident with that of oxidized CA passed through the same column. Therefore, CA
does not seem to undergo polymerization or suffer degradation under these conditions.
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Fig. 3.6 Elution profile o f colominic acid subject to different reaction conditions.
Preparations: oxidized CA, PL2 and NaCNBHs (A2) were incubated at 35-40°C (■) or B,
4°C ( □ ) for 11 days; controls containing non-oxidized CA, PL] and NaCNBHs (C) (O ) or
CA and NaCNBHs (D) ( • ) were incubated at 35-40°C for the same period. Samples were
chromatographed on Sepharose CL-6B (column, 55.0 x 0.9 cm; sample volume, 500 pi;
eluent, 0.5 M sodium phosphate buffer, pH 7.4; flow rate, 20 ml h '). The void volume (V o )
o f the column and elution volume o f unreacted oxidized colominic acid (CA) in the same
calibrated column are marked with arrows.

3.3.7 Water solubility of the polysialylated polylysine

PL is readily soluble in water and PBS but in the high molarity (0.75 M) buffer
used in the coupling reaction, sometimes it yielded a slightly hazy solution. This is not
surprising since the solubility of proteins is known to decrease with increasing ionic
strength. Another factor that can account for the decreased solubility of PL is that of the
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working pH (9.0), PL should be very close to its isoelectric point (pi of lysine equals
9.74; Orten & Neuhaus, 1982) where its solubility is also diminished. CA, was
completely soluble in 0.75 M K2HPO4, at least at the concentration tested (50 mg/ml
for oxidized CA and 10 mg/ml for intact CA). Upon addition of CA (oxidized or intact)
the PLi or PL2 solutions turned cloudy, suggesting some aggregation due to ionic
interaction, even though the ionic strength of the solution was very high. Another
plausible explanation is that CA precipitates the protein out of solution, similarly to
what is observed with other organic polymers such as PEG (Harris, 1989a). At the end
of the reaction

(11

days), the turbidity of preparations Ai and A2 where coupling had

occurred to a significant extent, was much less pronounced than with samples B or C
where modification of the protein was insignificant (see Fig. 3.4). Some threads,
probably of denatured protein, were visible in all the preparations and samples were
always centrifuged before GFC. Preparation D remained limpid throughout the
incubation time. These purely qualitative observations could be related to the increased
solubility of PL and CA after conjugation and warranted further investigation.
Simple observation of Fig. 3.5 confirms that the amount of soluble CA and PL
is, after reaction for

11

days, increased in comparison 'with the zero time reaction

mixture. Estimates of the area under the curves (AUC), gave a 2.5 and 2.4 fold increase
in the amount of soluble CA (Fig. 3.5A) and PL (Fig. 3.5B) respectively. These results,
particularly in the case of PL, are likely to be |inaccurate since the absorbance (A595) of
the eluted fractions is, at times, out the linear range of the standard curve (protein
concentration vs A 595). A simple experiment was designed to accurately determine the
magnitude of the ratio soluble:insoluble CA and PL, immediately after mixing and at
the end of the coupling reaction. Aliquots of preparation A2, taken at zero time and day
11, were centrifuged at 3000xg for 30 min. Sialic acid and PL contents of the pellets
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(containing denatured protein, insoluble aggregates or highly polymerized conjugates)
and of the supernatants (containing the water soluble material) are shown in Table 3.3.
Polysialylation increased the solubility of CA 2.3 times while PL was 3.6 fold more
soluble than at the outset of the reaction.
The increased solubility of PL and CA upon polysialylation, is certainly not
surprising if we consider the highly polar nature of the saccharide. In fact it has been
postulated that one of the functions of covalentely attached carbohydrates is to maintain
solubility of the glycoproteins. However, Lawson et al. (1983), demonstrated that no
general rule can be established for the effect of carbohydrates on protein solubility,
since both increases and decreases in solubility were observed with increasing
glycosylation. The same author (Lawson et al., 1983) reported however, that
neuraminidase-treated IgG (97% of the sialic acid content had been removed) showed
an increase in solubility, suggesting that sialic acid residues contribute to the
insolubility of IgG.

Table 3.3 Percentage o f soluble colominic acid and polylysine before and after reductive
amination with PL2. CA and protein were estimated in the pellets and supernatants of
centrifuged aliquots (preparation A2) taken at zero time and 11 days after reaction. Results are
mean of two replicate values. For more details see the Materials and Methods.

% colominic acid

% polylysine

Time of reaction
(days)
0

Supernatant

Sediment

Supernatant

Sediment

35.3

64.7

24.8

75.2

11

81.8

18.2

89.5

10.5
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The observed water solubility of the polysialylated proteins is of particular
importance because the ultimate goal of the work is the modification of therapeutic
proteins, namely enzymes, that are administered intravenously.
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Chapter Four
Synthesis, properties and in vitro
characterization o f polysialylated catalase and
asparaginase
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4.1 Introduction

Although preliminary work with polylysine confirmed that polysialylation of
proteins by reductive amination is possible, due to the polydispersity and polycationic
nature of polylysine, its resemblance to protein drugs is somewhat artificial. Moreover,
polylysine did not allow evaluation of the effect of polysialylation on any measurable
biological property, e.g. enzymic activity. Such assessment seems particularly
important if we consider that one of the major drawbacks of the chemical modification
of enzymes is the concomitant loss of their enzymatic activity (Davis et al., 1991).
Catalase and asparaginase, the therapeutically useful enzymes studied here,
were covalently coupled to CA by the same reductive amination method (Jennings &
Lugowski, 1981) described for the model protein. Preliminary tests were, however,
conducted with catalase to establish the optimum conditions required to produce
modified enzymes while still retaining activity. Therefore, the grafting of CA to
catalase was followed in time in terms of degree of enzyme modification and catalase
activity retention. Smaller molecular weight derivatives of CA were used in an attempt
to improve the yield of the coupling method. Asparaginase was polysialylated under the
same conditions found optimal for catalase and various degrees of polysialylation were
achieved by changing the molar ratio CA: enzyme in the reaction mixture.
A method to isolate the neoglycoproteins, while retaining enzymatic activity,
was selected and optimized. The polysialylated enzymes were characterized by
electrophoresis, ion exchange and gel filtration chromatography, among other
techniques. Further studies included enzyme kinetics and stability in the presence of
proteases, blood plasma and on ffeeze-drying.
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4.2 Materials and Methods
4.2.1 Materials

Table 4.1 Materials used in Chapter 4 with origin of the materials and purity given in
parentheses.
Material

Source

Aprotinin (bovine lung)*

Sigma Chemical Company, UK

Carbonic anhydrase (bovine erythrocytes)*

Sigma Chemical Company, UK

a-Chymotrypsin (bovine pancreas)

Sigma Chemical Company, UK

Cytochrome c (horse heart)*

Sigma Chemical Company, UK

HiTrap SP ion exchange column (1 ml)

Pharmacia LKB Biotechnology,UK

Microcon microconcentrators

Amicon Ltd, UK

Myoglobin (horse skeletal muscle)

Sigma Chemical Company, UK

N-acetylneuraminic acid {E. coli\ 98%)

Sigma Chemical Company, UK

Pronase E {Streptomyces griseus)

Sigma Chemical Company, UK

Trypsin (bovine pancreas)

Sigma Chemical Company, UK

Vitamin 8 ,2*

Sigma Chemical Company, UK

* Part of a gel filtration calibration kit.

For catalase and asparaginase sources see Chapter 2. All other reagents are shown in
previous chapters or were of analytical grade.

4.2.2 Depolymerization of colominic acid

A 10 mg ml' solution of CA in PBS was placed in boiling water to obtain
hydrolysed colominic acids with reduced molecular weights. Aliquots taken at time
intervals were characterized by gel filtration chromatography (GFC) on a Sephadex G50 column (55.0 x 0.9 cm) precalibrated with protein standards of known molecular
weight (MW). The column was loaded in sequence with 500 pi of a 5 mg/ml protein
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solution and eluted with PBS (flow rate 1.5 ml min'*). The standards and respective
MW (wavelengths used for detection are given in parentheses) were as follows: bovine
erythrocyte carbonic anhydrase, 29 kDa (280 nm); horse skeletal muscle myoglobin,
17.8 kDa (409 nm); horse heart cytocrome c, 12.4 kDa (280 nm); bovine lung
aprotinin, 6.5 kDa (280 nm). Vitamin B 12 (MW 1355 Da) was also used in the
calibration of the column and was detected at 360 nm.
CA samples boiled for 5 and

8

h were chosen for coupling to catalase and are

designated here respectively as CAi and CA2 (order of size CA > CAi > CA2). CAi and
CA2 were then oxidized as aheady described for intact CA (see 3.2.2) and coupled to
catalase as in 4.2.3.1.

4.2.3 Preparation of polysialylated catalase and asparaginase

The oxidized CA was coupled to catalase and asparaginase (at varying molar
ratios) as already described for polylysine (see 3.2.5), except that the preparations were
incubated for 48 h at 35-40°C and no toluene was added. Stirring was kept to a
minimum to avoid protein dénaturation and consequent loss of enzyme activity.

4.2.3.1 Catalase

Catalase (24.0 mg; 0.1 pmol) was mixed with 10 or 50 mg of oxidized CA (1.0
and 5.0 pmol respectively) in 5 ml of 0.75 M dipotassium hydrogen phosphate, pH 9.0,
in the presence of NaCNBHg (20 mg; 0.32 mmol). A control containing non-oxidized
CA (50 mg; 5.0 pmol), catalase and NaCNBHs as above, was included. In another
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experiment, catalase (24.0 mg; 0.1 pmol) was incubated with CAi and CA2 at a 100:1
sugariprotein molar ratio' (CAi, 60 mg, 10.0 pmol; CA2, 20 mg, 10.0 pmol). The
reaction with catalase was followed by the concomitant precipitation of protein and
covalently linked CA by TCA as described for polylysine. Pellets and supernatants
were assayed for CA (Svennerholm, 1957) and CA linked to the enzyme was expressed
in terms of CA: catalase molar ratio, assuming that all enzyme molecules had been
modified and that precipitation of protein by TCA was quantitative. In a separate
experiment, the stability of both the polysialylated catalase and catalase controls under
the coupling conditions employed was evaluated in terms of enzyme residual activity.
Controls included catalase alone (in the absence of CA and reagents) and catalase
mixed with NaCNBHs (20 mg; 0.32 mmol) or oxidized CA (50 mg; 5.0 pmol).
Zero time and 48 h aliquots (500 pi) of the reaction mixture were centrifuged at
3000xg for 30 min, the supernatants were chromatographed on a Sephadex G-lOO
column (45.0 X 1.1 cm) and eluted fractions (1ml) were assayed for CA (Svennerholm,
1957) and catalase (Bradford, 1976) contents. Fractions eluted in the void volume were
subjected to polyacrylamide gel electrophoresis.
The isolation of the polysialylated catalase (using a CA: catalase molar ratio of
50: 1 in the reaction mixture) by ammonium sulphate precipitation followed by dialysis
is described below (4.2.5.2). Protein (A405) and CA (Svennerholm, 1957) contents of
the dialysates were then determined and the enzyme kinetics and stability studies
described below, immediately performed.

' Calculated on the basis of the average MW estimated by GFC: CAi~ 6 kDa and CA]- 2
kDa (see 4.3.1)
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4.2.3.2 Asparaginase

Prior to its use, asparaginase was dialysed extensively against deionized water
at 4°C ( 3 x 2 1 for 24 h) to remove dextrose monohydrate used as a lyoprotector.
Enzyme specific activity was not modified by the procedure. Asparaginase (13.5 mg;
0.1 pmol) was mixed with 50, 100 or 250 mg of oxidized CA (5.0, 10.0 and 25.0 pmol
respectively) in 5 ml of 0.75 M dipotassium hydrogen phosphate, pH 9.0, in the
presence of NaCNBHs (20 mg; 0.32 mmol). The mixtures containing CA and
asparaginase in molar ratios of 50:1, 100:1 and 250:1, were magnetically stirred in
sealed vials for 48 h at 35-40°C. The neoglycoprotein formed was then isolated by
ammonium sulphate precipitation and extensively dialysed as described in 4.2.5.2.
After dialysis, samples were filtered through a low protein binding 0.45 pm filter
(Whatman Scientific Ltd, UK) to remove insoluble material and its asparaginase
activity (Ruyssen & Lawers, 1978) and protein concentration (Bradford, 1976)
determined spectrophotometrically. CA content was measured at 570 nm by the
resorcinol method and the degree of modification of the enzyme was expressed as
moles of CA per mole of asparaginase and as percentage of modified lysine residues.
Solutions containing a known amount of asparaginase were fi*eeze-dried and kept at
4°C until further use.

4.2.4 Ultrafiltration

Aliquots (500 pi) containing 1 mg/ml of CA or the protein in PBS , were
centrifuged (Heraeus Biofuge) in the Micrococon microconcentrators (Amicon Ltd,
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UK), at g-forces and times of spinning that depended on the MW cut-off of the
membrane of the unit in use, according to the manufacturer’s guidelines. The retentate
was washed twice with 400 pi of PBS and re-spun. Filtrates and retentâtes recovered
with PBS were assayed for CA and protein (A 595), as appropriate.

4.2.5 Ammonium sulphate precipitation of catalase and asparaginase
4.2.5.1 Optimization o f the method

Triplicate aliquots (5 ml) of 1 mg/ml asparaginase or catalase solutions in PBS,
were pre-cooled at 4°C. Increasing amounts of solid ammonium sulphate were slowly
added to each of the aliquots, under constant stirring, in order to achieve 20, 30, 40, 50,
60, 70 and 80% saturation, according to Harris (1989a). Samples were left stirring for
Ih at 4°C and samples containing catalase were then centrifuged (Megafuge 1.0,
Heraeus Equipment Ltd, UK) at BOOOxg for 40 min. This centrifugal force was
insuficient for asparaginase sedimentation (protein remained in suspension at all
ammonium sulphate concentrations, as ascertained by the turbidity of the supernatants)
and samples were therefore spinned in the ultracentrifuge (Sorvall® Combi Plus,
DuPont (UK) Ltd) at 146600xg for 15 min at 4°C. Supernatants were removed, the
pellets drained and dissolved in PBS (0.5 ml). The solutions were then assayed for total
protein content according to Bradford (1976) as ammonium sulphate does not interfere
with this method (Harris, 1989b) and for catalase or asparaginase activity accordingly.
The percentage of ammonium sulphate saturation that lead to the highest protein and
enzymatic activity recoveries was in both cases 70%. This concentration was used to
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isolate the polysialylated enzymes (4.2.5.2). In preliminary experiments it was
established that, as with TCA (see 3.3.3), CA is not precipitable with (NH4)2S0 4 .

4.2.S.2 Isolation o f the polysialylated enzymes

Asparaginase and catalase conjugates with CA were precipitated by salting-out
with ammonium sulphate. In short, (NH4)2S0 4 was slowly added to an aliquot of pre
cooled reaction mixture to 70% (w/v) saturation {i.e. 440 mg/ml solution) and the
suspension was stirred for 1 h at 4°C. It was then centrifuged as described above and
the pellet containing the conjugate was washed twice with a saturated (NH4)2S0 4
solution to remove free, non-covalently linked CA and centrifuged again at 3000xg
(catalase) or 146600xg (asparaginase) for 10 min. The pellet was redissolved in PBS
and dialysed extensively ( 2x3 1 for 24 h) at 4°C against the same buffer.

4.2.6 Ion exchange chromatography
4.2.6.1 Column preparation

HiTrap SP columns are supplied equilibrated with 20% ethanol, 0.2 M sodium
acetate buffer. Columns were washed in sequence with 5 ml of sodium phosphate
buffer (50 mM, pH 5.0; buffer A), 5 ml of buffer C (buffer A + 1 M NaCl) and finally
equilibrated with another 5 ml of buffer A. Buffers A and C are also designated here as
starting and regenerating buffer respectively.
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4,2.6.2 Sample preparation

The composition of the sample was adjusted to the pH and ionic strength of the
starting buffer to favour binding to the column. Buffer exchange was performed on a
Microcon microconcentrator (MW cut-off 10 kDa). In short, aliquots (500 pi) of zero
time reaction mixture and ammonium sulphate precipitates of preparation C (250:1
CA:asparaginase molar ratio in reaction mixture; see Table 4.5) recovered with PBS,
were centrifuged at 3000xg for 15 min. The retentâtes were washed twice with 450 pi
of buffer A and spinned again at 3000xg for 15 min. Samples were then redissolved in
buffer A and the filter unit inverted and quickly centrifuged to recover the filtrate. 300
pi samples of these solutions were filtered (0.45 pm) and applied to the HiTrap SP
column with a syringe.

4.2.6.3 Elution o f the column with a stepwise pH gradient

The column was washed with 4.7 ml of starting buffer, the sample (300 pi) was
applied and eluate collected (fractions 1-5). Unbound material was eluted with 5 ml of
starting buffer (fractions 6-10) and bound material was then eluted with 3 ml buffer B
(fractions 11-13). The column was regenerated by washing with 5 ml of buffer C
(fractions 14-18). Eluted fractions (1 ml) were monitored at 280 nm for protein
contents and assayed for CA and asparaginase activity.

4.2.7 Enzyme kinetics
4.2.7.1 Catalase
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Initial velocity rates for native and polysialylated catalase were determined
spectrophotometrically (A240), at 20°C in 0.05 M sodium phosphate buffer, pH 7.0
using increasing H2O2 concentrations. The apparent Michaelis constant (Km) and
maximum velocity (Vmax) were estimated by the Hanes Woolf plot (Palmer, 1985),
using the reaction kinetics software (Pharmacia LKB Biochrom Ltd., Cambridge, UK,
version 2.1, 1994) of the Wallac spectrophotometer.

4.2.7.2 Asparaginase

Velocity rates for native and polysialylated asparaginase were determined
(Ruyssen & Lawers, 1978) spectrophotometrically in 0.07 M phosphate buffer pH 7.2,
with increasing concentrations of the substrate L-asparagine. The enzyme reaction was
initiated by the addition of 0.5 ml of asparaginase solution to 1.5 ml of pre-warmed
(37°C) substrate solution and the mixture incubated for 30 min at the same
temperature. The reaction was stopped by the addition of 0.1 ml 49% trichloroacetic
acid solution. The liberated ammonia was titrated with 1 ml of Nessler’s reagent and
the absorbance read at 450 nm after 15 min. Km and Vmax were estimated from the
Hanes Woolf plot, as for catalase.

4.2.8 Stability studies

4.2.8.1 Exposure o f catalase to proteases

Native and polysialylated catalase were subjected to proteolysis at 37°C in the
presence of trypsin, chymotrypsin or pronase E in PBS. Each reaction mixture (total
volume 500 pi) contained 1 mg m f’ catalase and 0.2 mg ml'^ protease (0.5 mg ml'^ in
113

the case of pronase E). Aliquots removed at time intervals, were diluted appropriately
and assayed for catalase activity (Beers & Sizer, 1952).

4.2.5.2 Exposure o f asparaginase to mouse blood plasma

Samples (1 mg each) of freeze-dried native and polysialylated asparaginase
were hydrated with 1 ml PBS, mixed with 1 ml of fresh mouse plasma and incubated at
37°C. Aliquots, taken at intervals were appropriately diluted and immediately assayed
for residual asparaginase activity (Ruyssen & Lawers, 1978).

4.2.8.3 Freeze-drying

100

pi aliquots of native and polysialylated catalase or asparaginase solutions in

PBS (1 mg/ml) were frozen in liquid nitrogen and freeze-dryed (Edwards Modulyo,
UK) overnight. The samples were rehydrated to their original volume with water,
appropriately diluted and assayed for residual catalase (Beers & Sizer, 1952) or
asparaginase (Ruyssen & Lawers, 1978) activity.

4.2.9 Statistics

Statistical calculations were performed using GraphPad InStat (GraphPad
Software, version 1.15,1990).
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4.3 Results and Discussion
4.3.1 Characterization of depolymerized colominic acid in gel filtration
chromatography

Variation of the time of heating of CA at 100°C in neutral pH (7.4) produced
CA with different degrees of depolymerization, thus providing a method for controlled
hydrolysis of the polysialic acid. The elution profile of each aliquot was determined in a
calibrated Sephadex G-50 column and the percentage of CA found in different MW
ranges (calculated from the AUC) is shown in Table 4.2.

Table 4.2 Percentage of colominic acid in different molecular weight ranges o f a calibrated
Sephadex G-50 column. Hydrolysis of colominic acid in the course o f time is demonstrated by
a shift into the lower molecular weights. N.D.=not detectable.

Molecular weight range (kDa)
Time (h)

> 26

26-20

20-12.5

12.5-6

6-3

<3

0

34.02

14.58

20.25

18.99

7.97

4.18

1

28.54

11.23

19.20

22.33

11.79

6.92

2

17.43

10.09

19.97

26.81

15.52

10.18

3

12.41

8.69

19.85

29.39

17.80

11.85

4

4.81

5.88

16.09

28.55

22.73

21.95

5

2.67

3.76

13.41

31.04

36.46

22.65

6

1.97

3.15

12.41

29.27

26.71

26.48

8

N.D.

N.D.

1.60

14.03

20.47

63.90

Preparations containing CA boiled for 5 and

8

h (designated respectively CAi

and CA]) were chosen for coupling to catalase and from the retention volumes in the
Sephadex-G50 column, molecular weights were estimated (Fig. 4.1). Under these
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conditions, CAi and CA2 exhibit MW of 6 and 2 kDa respectively. N-acetylneuraminic
acid (NeuSAc), was eluted in the same column, to mark to elution profile of the
monomer of CA and ascertain that CAi and CA2 were still polymeric. The MW of
NeuSAc (309.3) was out of the fractionation range of the column and thus could not be
confirmed. For reasons already discussed in Chapter 3, GFC leads to innacurate
calculations of MW but it was useful in establishing that CA> CAi> CA2> NeuSAc.
After periodate oxidation, CAi and CA2 retained the same elution volume in the
calibrated Sephadex G-SO column.

10'
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Carbonic anhydrase
MyogI
g

Cytochrome c

10^

Aprotinin
CA,
/

Vit. B

r = -0.999

10'
I

1.00

I

I

I

1.25 1.50

I

I

1.75 2.00 2.25

I

2.50

V e /V „

Fig. 4.1 Characterization o f depolymerized colominic acid by gel filtration chromatography
against standard proteins (separation media, Sephadex G-50; column, S5.0 x 0.9 cm; sample
volume, 500 pi; eluent, PBS; flow rate, 1.5 ml min '). Standards were as follows; carbonic
anhydrase, 29 kDa; myoglobin, 17.8 kDa; cytocrome c, 12.4 kDa; aprotinin, 6.5 kDa and
vitamin B^, 1355 Da. Vo=20 ml.
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4.3.2 Preparation of polysialylated catalase

The periodate-activated CA was coupled to catalase by reductive amination in
the presence of NaCNBHs at a 10:1 and 50:1 CA:enzyme molar ratios. The reaction
was followed by TCA precipitation of the protein and results, expressed in terms of
CA: catalase molar ratio found in the precipitates, are presented in Fig. 4.2B. The
initially rapid reaction, observed with both ratios, reaches a plateau after about 24 h
indicating termination of the reaction. As observed with polylysine, the reductive
amination was faster than reported previously (Jennings & Lugowski, 1981; Gray et al.,
1978).
The degree of modification of catalase was found to be low (up to 2.59 moles of
CA per mole of catalase), although in agreement with values obtained for other proteins
modified by the same method. For instance, Jennings & Lugowski (1981) covalently
coupled tetanus toxoid and bovine serum albumin to a polysialic acid (PSA) equivalent
to CA (molar ratio PSA:protein in the reaction was 68:1). At the end of the reaction
(day 11), 2.0 and 2.5 molecules of PSA were respectively linked per molecule of
tetanus toxoid and bovine serum albumin. The possibility that the low yield of the
reaction was due to the high molecular weight of the reacting moieties was examined
using CA of reduced molecular weight. CA was depolymerized as above into two
smaller derivatives designated as CAi and CA2, (order of size CAi > CA2), which were
then coupled to catalase. As anticipated, the reaction was faster (Fig 4.2A) than with
the intact CA (Fig. 4.2B), presumably because of the increased mobility of the smaller
CA molecules and accessibility to binding sites of the protein. However, the molar ratio
of CA:catalase in the conjugates obtained with the depolymerized CA was only slightly
improved, with no apparent correlation between degree of modification and size (Fig.
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Fig. 4.2 Colominic acid (CA): catalase molar ratios in the conjugates as estimated by TCA
precipitation. A, depolymerized CA] (■) and CA2 (□ ); B, intact CA. Molar ratios o f
colominic acid: catalase used in the coupling reaction are given in parentheses. Values are
mean ± s.d. from 3 separate experiments. CA] and CA] denote depolymerized CA with
molar mass lower than CA in the order of CA > CA] >CA].
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4.2). When CAi and CA2 were used at the same (100:1) colominic acid: catalase molar
ratio in the reaction mixture, a higher yield was achieved with the smaller CA (Fig.
4.2A). However, CAi used at a molar ratio of 100:1 during a 48 h reaction period, gave
the same degree of coupling as did intact CA at one-half the ratio (50:1). This suggests
that factors other than CA size are involved in the coupling yield. The low degree of
incorporation of sialic acid residues into proteins was attributed (Roy et al., 1994) to the
build up of negative charge in the forming neoglycoproteins, preventing incorporation
beyond a certain level. This effect is then expected to be exacerbated by the polymeric
nature of CA, explaining the low yield of coupling. The higher degree of
polysialylation achieved with polylysine (6.7) as compared with catalase (0.8 CA:
protein molar ratio) probably reflects not only the higher availability of amino groups in
the former protein but also a counteracting effect of the increase of negative charge in
the forming neoglycoprotein, due to the cationic nature of polylysine.
It is apparent, however, that the extent of polysialylation is dependent on the
molar ratio CA: catalase used in the coupling reaction (Fig. 4.2 and Table 4.3).
Conjugation of catalase to CA through the reducing end of the saccharide (when the
enzyme was incubated with non-oxidized CA) occurred at much lower yields (Table
4.3), in jagreementt with results obtained with polylysine and reports by Jennings &
Lugowski (1981). From the same table, it is also evident that, even in the absence of the
reducing agent, there is formation of a conjugate. It is conceivable that at the pH (9.0)
and temperature (35-40°C) of the coupling reaction, the intermediate SchifFs bases
formed can undergo an Amadori rearrangement to form stable ketoamines (Isbell &
Frush, 1958) as ilustrated in Fig. 4.3.
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Fig. 4.3 Amadori rearrangment of Schiff s bases in alkaline media (from Schacht et al., 1993).

4.3.3 Stability of catalase during the coupling reaction

At the end of the coupling procedure, the polysialylated catalase showed a two
fold retention of its stability (72.1 ± 1.5 and 70.8 ± 1 .3 % of initial activity) compared to
the controls of native catalase (29.1 ± 0.9%) and catalase mixed with NaCNBH] (35.5
±3.0 %) (Fig. 4.4 and Table 4.3). Ideally, a control in the presence of CA but without
the reducing agent should have also been included to determine whether the sugar (CA)
itself has a protective effect, similarly to that described for other polyols (Combes et al.,
1990; Wang & Hanson, 1988). However, as already discussed, the possibility of
formation of stable ketoamines at this temperature and pH, renders such a control a
false one.
The retention (70.8 ± 1.3%) of enzyme activity by the conjugated catalase
observed when a CA: catalase molar ratio of 50:1 was used in the reaction mixture, was
not significantly different from that (72.1 ± 1.5%) measured at the end of the reaction
for the conjugated enzyme at a lower molar ratio (10:1) (Table 4.3). Thus, activity
retention by the polysialylated catalase seems to be independent of the amount of
coupled CA.
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Fig. 4.4 Stability of catalase during the coupling procedure. Native catalase (•), polysialylated
catalase (O) and native catalase mixed with NaCNBHs (□). The polysialylated enzyme was
prepared with a CA: catalase molar ratio of 50:1. Results are mean ± s.d. of 3 to 4 separate
experiments.

The slight increase in activity retention observed for catalase in the presence of
the reducing agent (Fig. 4.4 and Table 4.3) prompted us to investigate if this could be
due to catalytic degradation of H2O2 by the metal (which would account for the
disappearance of H2O2 even in the absence of catalase). The absorbance at 240 nm of a
control containing NaCNBHs in the same concentration used for coupling, was
followed in the presence of H2O2 but no decay in A240 was observed with time. The
reason why catalase incubated with NaCNBHs seems to be more stable than catalase
alone (Student’s t test; p=0.02) is unclear. Although the implication of free sulfhydryl
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groups and dissulfide bridges in the catalytic activity of catalase was ruled out
(Deisseroth & Dounce, 1970), the latter are known to play an important structural role.
On the other hand, the use of reducing agents to avoid formation of dissulfide bridges
(a frequent cause of protein dénaturation) has proved effective in stabilizing proteins
(Wang & Hanson, 1988) and it is therefore conceivable that the reducing power of
NaCNBHs accounts for its protective effect. Further investigation into the subject is,
nevertheless, necessary.

Table 4.3 Degree of catalase modification and enzyme activity retention by the conjugates and
controls. Preparations and respective reaction conditions (CA:enzyme molar ratio) are shown
in parentheses. Degree of modification estimated by TCA precipitation is expressed as moles
of CA per mole of enzyme or % of modified lysine residues (in parentheses). Catalase
molecular weight is 240000 Da (Aebi, 1983) and total number of amino groups in the enzyme
molecule is 108 (Abuckowski et al., 1977b). Results are mean ± s.d. of 3 different
preparations. noxCA denotes non-oxidized CA; N.D.= not determined.
Degree of modification

% initial activity

Catalase+CA+NaCNBHs (1:10)

0.77 ±0.16 (0.7)

72.1 ± 1.5

Catalase+CA+NaCNBHs (1:50)

2.59 ± 0.08 (2.4)*

70.8 ± 1.3

Catalase+noxC A+NaCNBH] 1(1:50)

0.55 ± 0.05 (0.5)

N.D.

Catalase+NaCNBHs

—

35.5 ±3.0

Catalase+CA (1:50)

0.65 ± 0.04 (0.6)

Preparation

Catalase

—

N.D.**
29.1 ±0.9

* 3.8 ± 0.4 (3.5) as determined by ammonium sulphate precipitation (see 4.3.5.1).
** not included in the stability test because it is a false control due to the possibility of
Amadori rearrangement of the Schiff s bases (see text).

Cyanide is a recognized catalase inhibitor but its effect is insignificant (Aebi,
1983) if the samples are appropriately diluted before analysis. In this work, the dilution
of the reaction mixtures was typically

10

pi in

100

ml of buffer ( 1 :1 0 0 0 0 dilution) and

no inhibitory effect of NaCNBHs was ever observed.
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4.3.4 Selection of a method to isolate the polysialylated enzymes

Protein precipitation with TCA was a satisfactory method to follow the degree
of catalase polysialylation in time but it denatured the enzyme irreversibly. Further
characterization of the polysialylated catalase (and later on, asparaginase) necessitated
its prior purification, while still retaining enzymatic activity. Thus several other milder
methods of purification of the neoglycoproteins were tested:

4.3.4.1 Dialysis

Reports by McGuire and Binkley (1964) of the loss of CA on prolonged
dialysis, suggested that this technique could be used to separate the low MW reactants
as well as CA, from the polysialylated proteins. However, extensive dialysis of a CA
solution (2 mg/ml) against PBS ( 3 x 2 1; 24 h) at 4°C, failed to significantly lose CA
from the 12-14 kDa MW cut-off tubing (91% of the initial CA was retained).
Discrepancy in the results is probably due to differences in the MW of the CA used in
this work (10 kDa) and by McGuire and Binkley (3-4 kDa). Moreover, these authors do
not mention the MW cut-off of the membrane used.

43.4.2 Ultrafiltration

Ultrafiltration works by the same basic principle of dialysis, i.e. molecules
larger than the MW cut-off of the membrane pores are retained while smaller solutes
cross the membrane. While dialysis is a slow process, in this case separation was
accelerated by centrifugation. Furthermore, the microconcentrators are made of low123

binding membranes allowing for quantitative recovery of the macromolecules retained.
A wide range of ultrafiltration cut-offs (10, 30, 50 and 100 kDa) was tried and results
are presented in Table 4.4.

Table 4.4 Colominic acid and protein retentate recovery by ultrafiltration. Results are mean of
two determinations.
% Retentate recovery by MW cut-off (kDa)
Sample

10

30

50

100

CA

94.0

43.5

8.3

2 .0

Catalase

98.5

98.6

24.1

4.6

Asparaginase

97.6

99.2

98.7

74.3

In no case could either of the proteins be retained quantitatively with CA
passing through into the filtrate. The best of the situations, although far from ideal,
would be separation of CA from asparaginase with the 100 kDa membrane. However,
in this case 25.7% (calculated from Table 4.4) of the protein was lost in the process,
probably because the membrane cut-off is too close to the protein MW (135 kDa). Had
this method been chosen, it would have also been of interest to investigate the
ultrafiltration behaviour of the two macromolecules (enzyme and CA) when in mixture,
as changes are likely to occur. Retention of CA (96%) in the 10 kDa membrane agrees
with the 91% value obtained by dialysis. In the same way, retention of about half of the
polysaccharide with the 30 kDa membrane confirms the 30 kDa average MW estimated
by GFC (see 3.3.2 and Fig. 3.2) against protein standards. It should also be noted that
the MW cut-offs given for the microconcentrators refer to the size of globular proteins
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as well. Thus, the partial loss of such a large protein as catalase in the 50 kDa
membrane can only be explained by the breakdown of the tetrameric enzyme into 60
kDa subunits, under the high centrifugal force (HOOOxg) used. On the other hand, E.
carotovora asparaginase subunits do not dissociate easily (Cammack et al., 1972) and
this could account for the higher retention of this enzyme in the 100 kDa filter, even
though it has a lower MW than catalase.

4.3.4,3 Gelfiltration chromatography

Evidence for the presence of polysialylated catalase in the reaction mixture was
also obtained by size exclusion chromatography on Sephadex G-100. Reaction
mixtures were centrifuged to remove any insoluble material, chromatographed and the
collected fractions measured for protein (A595) and total sialic acid. An aliquot taken
immediately after adding all the reagents (zero time) was regarded as a control (Fig.
4.5A). Although in theory the difference in molecular weight between catalase (240
kDa; Aebi, 1983) and CA (average of 10 kDa) should have been enough to achieve
separation, GFC under the conditions described, proved to be a low resolution
technique as shown by the overlaping of the two peaks (Fig. 4.5A). Nonetheless, the
appearance of a small shoulder corresponding to the conjugated CA eluting together
with the enzyme in the void volume (Vo) of the column is evident (Fig. 4.5B). To
further confirm the presence of the conjugate, the sialic acid and catalase positive
fractions (fractions 12-15) obtained as above, were electrophoresed and results are
presented in 4.3.7.1 (Fig. 4.9).
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Fig. 4.5 Molecular sieve chromatography of catalase and colominic acid. A, zero time; B,
after reaction for 48 h. Colominic acid: catalase molar ratio was 50:1. Samples were
chromatographed on Sephadex G-100 (column: 45.0 x 1.1 cm; sample volume, 500 pi;
eluent, PBS; flow rate, 14 ml h '). Arrow indicates the elution of the conjugate in the void
volume (Vo) of the column. Vo=14 ml.
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Fig. 4.6 Molecular sieve chromatography of catalase and depolymerized colominic acid
(CA,). A, zero time; B, after reaction for 48 h. CA, : catalase molar ratio was 100:1.
Samples were chromatographed on Sephadex G-100 (column: 45.0 x 1.1 cm; sample
volume, 500 pi; eluent, PBS; flow rate, 14 ml h’'). Arrow indicates the elution of the
conjugate in the void volume (V o ) of the column. V q= 1 4 ml.
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Only in the case of depolymerized CA, was the difference in MW between
catalase and the saccharide (CAi) sufficient for the resolution of the two molecules by
GFC (Fig. 4.6). It is apparent that the synthesised conjugate is eluting in the void
volume of the column and confirms the low degree of incorporation of CA into the
neoglycoprotein, even with the lower MW poly sialic acids.

Dialysis and ultrafiltration, as GFC, are molecular sieving techniques whose
separation efficiency is dependent on differences of size and shape of the molecules
under separation. As already discussed in Chapter 3, the fully hydrated CA molecules
show an effective increase in hydrodynamic size which explains the poor resolution
obtained with these methods.

4.3.4.4 Ammonium sulphate precipitation

Because of the poor resolution observed with the above methods, salting-out
of the protein with ammonium sulphate was tried instead. As with TCA, the rationale
of the method is that protein-bound CA will sediment together with the protein while
free CA remains in solution. The precipitation conditions for catalase and
asparaginase were optimized to a 70% salt saturation (see 4.2.5.1) and the pellets,
after being washed with saturated (NH4)2S0 4 and dissolved in PBS, were analysed
for enzyme (A405 for catalase and A 595 for asparaginase) and CA contents.
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4.3.5 Degree of modification and activity retention of the polysialylated enzymes
4.3.5.1 Catalase

Table 4.3 summarized the degree of modification achieved with catalase as
estimated by TCA precipitation and the enzyme activity retained by the different
preparations after 48 h of reaction. Due to the extremely low degree of modification
(0.7% lysine residues) obtained when a 10:1 molar ratio of CA: catalase was used in
the coupling reaction, no further studies with this enzyme were performed. Only
polysialylated catalase prepared with a 50:1 CA: catalase molar ratio was isolated by
salting-out with ammonium sulphate. The degree of enzyme polysialylation (moles of
CA per mole of catalase) following ammonium sulphate precipitation was calculated
to be 3.80 ± 0.35 (mean ± s.d.; n=3), this being a greater value than that (2.59 ± 0.08)
estimated after TCA precipitation. To investigate this discrepancy, pellets obtained
by precipitation with ammonium sulphate were resuspended in PBS and then
reprecipitated with TCA as described. It was found that a significant proportion
(23.14 ± 2.17 of the total; n=3) of CA did not precipitate and was recovered in the
supernatant. GFC of ammonium sulphate precipitates redissolved in PBS confirmed
the presence of some free CA (Fig. 4.7A) as evidenced by a small shoulder at the
level of the retention volume (37 ml) of unreacted CA. An explanation for the
disparity of the results is the different manner in which protein content was estimated
with each of the methods. While the protein concentration of the TCA pellets was not
actually determined (only assumed as quantitative, as validated before with
unmodified catalase), protein present in the ammonium sulphate precipitates was
estimated at 405 nm. It is therefore conceivable that catalase species, perhaps highly
polysialylated, were not precipitable in the low pH of TCA and that, as a
129

consequence, polysialylated catalase was not quantitatively precipitated by the acid
(as assumed in calculating the degree of modification). This, would therefore explain
the lower estimates of the number of CA linked per molecules of enzyme obtained by
TCA precipitation. Ammonium sulphate precipitates of polysialylated catalase were
used for the enzyme kinetics and stability studies following extensive dialysis against
PBS.

4.3.S.2 Asparaginase

The degree of coupling to CA and activity retention by the polysialylated
asparaginase preparations are presented in Table 4.5. It is apparent that the extent of
polysialylation is dependent on the molar ratio of CA and enzyme used in the coupling
reaction, i.e. the greater the excess of CA, the greater the extent of polysialylation.
Under the conditions described, the highest ratio CA:asparaginase (8.1 ± 1.7 moles of
CA/mole asparaginase) was achieved by the use of a 250 fold excess CA in the reaction
mixture. Since each E. carotovora asparaginase molecule has 72 lysine residues
(Benbough et al., 1979), this ratio corresponds to the polysialylation of an average 11%
of the available lysine groups.
Chemical modification of asparaginase by other methods has often led to severe
loss of enzyme activity, with values of initial activity retained being as low as 30%
(Cao et al., 1990) and 8% (Kamisaki et al., 1981) for pegylated asparaginase and 20%
(Uren & Ragin, 1979) for asparaginase covalently coupled to poly-DL-alanyl peptides.
In contrast, the coupling procedure used here has proved gentle since polysialylated
asparaginase retains substantial activity (Table 4.5). Thus, with all the preparations
made, about 85% of the initial enzymatic activity was preserved after polysialylation,
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whereas only 17.6% of the activity was retained by native asparaginase exposed to
identical reaction conditions in the absence of CA. It is also evident (Table 4.5) that
retention of activity is independent of the amount of coupled CA, at least for the degree
of coupling achieved here, and suggests that the enzyme may tolerate an even greater
degree of modification.

Table 4.5 Degree of asparaginase polysialylation and activity retained by the conjugates.
Reaction conditions and degree of modification of the different preparations are expressed as
moles of CA per mole of enzyme or % of modified lysine residues (in parentheses).
Asparaginase molecular weight is 135000 Da (Benbough et al., 1979) and total number of
amino groups in the enzyme molecule is 72 (Benbough et al., 1979). Native enzyme was
included as a control. Results are mean ± s.d. (4 different preparations).

Preparation

CA : asparaginase

Degree of

% of initial

in reaction

polysialylation

asparaginase

(molar ratio)

activity

A

50: 1

4.2 ±0.7 (5.8)

86.5 ± 4,6

B

100: 1

5.5 ± 0.6 (7.6)

85.9 ±2.8

C

250: 1

8.1 ±1.7(11.3)

82.2 ±10.6

none

17.6 ±4.8

Native

—

Unlike catalase, no free CA was recovered in the ammonium sulphate pellets of
polysialylated asparaginase dissolved in PBS and subjected to GFC (Fig. 4.7B).
Asparaginase and CA showed coincident elution profiles and no extra peak appeared at
the level of the retention volume (37 ml) of CA.
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Fig. 4.7 Elution profile of polysialylated catalase (A) and asparaginase (B) after isolation with
ammonium sulphate. Samples were chromatographed on Sepharose CL-6B (column, 55.0 x 0.9
cm; sample volume, 500 |l i 1; eluent, PBS; flow rate, 20 ml h'^). Eluted fractions (1 ml) were
assayed for colominic acid (•), catalase (O) and asparaginase (□). The elution volume
(Ve=37 ml) of unreacted oxidized colominic acid (CA) in the same calibrated column is
marked with an arrow.
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4.3.6 Spectrophotometric characterization of native and polysialylated catalase

The UV-visible spectra of native catalase in PBS, pH 7.4 or in 0.75 M K2HPO4,
pH 9.0 were identical (Fig. 4.8A), indicating that the alkaline pH in which reductive
amination is performed does not affect catalase absorption features. Only the peak in
the far UV was slightly shifted to a lower wavelength in the alkaline buffer. However, it
must be stressed that this is a region of the spectra where even some buffers absorb and
therefore is not particularly informative on specific changes of catalase absorption. The
absorption spectra of catalase in the presence of all the reagents (CA and NaCNBHs) at
zero time remained similar to that of the native enzyme (compare Fig. 4.8A and B). At
the end of the reaction, polysialylated catalase still exhibited the characteristic
(Deisseroth & Dounce, 1970) Soret band at 405 nm (Fig. 4.8B) suggesting that no
significant changes occurred in the haem active center of the enzyme on polysialylation.
The control sample (containing catalase in the absence of reagents and incubated under
identical reaction conditions for 48 h) on the other hand, showed a discolouration at the
end of the reaction. This phenomenon was confirmed spectrophotometrically by the
loss of the Soret band (Fig. 4.8B). The higher background observed in the same control
(Fig. 4.8B) was due to the turbidity of the sample, probably due to protein dénaturation
and aggregation. This experiment thus confirmed the higher stability obtained for
polysialylated catalase as compared to the native enzyme, determined on the basis of
enzyme activity retention (see 4.3.3). The concentration of catalase in the conjugates
isolated by ammonium sulphate precipitation was then estimated by the absorption at
405 nm, assuming that the molar absorptivity of the Soret band (E% =13.5) was
unafected by polysialylation.
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F ig. 4.8 U V -visible spectra o f native and polysialylated catalase. A, native catalase, 120
pg/m l in PBS (- - . ) and 60 ^ig/ml in 0.75 M K 2H PO 4, pH 9.0 (------- ). B, zero tim e reaction
m ixture (____ ), reaction m ixture after 48 h reaction, i.e. containing the polysialylated
catalase (___ ) and control o f catalase incubated for 48 h under identical reaction conditions
( ' • *) • T he absorbance peaks o f native and polysialylated catalase at 280 nm and 405 nm are
identical.
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The structural effects of pegylation, recently studied on a model haem protein
(horse cytochrome c) (Mabrouk, 1994), produced no major changes in the
spectrophotometric features of the enzyme when only 6 PEG molecules per protein
molecule were grafted. However, more extensive modification of cytochrome c (19
PEG molecules coupled) led to significant changes in the UV-visible spectra in terms
of intensity gain and shift of the Soret band into higher energy. As every protein is an
entity on its own it is difficult to extrapolate results obtained with one protein to other
proteins. However, it is conceivable that more extensive polysialylation of catalase
would affect the spectral characteristics of this enzyme, as observed with cytochrome c.

4.3.7 Electrophoretic characterization of the polysialylated enzymes
4.3.7.1 Sodium dodecyl sulphate polyacrylamide electrophoresis (SDS-PAGE)

The void volume fractions of the Sephadex G-100 column (Fig. 4.5),
presumably containing the polysialylated catalase, were subjected to SDS-PAGE
together with controls of native enzyme and zero time reaction mixture and results are
shown in Fig. 4.9. As anticipated (Aebi, 1983), both controls exibit sharp bands of
dissociated protomers of about 60 kDa under denaturing conditions. In contrast, the
enzyme patterns in the void volume fractions appeared broad in shape suggesting
(Carlsson, 1993) microheterogeneity as a result of the carbohydrate chains, thus
supporting the presence of a neoglycoprotein.
It is well established (Segrest & Jackson, 1972) that because of the weak
affinity of SDS for the carbohydrate chains of glycoproteins, estimation of their
molecular weight by SDS-PAGE is not accurate. However, the negatively charged
sialic acid residues are expected (Segrest & Jackson, 1972; Leach et al., 1980) to
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partially compensate for the reduced SDS binding, thus rendering the measurement of
molecular weight more precise. This was estimated to be in the region of 54.6 ± 1.1 to
96.1 ±3. 0 kDa for the polysialylated catalase monomers. Observed (Fig. 4.9) higher
molecular weight bands («140 kDa) on the other hand, are likely to represent crosslinked catalase monomers formed through the function of CA molecules as
dialdehydes. In this respect, a-2->8 linkages are, under the mild conditions used here,
resistant to periodate oxidation (Lifely et al., 1986) and the activated CA would
therefore be expected to have essentially one terminal aldehyde group at C? of the non
reducing end. However, the other ketonic group at the reducing end, although less
reactive because of its involvement in the hemiketal linkage, is in a tautomeric
equilibrium and could potentially react with the amino groups of the enzyme. This
possibility is supported by the formation of a conjugate (at much lower yields than
observed with activated CA) when non-oxidized CA is used in the reaction (Table 4.3).
Gel electrophoresis of native asparaginase (ammonium sulphate precipitates
after extensive dialysis) showed a single band, with an estimated molecular weight of
34 kDa (Fig. 4.10, lane a) that is consistent with that (37.5 kDa) reported by Cammack
et al. (1972) for the enzyme’s subunit. Even after incubation for 48 h under reaction
conditions but in the absence of reagents, asparaginase retained the same single band in
SDS-PAGE and no lower MW degradation products were evident (lane b). As with
catalase, all the reaction mixtures at time zero (lanes c, f and h) showed a distinct band
of dissociated monomers, while after polysialylation the microheterogeneity of the
enzyme, on account of the grafting of CA, was demonstrated by the yield of diffuse
bands (lanes d, g and i). Differences in the intensities of the protein bands were due to
uneven loading of the gel and thus the MW range for each degree of asparaginase
modification could not be accurately estimated.
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Fig. 4.9 SDS-PAGE o f native and polysialylated catalase. Fractions eluted in the void
volume o f a Sephadex G-100 column (Fig. 4.5B) were compared to the native enzyme and
reaction mixture at zero time. Lanes correspond to eluted fractions 12 and 13 (a, b);
Pharmacia high molecular weight markers (c); eluted fractions 14 and 15 (d, e); native
catalase (f); zero time reaction mixture (g). Numbers to the right indicate the molecular mass
(kDa) o f the markers. Gel (pre-cast, homogeneous 12.5% polyacrylamide) was run in a
Pharmacia Phast System and stained with Coomassie blue. For other details see Chapter 2.
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Fig. 4.10 SDS-PAGE o f native and polysialylated asparaginase. Gel was loaded with the
following; (a), native asparaginase; (b), native asparaginase subjected to reaction conditions
for 48 h; (c), preparation A, zero time; (d), preparation A, 48 h reaction; (e) Sigma broad
range m olecular weight markers; (f), preparation B, zero time; (g), preparation B, 48 h
reaction; (h), preparation C, zero time; (i), preparation C, 48 h reaction; (j), Sigma broad
range molecular weight markers. Numbers to the right indicate the m olecular mass (kDa) o f
the markers. Gel (12.5% polyacrylamide) was run in a vertical electrophoresis unit
(Anachem, UK) and silver stained. For other details see Chapter 2.
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A similar abnormal migration on SDS-PAGE (continuous smears or multiple
bands) has also been observed after derivatization of proteins with PEG. This was
attributed to the highly heterogenous nature of the pegylated proteins (Kunitani et al.,
1991), not only in terms of MW (dependent on the degree of modification and on the
polydispersity of PEG) but also charge (different numbers of lysine residues derivatized
result in charge heterogeneity) and shape (attachment of PEG chains at distinct
locations of the protein leads to erratic SDS binding). Reduced electrophoretic mobility
of pegylated albumin was on the other hand, attributed to the entanglement of PEG
strands with polyacrylamide. However, glycosylated proteins that usually also migrate
at a slower rate in SDS-PAGE (Segrest & Jackson, 1972) (resulting in erroneously high
MW estimations) do so purely because of the reduced binding of the detergent to the
carbohydrate chains (Leach et al., 1980).

4.3.7.2 Isoelectric focusing (lEF)

The polysialylation of the lysine surface residues of the enzymes would
presumably be accompanied by a decrease in the isoelectric point (pi) of the
neoglycoprotein. The in vivo half-life of enzymes has been related by several authors
(Holcenberg et al., 1975; Mashbum & Landin, 1970; Rutter & Wade, 1971) to their pi
and generally , the lower the pi the more the enzyme is said to persist in circulation.
Rutter & Wade (1971) for instance, chemically modified E. carotovora asparaginase to
obtain a series of different isoelectric points, ranging fi"om 3.3 to 9.7. Enzymes were
then injected intravenously in rabbits and blood clearance was determined, pi values
between 5.0 and 6.0 found to lead to the highest half-lives but, below these pi values,
the rate of removal of the enzymes from the circulation increased again. The authors
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Fig. 4.11 Isoelectric focusing of native and polysialylated catalase. The migration pattern
indicates the formation of conjugates with lower pi. Arrows indicate the pi range where native
(a to a’) and modified catalase (b to b’) focused. Filled circles represent pi markers (Pharmacia
broad pi marker kit) that, starting from the cathode (left) are: amyloglucosidase (3.50); methyl
red (3.75); soybean trypsin inhibitor (4.55); p-lactoglobulin A (5.20); bovine carbonic
anhydrase B (5.85); human carbonic anhydrase B (6.55); horse myoglobin, acid band (6.85);
horse myoglobin, basic band (7.35); Lens culinaris lectin, acid band (8.15); Lens culinaris
lectin, middle band (8.45); Lens culinaris lectin, basic band (8.65); trypsinogen (9.30).

concluded that enzymes with pi similar to that of plasma proteins, undergo reduced
opsonisation and thus circulate for extended periods.
For the above reasons, it was deemed important to investigate whether, as
expected, any changes of pi did occur on polysialylation. Although the supplier (Sigma)
reports a pi of 5.4 for bovine liver catalase, this enzyme did not focus sharply in lEF
(Fig. 4.11). Similar patterns with multiple bands have also been described for microbial
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(Loewen & Switala, 1987), plant (Kunce et al., 1988) and rodent (Mainferme &
Wattiaux, 1982) catalases when subjected to non-denaturing gel isoelectric focusing.
The reason for charge heterogeneity observed with catalase from different sources is
however still unclear. Having ruled out the possibility of glycosylation (Kunce et al.,
1988) as the cause for heterogeneity, the existance of a system of isoenzymes was
suggested instead. As anticipated, after covalent coupling of CA to catalase, its
migration pattern indicates a slight shift to a lower pi range (Fig. 4.11). Native catalase
focused between 5.95 ± 0.03 and 4.71 ± 0.04, while the polysialylated enzyme showed
a focusing range of 5.83 ± 0.04 to 4.02 ± 0.04. Results are mean ± s.d. of 3 different
samples interpolated to the least square analysis of the marker proteins profile.

4.3.8 Ion exchange chromatography of asparaginase

Since it was impossible to determine the pi of polysialylated asparaginase (due
to unavailability of the equipment at the time of the experiments), the eventual change
in charge after polysialylation was evaluated by ion exchange chromatography (lEC).
This technique is based on adsorption and reversible binding of charged sample
molecules to groups with opposite charge on the solid matrix. A strong cation
exchanger (charged group SO3 ) was used and, because at a pH below its pi (8.30-8.35)
(Benbough et al., 1979) asparaginase carries a positive charge, the enzyme was retained
in the column while the negatively charged CA passed through it. The bound enzyme
was then dislodged with a buffer of higher pH (buffer B) and the column regenerated
by increasing the salt concentration (buffer C). It should be noted that the sample and
washing buffer (A) have low ionic strength in order to favour binding. This is ilustrated
in Fig. 4.121 . The small amount of asparaginase that eluted together with CA is likely
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Fig. 4.12 Cation exchange chromatography of native and polysialylated asparaginase. I, zero
time reaction mixture of native asparaginase and CA and n , polysialylated asparaginase
(preparation C). Sample and buffers were applied with a syringe and eluted fractions (1 ml)
assayed for CA (O) and asparaginase activity (•). Column, 1 ml HiTrap SP; sample
volume, 300 pi; buffer A, 50 mM sodium phosphate buffer pH 5.0; buffer B, 50 mM sodium
phosphate buffer pH 7.0; buffer C, buffer A + 1 M NaCl. The broken line (— ) ilustrates the
stepwise elution with buffers A, B and C. Arrow indicates the sample application point. For
more details see the Materials and Methods.
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to derive from the fact that when the binding to the column is favoured (pH 5.0 and low
ionic strength), ionic interactions between the positively charged asparaginase and
negative CA are also favoured. As expected, after polysialylation of asparaginase a
complete shift of the enzyme from its elution pattern was observed (Fig 4.12 II).
Polysialylated asparaginase did not bind to the ion exchange column (under the same
experimental conditions used for native), eluting together with CA (as demonstrated by
the coincident peaks) in the first few fractions of washing buffer. This complete
modification of the behaviour of the polysialylated enzyme in lEC suggests that, in fact,
the pi of asparaginase decreased upon modification. It should be noted however, that
the single peak obtained in lEC does not guarantee homogeneity of the sample. If only
slight differences in charge exist, as certainly happens in this case, they would not be
detected by this method. Another plausible explanation for the non binding of the
polysialylated asparaginase to the column can be steric hindrance on account of the CA
molecules grafted at the enzyme’s surface. An identical explanation of the abnormal
behaviour of PEG-albumin constructs in ion-exchange columns, was given by
Abuckowski et al. (1977a): PEG strands prevented interaction of the protein with the
charged groups of the matrix.
It could be argued that ammonium sulphate precipitates of asparaginase at the
end of the coupling reaction could contain a mixture of modified and unmodified
enzyme. However, the experiment above suggests that since no asparaginase activity
was found at the level of the native enzyme peak (compare Fig.4.12 I and II),
asparaginase polysialylation was indeed quantitative.
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4.3.9 Enzyme kinetics

Chemical modification of enzymes is known (Abuchowski & Davis, 1981) to
often adversely affect their Michaelis-Menten constant (Km) and thus limit their
efficacy in vivo (Abuchowski & Davis, 1981). It was therefore deemed appropriate to
compare the kinetic properties of native and polysialylated catalase and asparaginase.
The apparent Km was calculated by the method of Hanes Woolf ' : the substrate
concentration divided by the reaction rate ([S]/V) was plotted against substrate
concentration ([S]) with the abscissa intercept, ordinate intercept and slope being -Km,
Km/Vmax and IWmax respectively.

4.3.9.1 Catalase

Values (mean ± s.d.) of 69.96 ± 5.99 (native) and 122.88 ± 4.33 (polysialylated
catalase) mmol 1'^ H2O2 respectively (Fig. 4.13) indicate a statistically significant
(p<0.0001; Student’s t-test) reduction of enzyme affinity to the substrate upon
polysialylation. Vmax values estimated from the same plot, were 0.390 AA240 min'^ and
0.644 AA240 min* respectively. To date, there have been no reports on kinetic data with
other chemically modified catalases.
It is likely that the bulky CA strands sterically interfere with the diffusion of
large substrates to the active sites. However, this would not be expected to be a

' The Lineweaver-Burk plot (IW vs 1/[S]) although still currently used, gives undue weight to
measurements made at low concentration of the substrate, where inaccuracy of the results is
more likely to occur (Palmer, 1985). Moreover, departures from linearity are less obvious than
in the Hanes Woolf plot. Another advantage of the latter method, is the possibility of direct
reading of the apparent Km value from the graphic.
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problem with low molecular weight substrates such as hydrogen peroxide and
asparagine (the substrates for catalase and asparaginase respectively). Nonetheless,
catalase was shown to partially lose its affinity to the substrate as demonstrated by the
increase in the apparent Km- It is possible that access of hydrogen peroxide to the active
site is hampered by repulsive forces generated between the negatively charged CA layer
on the catalase surface and the electronegative oxygen atoms of H2O2.
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Fig. 4.13 Hanes W oolf plot for native ( • ) and polysialylated (■) catalase. Results are mean
± s.d. o f three independent experiments performed at 2 0 °C in 0.05 M sodium phosphate
buffer, pH 7.0. V q denotes initial velocity.
values of native and polysialylated catalase,
obtained by extrapolation to the abscissa, were compared (p<O.OOOI) using the Student's ttest.
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4.3,9.2 Asparaginase

Asparaginase activity against tumours is a function of its affinity for the
substrate (Schwartz et al., 1966) and the evaluation of the effect of polysialylation on
the enzyme’s kinetics thus seemed of extreme importance. The effect of asparagine
concentration on the enzyme activity of native and polysialylated (preparation C)
asparaginase is shown in Fig. 4.14. The plots show a modest (but not significant;
p>0.05) increase in the Km values on polysialylation, which is nonetheless within the
10’^ M value reported (Ruyssen & Lawers, 1978; Howard & Carpenter, 1972) for the
clinically useful asparaginases. Km values estimated by the Hanes Woolf plot were
1.68 X 10'^ M for native asparaginase and 1.90 x 10'^ M, 2.15 x 10'^ M and 2.29 x 10'^
M respectively for preparations A, B and C of the polysialylated enzyme (data not
shown). From the same plot and in the same order, calculated Vmax values were 0.847,
0.901, 0.910 and 0.919 pmole min'^ U'^ (data not shown). These results suggest that
covalent coupling of CA to asparaginase does not affect its affinity to asparagine and
that, regardless of its degree of modification, the polysialylated enzyme will be able to
effectively act on its substrate in vivo. Increased Km values observed (Wieder et al.,
1979) for pegylated phenylalanine ammonia-lyase have also been reported to be
independent of the degree of pegylation. Since initial grafting of PEG accounted for
the loss of the enzyme’s affinity, the authors concluded that this phenomenon was due
to conformational changes of the enzyme on PEG attachment, rather than to the
diffusional barrier of PEG.
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Fig. 4.14 Hanes Woolf plot for native (•) and polysialylated asparaginase (O). Results are
mean ± s.d. of three independent experiments. V denotes velocity, expressed as pmoles of
liberated ammonia per min per unit (U) of enzyme. Km values were obtained by extrapolation
to the abscissa. For clarity, only data obtained for preparation C of polysialylated asparaginase
were plotted. See the text for more details.

4.3.10 Effect of polysialylation on enzyme resistance to proteolysis
4.3.10.1 Catalase

Due to interference by endogenous catalase blood levels, the stability of the
polysialylated catalase in the presence of plasma could not be tested. Alternatively, the
stability of the polysialylated catalase was investigated in terms of retention of enzyme
activity in the presence of added exogenous proteolytic enzymes (which is relevant to
the effective function of catalase in therapy). Fig. 4.15A shows that polysialylated

146

catalase (degree of modification 3.80 ± 0.35; (NH4)2S0 4 precipitation) was almost
completely protected against chymotrypsin even after 3 h of exposure, presumably
because the hydrophilic layer formed around the protein prevents this endopeptidase
from approaching the hydrophobic amino acids residues where it exerts its catalytic
activity. The modest modification (3.5%) of the lysine residues (sites of tryptic action)
of the polysialylated catalase probably accounts for its less marked stability observed
on exposure to trypsin (Fig. 4.15B). As expected, however, both native and
polysialylated catalase completely lost their activity within 2 h in the presence of the
non-specific protease from Streptomyces griseus (Fig. 4.16).
The increased stability conferred on catalase by polysialylation agrees with
observations that the grafting of hydrophilic macromolecules such as mPEG of varying
molecular weights (Nucci et al., 1991; Abuchowski et al., 1977; Beckman et al., 1988;
Veronese et al., 1990), albumin (Poznansky, 1986), cellulose (Barker & Somers, 1968)
and dextrans (Marshall et al., 1977) to enzymes tends to enhance their stability,
especially when there is multipoint attachment of the macromolecule as is the case of
dextran (Veronese et al., 1990). In the aqueous environment where enzymes are
biologically active, these assume a three-dimensional conformation which masks the
hydrophobic regions, with hydrophilic regions appearing externally and in contact with
water. Moreover, in the case of proteins conjugated to mPEG the chains of the polymer
are thought to move freely in the water surrounding the proteins (Veronese et al., 1990)
thus necessitating a higher degree of modification in order to achieve protection and
stability. The considerable promotion of catalase stability observed with the low
number (3.8) of CA residues per molecule of enzyme is difficult to explain at present.
However, it may be that by virtue of its highly hydrophilic nature and negative charge
density, CA, once attached to the enzyme, interacts ionically with neighbouring
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Fig. 4.15. Exposure of catalase to endopeptidases. Native (■) and polysialylated (O)
catalase were incubated in the presence of a-chymotrypsin (A) and trypsin (B) at 37°C.
Samples removed at time intervals were assayed spectrophotometrically. Values are mean ±
s.d. (3 separate preparations). For other details see the Materials and Methods.
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Fig. 4.16 Proteolytic digestion of catalase by pronase E from Streptomyces griseus. Native
(■) and polysialylated (O) catalase were incubated at 37 ° C and samples removed at time
intervals were assayed spectrophotometrically. Values are mean ± s.d. (3 separate
preparations). For other details see the Materials and Methods.

amino acid residues of opposite charge and/or establish extensive hydrogen bonding.
Thus, CA with its linear and flexible polymer chain is expected to wrap itself around
the enzyme, thus protecting its inner regions. On the other hand, it is also conceivable
that the tertiary structure of the polysialylated catalase is altered in a way that it
becomes less protease-sensitive.
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4.3.10,2 Asparaginase

Results on the stability of asparaginase in the presence of mouse plasma in
vitro at 37°C (Fig. 4.17) show that the polysialylated enzyme is more stable than the
control (native enzyme). Thus, after 6 h of incubation, polysialylated enzyme retained
65.0-83.1% of its initial activity (depending on the number of CA molecules linked)
whereas only 13.5% of it was retained by the native enzyme. Evaluation of the
influence of the degree of polysialylation on the resistence to plasma proteases,
showed statistically significant differences only between preparations A and C (Fig.
4.17, legend), i.e. respectively the less and more polysialylated constructs. Results thus
suggest that the initial grafting of CA accounts for the marked increase in enzyme
stability and that this can be further improved, up to a certain degree, by attachment of
additional CA. Such enhancement of stability is probably due to the change in the
microenvironment of the enzyme which must have occurred following the covalent
coupling of the highly hydrophilic and negatively charged CA molecules, as discussed
for catalase. It is likely for instance, that polysialylated asparaginase molecules become
more hydrated (water molecules associated with CA) and, in view of the inability of
plasma proteases to effectively act on the enzyme (Fig. 4.17), perhaps also shielded by
the CA chains. Improved resistance to proteolysis has also been previously reported for
asparaginase coupled to albumin (Poznansky et al., 1982), dextrans (Wileman et al.,
1986) and polyethylene glycol (Cao et al., 1990; Wada et al., 1990).
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Fig. 4.17 Stability of native asparaginase ( • ) and asparaginase-CA conjugates with different
degrees of modification in the presence of plasma: □ , preparation A; ■, preparation B; O,
preparation C; for details see Table 4.5. Data are mean ± s.d. of 3 different preparations.
Statistics: Results obtained at 6 h, were compared by ANOVA and p values were corrected
by the Bonferroni test. Native vs A, B and C, p<0.001; A vs B, n.s.; B vs C, n.s.; A vs C,
p<0.05. n.s.=non significant.

4.3.11 Effect of polysialylation on enzyme stability after freeze-drying

As lyophilized enzymes would be a preferred form of storage and
transportation, it was of interest to see whether polysialylation of catalase and
asparaginase improves their stability after freeze-drying.

151

4.3.11.1 Catalase

Catalase is known (Deisseroth & Dounce, 1970) to lose much of its activity on
lyophilization through dissociation into subunits. The cryoprotective effect of
saccharides on the dénaturation of catalase by ffeeze-drying was investigated by Tanaka
et al. (1991). The mechanism of stabilization of catalase is thought to result from
hydrogen bonding between the protein and the saccharide, rather than by the
modification of the ordering degree of water around the enzyme. The fact that the
preservation of catalatic activity was related to the weight ratio of saccharide to catalase
and not to the concentration of the sugar (Tanaka et al., 1991), supported the above
theory. Molecules, such as CA, that are capable of establishing extensive hydrogen
bonding with catalase are therefore expected to stabilize the enzyme on lyophilization.
Results (not shown) indicated that whereas native catalase retained only 20.1 ± 3.2% (3
preparations) of its initial 'activity, the polysialylated enzyme exhibited improved
stability with 37.3 ± 4.9% (3 preparations) activity retention. The increase of enzyme
stability to ffeeze-drying on polysialylation, although statistically significant (p=0.007;
Student’s t test), is not sufficient to avoid the addition of common lyoprotectors (e.g.
glucose, maltose, mannitol). This can be attributed to the modest polysialylation of the
protein and it is conceivable that an increase in the degree of modification may lead to
further protection. It must be stressed however, that dextrans of different MW were
much less efficient in protecting catalase from dénaturation on ffeeze-drying, than low
MW saccharides (Tanaka et al., 1991) and moreover, the higher the MW of the dextan
used the less protection it offered.
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4.3.11.2 Asparaginase

Contrary to catalase, the protection of asparaginase by various additives during
ffeeze-drying was related (Heilman et al., 1983) to changes in the distribution of the
water molecules that cover the enzyme and maintain its three-dimensional
conformation. This was corroborated by the fact that asparaginase dissociated into
subunits (with concomitant activity loss) when a large amount of water was still present
in the system and that the protective effect of the additive was dependent on its
concentration. Under the ffeeze-drying conditions used here, pure asparaginase did not
suffer any measurable activity loss (results not shown) and therefore, the effect of
polysialylation could not be evaluated. Heilman et al. (1983) also reported that E.
carotovora asparaginase ffeeze-dried in and reconstituted with a neutral pH (7.5) buffer
retained 100% of the activity. Loss (82%) of asparaginase acitvity was observed only
when the lyophilized enzyme was reconstituted with alkaline buffer (pH 10.0), an effect
that could be atenuated or eliminated by the addition of glucose, sucrose, mannitol,
polyvinylpyrrolidone, etc. The same authors (Heilman et al., 1983) concluded, that the
best asparaginase stabilizers were substances that promoted water ordering around the
enzyme.

4.3.12 Stability of the polysialylated enzymes on storage
4.3.12.1 Catalase

Catalase proved to be more stable to freeze/thawing than to lyophilization. This
observation agrees with findings that dénaturation of the enzyme on freeze-drying
occurs during the drying phase (Tanaka et al., 1991), when about 95% of the water has
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been removed. Solutions of polysialylated catalase were stored at -40°C for six months,
with no appreciable loss of enzymatic activity (results not shown). The stability of the
bond between enzyme and CA under these conditions was confirmed by the
quantitative and concomitant re-precipitation of catalase and CA with ammonium
sulphate.

4.3,12,2 Asparaginase

Polysialylated asparaginase could be stored for up to six months in the
lyophilized state at 4°C, without loss of enzyme activity (results not shown). The
chemical stability of the covalent bond between CA and asparaginase was ascertained
as for catalase.

Results suggest that steric stabilization of enzymes by polysialylation can
potentially render these less immunogenic and also increase their half-lives in the blood
circulation thus contributing to a more effective use of enzymes and other proteins in
therapy. Accounts of the in vivo behaviour of polysialylated catalase and asparaginase
are given in Chapters 5 and 6.
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Chapter Five
P harm acokinetics o f native catalase and
asparaginase vs polysialylated enzym es
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5.1 Introduction

Due to their poor absorption through biological membranes and sensitivity to
the epithelial proteolytic activity, protein drugs are usually administered parenterally
(Breimer, 1991). Once in the blood circulation, they are cleared rapidly and thus, as
already discussed in Chapter 1, generally exhibit very short half-lives. The optimal use
of proteins as drugs is then related to the ability of maintaining therapeutic levels for
extended periods, reducing the frequency of dosing and the probability of undesirable
side effects, toxicity and immune responses. The pharmacokinetic evaluation of a
protein therapeutic is particularly important in the understanding of what the organism
does to the drug and the subject has been extensively reviewed (Gloff & Benet, 1990;
Kompella & Lee, 1991).
The purpose of the work described in this chapter was to study the behaviour
of the water-soluble polysialylated catalase and asparaginase in experimental animals
as compared to the corresponding native enzymes, with a view to determine whether
the enzymes modified by the attachment of colominic acid are likely to have properties
that make them therapeutically more useful.
Prior to the animal experiments, native and conjugated enzymes were
radiolabelled with tritium and the tritiation method selected, optimized. Labelled
molecules were evaluated and compared to the unlabelled ones in terms of enzyme
activity retention, degree of modification, electrophoretic behaviour and in vivo
clearance.
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5.2 Materials and Methods
5.2.1 Materials

Table 5.1 Materials used in Chapter 5.
Material

Source

0.2 pm Disposable syringe filters (25 mm 0 )

Nalge (Europe) Ltd, UK

0.45 pm Disposable syringe filters (13 mm 0 )
(low protein binding polyvinylidene difluoride membrane)

Whatman Scientific Ltd, UK

Formaldehyde (37%)

Sigma Chemical Company, UK

Heparin solution

Sigma Chemical Company, UK

50 pi Microcapillary-pipettes

Supracaps

Liquid scintillation cocktail OptiPhase 'HiSafe' 3

Fisons Chemicals, UK

Rat and mouse standard diet

Bantin & Kingman Universal, UK

Sodium cyanoboro [^H]hydride (6.5 Ci/mg)

Amersham International pic, UK

All other reagents are described in previous chapters or were of analytical grade.

Animals: Male T /0 outbred mice (25-30 g body weight) were purchased from
Harlan-OLAC UK, and aclimatized for at least one week prior to any experiment. A
conventional diet and water were available ad libitum.

5.2.2 Radiolabelling of the native enzymes

The native enzymes were tritiated by a modification of the method of Jentoft
and Dearborn (1979). In short, 13.5 mg (0.1 pmol) asparaginase or 24 mg (0.1 pmol)
catalase were dissolved in 2 ml 0.75 M K 2HPO4, pH 9.0 and cooled in a ice-water bath.
NaCNBH] (10 pmol) supplemented with tracer NaCNB[^H]3 (1 mCi) and 2.5 pi of a
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37% formaldehyde solution (30 |imol) were added sequentially and the mixture was
stirred for 2 h at 4°C. The enzymes were precipitated by ammonium sulphate and
subsequently treated as described! below for the radiolabelled conjugates.

5.2.3 Preparation of the radiolabelled enzyme-colominic acid conjugates

The neoglycoproteins were simultaneously labelled and coupled to CA as
described in Chapter 4, except that NaCNB[^H]3 (1 mCi / 0.1 pmol enzyme) was also
added to the reaction mixture. The conjugates were isolated and the excess of label
removed by ammonium sulphate precipitation (70% saturation) followed by
centrifugation at 146000 x g for 15 min (asparaginase) or 3000 x g for 20 min
(catalase). Asparaginase conjugates were then extensively dialysed ( 3 x 2 1; 36 h) at
4°C against PBS. Since catalase proved to be sensitive to prolonged dialysis, the
unbound label was removed by gel filtration in Sephadex G-25 (10 ml disposable
pipette). Fractions (1 ml) collected were assayed for protein (A405) and the positive
fractions pooled. Samples containing the polysialylated enzymes were then filtered
through a low protein binding 0.45 pm filter (Whatman Scientific Ltd, UK) to remove
any insoluble material and its asparaginase (Ruyssen & Lawers, 1978) or catalase
(Beers & Sizer, 1952) activity determined spectrophotometrically. Estimation of
asparaginase concentration was carried out by the Bradford method (Bradford, 1976)
and catalase by measuring the absorbance at 405 nm. CA content was measured at 570
nm by the resorcinol method (Svennerholm, 1957). The radioactivity of the final
solutions was measured in triplicates in 10 pi aliquots mixed with 4 ml scintillation
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cocktail in a Wallac 1409 beta-counter connected to a PC (Wallac UK Ltd, UK).
Specific radioactivity was expressed in dpm/mg protein.
The amount of radiolabel incorporated into the protein was determined by
TCA precipitation. A 100 pi aliquot of the labelled protein was mixed with 100 pi of a
10% BSA solution in an Eppendorf tube and the proteins were precipitated by the
addition of 200 pi of a 20% TCA solution. After incubation at 4°C for 1 h, the samples
were centrifuged (Biofuge 13, Heraeus Equipment Ltd., UK) at 3000 x g for 15 min.
The radioactivity content of the supernatant and the pellet (recovered with 100 pi 0.1 N
NaOH) was determined (10 pi aliquot) in triplicate. The ratio of counts in the pellet to
those of total radioactivity, multiplied by 100 gives the percentage of radioactivity in
the protein. Solutions containing a known amount of catalase were kept at -40°C.
Asparaginase was freeze-dried and stored at 4°C.

5.2.4 Animal experiments
5.2.4.1 Catalase

Groups of five mice were injected into the tail vein with 1 mg of radiolabelled
native and polysialylated catalase. Animals were bled at time intervals and heparinized
blood (50 pi) placed in 450 pi buffered saline (0.05M sodium and potassium
phosphate buffer containing 0.9% NaCl) was spinned at 3000 rpm (Biofuge) for 10
min. A 250 pi sample of the supernatant (corresponding to plasma from 25 pi blood)
was mixed with 4 ml of scintillation liquid and radioactivity (dpm) measured for 300 s.
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S.2.4.2 Asparaginase

Freeze-dried radiolabelled native and polysialylated asparaginase samples
were recovered with filter-sterilized PBS just prior to use. Groups of four male T/0
mice (25-30 g body weight) were injected intravenously (i.v.) in the tail vein with the
equivalent of 1.0 mg protein. (In the dose-response experiments animals were injected
with 0.5, 1.0 and 2.0 mg protein). At time intervals, 50 pi of blood were removed into
heparinized capillaries and diluted 1:10 with buffered saline, centrifuged at 3000 rpm
for 10 min and the plasma obtained kept frozen at -40°C. Diluted plasma was assayed
for residual enzymatic activity within 24 h of bleeding. Preliminary experiments
showed that endogenous plasma asparaginase activity was absent. Radioactivity (dpm)
was measured in a 100 pi diluted plasma sample and counted for 300 s as already
described for catalase.

5.2.5 Estimation of enzyme pharmacokinetics after a single injection

After intravenous (i.v.) dosing of a drug, the latter mixes rapidly in the plasma
(central compartment) and then starts to distribute into the tissues (tissue compartment).
Depending on the drug, this distribution phase can be faster or slower. Drugs that are
slow in tissue distribution (e.g. present enzymes), exhibit a curved log plasma
concentration (C), time (t) plot. Thus, the shape of the log C vs t curve following i.v.
dosing gives information on the mathematical model that applies to a particular
pharmacokinetic profile. Pharmacokinetic parameters were calculated on the basis of
an open two-compartment model (single i.v. dosing), using a Microsoft Excel
spreadsheet (version 5.0, Microsoft Corporation, 1993). Since equal amounts of protein
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given to the animals do not correspond to equal enzyme activity or radioactivity (due
respectively to differences in enzyme activity retention and labelling efficiency between
preparations with different degrees of modification), plasma radioactivity and enzyme
activity levels were always expressed as % of the initial dose, i.e. amount of
radioactivity (d.p.m.) and enzyme activity (U) injected.

5.2.5.1 Terminal elimination rate constant (P)

The terminal elimination rate constant of the enzyme preparations was
calculated by linear regression of the terminal portion of the semi-logarithmic plots of
% dose vs time curves: p = - slope x 2.303 (h '^)

5.2.5.2 Terminal half-life (Imp)

The terminal half-life of the enzyme reflects the time that takes for its plasma
level to halve, once its clearance pattern is linear. It should be noted that the half-life
of a drug always reflects both its distribution and elimination (Gibaldi, 1991). It was
calculated as: ti/2p = 0.693 / P (h)

5,2.53 Area under the curve to infinity (AUC)

The areas under the % of injected dose vs time curves from time zero to 48 h
(AUCo^g) and 72 h (AUC0.72) were estimated by the linear trapezoidal rule. The
extrapolated area under the plasma concentration-time curves from 48 and 72 h to
infinity were estimated from C4g/p or C72/P, where C48 , C72 and p are respectively the
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concentration at 48 h, the concentration at 72 h and the terminal elimination constant.
AUC (U ml'^ h) was normalized to a dose of 2.0 xlO^ dpm (catalase) and 500 U of
injected asparaginase. The total blood volume of mice was assumed as 2 m l, i.e. ~ 7%
of the body weight (Senior et al., 1991).

5.2.5.4 Apparent volume o f distribution (Vdp )

Vdp is a proportionality constant that relates the amount of drug in the body to
drug concentration in the plasma during the terminal (log-linear) phase of drug
elimination (Gibaldi, 1991) and is given by: Vdp = i.v. dose / AUC x p (ml). Values
were normalized as described for the estimation of AUC.

5.2.6 Statistics

A Student’s t-test was used for paired comparisons. When variances of the
two groups were not homogeneous, a Mann-Whitney test was used instead.
Multiple comparisons were made by a one way analysis of variance
(ANOVA) and p values corrected by the Bonferroni test. ANOVA tables were
omitted with only the Bonferroni p values being given in the text. ANOVA is based
on the assumption that not only do the populations have a normal distribution but also
that all of them have the same variance. Data obtained from animal experiments often
showed differences in variances but in practice, since the number of animals in each
group was always four, the equality of variances is not considered of crucial importance
(Erickson & Nosanchuck, 1992; Ryan et al., 1985). All statistical calculations were
performed using GraphPad InStat (GraphPad Software, version 1.15,1990).
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5.3 Results and Discussion
5.3.1 Radiolabelling

Prior to any in vivo experiments it was deemed appropriate to double-label the
polysialylated enzymes in the protein and the carbohydrate moieties respectively. This
was particularly important in the case of catalase since, due to the high endogenous
blood catalase levels in mice, the decay of catalase activity could not be properly
followed. The method of choice for the double isotopic labelling, would seem to be
radioiodination (Greenwood & Hunter, 1963) of the protein and labelling of colominic
acid by use of NaB[^H]4 following its periodate oxidation. The latter procedure has
been described elsewhere (Lifely et al., 1986). However, as reduction of the aldehyde
group by NaB[^H]4 to introduce the tritium label regenerates back the alcohol, this
radiolabelling technique would prevent the subsequent coupling of CA to the
enzymes by the reductive amination method. As an alternative, it was thought that if
NaCNB[^H]3 was added in the reaction mixture, coupling and labelling would occur
simultaneously. The reduction of the intermediate Schiff s base double bond (C=N)
to a secondary amine by transference of an hydride ion of the tritiated sodium
cyanoborohydride (Walker, 1976), incorporates the ^H label at the linkage point. The
radiolabelled polysialylated catalase and asparaginase conjugates were prepared
under conditions {i.e. CA:enzyme molar ratio in the coupling media) that were
identical to those used for the unlabelled conjugates (see 4.2.3.1 and 4.2.3.2
respectively) and they were equivalent to the unlabelled polysialylated enzymes in
terms of degree of polysialylation and enzyme activity retention on coupling.
Native enzymes were radiolabelled by a similar method using formaldehyde,
a low MW aldehyde that would not introduce major changes in the size of the
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protein. Although tritiation of proteins by reductive méthylation has already been
reported as a very mild procedure that leads to no loss of enzyme (Gregoriadis &
Ryman, 1973; Rice & Means, 1971) or biological activities (Tack et al., 1980), it is
necessary to establish the best reaction conditions for a particular protein. Jentoft &
Dearborn (1979) for instance, observed rapid inactivation of certain enzymes by
reductive méthylation and suggested a relationship between inactivation and the
modification of essential enzyme amino groups. Under the conditions used here,
native enzymes retained 95-98% of their enzymatic activity upon labelling. This is
not surprising since covalent coupling of CA to either catalase or asparaginase under
harsher conditions (35-40°C for 48 h) did not lead to extensive loss of activity (see
4.3.3 and 4.3.5.2).
The first purification step after labelling (ammonium sulphate precipitation
of the proteins) allows for the removal of most of the reaction components,
minimizes the handling of the excess of radioactive material and, at the same time,
concentrates the proteins. The polishing of the preparations was achieved by
extensive dialysis against PBS in the case of asparaginase. Since, in order to
eliminate the whole of the non-protein-associated label, dialysis had to be carried out
for at least 36 h and as metaloproteins are known to lose activity on prolonged
dialysis due to metal loss (Harris, 1989b), gel filtration was used instead for catalase.
The electrophoretic behaviour of labelled and unlabelled preparations of both
native and polysialylated enzymes, was compared by SDS-PAGE. Tritiated enzymes
were shown to behave similarly to the unlabelled ones indicating that no crosslinking between the enzyme subunits had occurred on labelling (Fig. 5.1). Since
formaldehyde is a well known cross-linking agent by formation of methylene bridges
(Means & Feeney, 1995), the time of contact of this reagent with the native enzymes
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was kept to a minimum. In addition, the cross-linking effect o f formaldehyde was
shown to be minimal (Jentoft & Dearborn, 1979) in the presence o f NaCNBHs due to
the rapid reduction o f the intermediate S ch iff s base. Gels loaded with up to 1 pg
protein/lane (not shown) did not evidence the formation o f higher MW m olecules or
degradation products. This is particularly significant if we consider that the limit o f
detection o f the rapid silver staining method used is 1 ng o f protein (Sigma technical
bulletin No. RSK-100, 1993). Other authors (Jentoft & Dearborn, 1979; Tack et al.,
1980) have also reported the absence o f inter-molecular cross-linking upon reductive
méthylation o f other proteins such as haemoglobin.
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Fig. 5.1 SDS-PAGE o f native and polysialylated catalase and asparaginase before and after
labelling. Gel (12.5% acrylamide) was loaded with ~ 0.1 pg protein per lane and silver
stained. Lanes correspond to MW standards (a), labelled polysialylated catalase (b),
unlabelled native catalase (c), labelled native catalase (d), MW standards (e), unlabelled
native asparaginase (f), labelled native asparaginase (g), labelled polysialylated asparaginase
(h) and MW standards (i). Numbers to the right indicate the molecular mass (kOa) o f the
standards.
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Fig. 5.2 Molecular sieve chromatography on Sephadex G-25 of tritiated asparaginase. A,
native and B, polysialylated enzyme. Coincident tritium and protein peaks indicate that the
majority of the label is protein-bound. The column (pasteur pipette) was equilibrated with
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Prior to any in vivo experiments it was important to establish that tritium
was indeed associated with the protein. Thus, the extent of protein-bound
radioactivity was

evaluated by

size

exclusion

chromatography

and

TCA

precipitation. Typically, in both native and polysialylated enzyme preparations,
between 90 and 95% of the radioactivity could be precipitated by 10% trichloroacetic
acid. On Sephadex G-25 (Fig. 5.2) asparaginase and most of the

label eluted

together in the void volume of the column. Comparison of the AUCs showed that
92.2% of the label was linked to the native enzyme (Fig 5.2A). In the polysialylated
asparaginase preparation (250:1 CA:asparaginase molar ratio in the reaction mixture)
colominic acid eluted, as expected, in the void volume of the column (Fig 5.2B) and
91.9% of the tritium was protein-bound. Similar profiles were obtained for tritiated
catalase, with respectively 95.5% (native) and 93.4% (polysialylated) of the
radiolabel eluting in the protein peak.
The major drawback of this radiolabelling method is the generally low
specific radioactivity achieved (Means & Feeney, 1995). Results obtained for two
different preparations of catalase and asparaginase are presented in Table 5.2. Higher
yields were obtained for the native enzymes, which is not surprising since
formaldehyde is a much smaller molecule than CA and was used in a higher
aldehydeiprotein ratio (300:1) than CA. Under the same reaction conditions, native
catalase radiolabelling was almost two-fold more effective than with native
asparaginase, probably reflecting the fact that catalase has more lysine groups (108)
(Abuchowski et al., 1977b) available per molecule than asparaginase (72) (Benbough
et al., 1979). Another plausible explanation is based on differences of surface
availability of these lysine residues due to distinct tertiary conformations of the
enzymes. The labelling efficiency of the method could have been improved by
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increasing the time of reaction or the temperature at which labelling was performed
(Jentoft & Dearborn, 1979). The observed rapid proton exchange that occurs between
NaCNB[^H]3 and water (Means & Feeney, 1995) can also account for the poor
labelling efficiency. However, it was thought that in our particular case, preserving
the characteristics of the native enzymes was more important than obtaining a
preparation with higher specific radioactivity, as long as the blood decay of tritium
could be properly followed.

Table 5.2 Specific radioactivity of catalase and asparaginase radiolabelled by reductive
amination. CArenzyme molar ratios in the reaction mixture are also indicated. Unbound
tritium was removed, samples filtered (0.45 pm membrane) and protein concentration and
radioactivity determined. For more details see the Materials and Methods. Results shown are
means of two different preparations.
Specific radioactivity x 10'^ (dpm / mg protein)
Catalase

Asparaginase
50:1
100:1

native

50:1

native

3.12

0.61

1.43

0.69

1.15

1.48

2.33

0.59

1.55

0.64

0.98

1.33

250:1

As expected, the incorporation of the label in the modified enzymes was
dependent on the extent of their polysialylation: the higher the CA:enzyme molar
ratio used in the reaction mixture the higher the specific radioactivity attained. In this
case little could be done to incorporate more label, apart from using a relatively high
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radioactivity level (1 mCi = 2.2 x 10^ dpm) since radiolabelling was directly related
to the efficiency of CA-enzyme conjugation. As

is a long-lived isotope (half-life =

12.3 years), tritiated proteins can be stored at least for up to a year (Tack et al., 1980),
their shelf-life being only dependent on the enzyme’s stability.

100

0
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20

30

40

50

Time (h)
Fig. 5.3 Removal of unlabelled native asparaginase from the blood circulation of mice (n=4)
after intravenous administration of 1 mg of enzyme. Asparaginase activity was undetectable
at 72 h. Results are mean ± s.d.
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It was also deemed important to establish beforehand that tritiation of the
enzymes does not affect their clearance pattern from the blood circulation.
Unlabelled asparaginase (1 mg) given intravenously to mice (Fig. 5.3) shows a
pattern of plasma enzyme activity decay that is almost identical to that observed for
the tritiated enzyme (Fig. 5.5) indicating no change upon labelling (there was no
asparaginase detectable in the blood of naive mice). Estimated pharmacokinetic
parameters for labelled and unlabelled asparaginase are presented later in the text
(see Table 5.6) and comparison between them did not show any statistical
significance. As already discussed, the effect of labelling on the blood clearance of
catalase could not be evaluated because of the interference of endogenous catalase
activity.

5.3.2 Pharmacokinetics

Pharmacokinetics involves the study of the rates of absorption, distribution,
metabolism and elimination of drugs after administration to animals (Shargel & Yu,
1985). Here, the pharmacokinetics of polysialylated catalase and asparaginase were
compared to the native enzymes in intravenously injected mice. To characterize
enzyme pharmacokinetic behaviour after i.v. dosing, several parameters were
estimated experimentally: a) plasma elimination rate constant (P), b) plasma terminal
half-life (ti/2p), c) area under the plasma concentration vs time curve (AUC) and d)
mean apparent volume of distribution (Vdp).
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5.3.2.1 Catalase

Use of acatalasémie mice, an animal model where blood catalase levels are
very low (Feinstein et al., 1966), would have been ideal in the evaluation of the in
vivo behaviour of the native vs polysialylated catalase. However, as such mice could
not become available, tests were carried out in normal T /0 outbred mice, by
following the decay in radioactivity. It should be noted that the label (^H) is attached
to the site of CA-enzyme covalent bond (see 5.3.1) and thus

clearance should

reflect that of the conjugate.
Most of the injected [^H]catalase was eliminated from the circulation of
mice within minutes. After 30 min, only 20% of the injected dose was still
circulating and it was only after 3 h that some difference between native and
polysialylated catalase was observed. Both native and polysialylated catalase
exhibited a curved log % dose vs time (Fig. 5.4) profile indicating a biphasic
disposition kinetics. The first part of the curve is the a phase during which the drug
is being distributed out of the plasma into tissues or extravascularly. The second,
straight line part is the p phase, during which the complete volume of distribution has
been attained and drug elimination proceeds. The transition between a and p phases
occurred at about 4 h after dosing. Pharmacokinetic parameters estimated as
described in Methods are presented in Table 5.3 together with a summary of the
statistical analysis.
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Table 5.3 Pharmacokinetic data obtained from plasma residual radioactivity for native and
polysialylated catalase. AUC and Vdp were normalized to a 2 x 10^ dpm dose. Results were
compared by the Student’s t-test or the Mann-Whitney U (*) method. n.s.= not significant
(p>0.05).
Preparation

p

tl/2p

AUC X 10'^

Vdp

(h-‘)

(h)

(dpm ml'^ h)

(ml)

Native

0.029 ± 0.008

24.32 ± 7.22

167.73 ± 14.55

48.85 ±3.80

Polysialylated

0.025 ± 0.004

28.47 ±4.15

273.29 ± 52.59

25.39 ±3.63

Significance

n.s.

n.s.

0.015 *

<0.0001

Disappointingly, although the calculated half-life for the polysialylated
catalase was slightly improved it was not statistically different from that found for
the native enzyme. A value of ti/2a of 17 min has been reported for the native enzyme
in intravenously injected mice in contrast to a ti/2a of 140 min observed for dextrancatalase conjugates (degree of modification 10:1 dextramenzyme on a weight basis)
(Marshall et al., 1977). PEG-catalase adducts (43% of the amino groups modified)
circulated in acatalasémie mice for 48 h while unmodified catalase was reduced to
endogenous levels within 12 h (Abuchowski et al., 1977b). Nevertheless, it should be
noted that the polysialylated catalase in the present work only had 3.5% of the
available amino groups substituted (see Table 4.3) and that the measurement of
enzyme activity would have given a much more accurate estimate of the half-lives.
Similar experiments with asparaginase (described latter in this chapter) showed that
comparison of the half-life of a preparation obtained (as with catalase) at a 50:1
CA:asparaginase ratio in the reaction mixture (preparation A ’) was not statistically
different when calculated on the basis of label clearance (Table 5.5). Half-lives were
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Fig. 5.4 Clearance of radiolabelled native (O) and polysialylated catalase (#) from the
blood of intravenously injected mice. Animals (n=4 for native and n=5 for polysialylated)
were given 1.0 mg of enzyme and radioactivity measured in the plasma at time intervals.
Results are mean ± s.d.

however, different (p<0.01) when the blood asparaginase activity decay was
considered (Table 5.7).
The AUC (a measure of the amount of drug that passes through the plasma)
was however, increased about 1.5 fold by polysialylation while the apparent volume
of distribution of the polysialylated catalase was significantly reduced. The increased
AUC results from the slower enzyme clearance rate in the a phase (Fig. 5.4). The
decrease in the apparent volume of distribution (ratio of drug in the body/drug in
circulation), from 49 ml to 25 ml probably reflects the increased difficulty of the

173

polysialylated enzyme to extravasate to the extravascular space on account of its
increased molecular weight. (For more details see section 5.3.2.2).

53,2,2 Asparaginase

Having established in preliminary work (see 5.3.1) that tritiation of asparaginase
does not alter its pattern of clearance (in terms of enzyme activity) from the circulation
of mice, the clearance of tritiated asparaginase was compared with that of the tritiated
polysialylated constructs. The radiolabelled polysialylated enzyme conjugates are
designated here as native’, A’, B’ and C’ and, as already discussed in 5.3.1, essentially
corresponded to the unlabelled preparations native. A, B and C (see 4.3.5.2).
In line with our expectations, it was found in mice that the polysialylated
asparaginase remains in the circulation of injected mice for longer periods than the
native enzyme. (Table 5.4 and Fig. 5.5). Thus, whereas native asparaginase activity
was undetectable (Fig 5.5B) in the plasma 72 h post injection, the activity of the
polysialylated enzyme was present at levels between 5 and 12% of the injected dose,
depending on its degree of polysialylation. Both unmodified and polysialylated
asparaginase preparations followed a biexponential decay with the bulk of the dose
being eliminated very rapidly (about 75% and 60-65% of native and polysialylated
asparaginase respectively) being cleared within 2 h after injection. The remainder of
the dose exhibited a slower, linear clearance rate (Fig. 5.5 A,B) similar to what was
observed for catalase. The slopes of the terminal part of the semi-logarithmic plots of
remaining radioactivity or enzyme activity represent the rate of enzyme clearance
from circulation (P) and from this parameter terminal half-lives (ti/2p) were estimated
as in 5.2.5.2.
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Fig. 5.5 Clearance of radiolabelled native ( • ) and polysialylated asparaginase from the
blood of intravenously injected mice. Polysialylated asparaginase prepared with: 50:1 (□),
100:1 (■), 250:1 (O) CA:asparaginase molar ratio in the coupling reaction. Plasma was
assayed for residual
label (A) and asparaginase activity (B). Results are mean ± s.d.; n=4
animals. *Native asparaginase activity was not detectable at 72 h.
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Table 5.4 Terminal half-lives of colominic acid-asparaginase conjugates intravenously injected in mice. Animals (n==4) were given 0.5, 1.0 and 2.0 mg
of asparaginase and radioactivity and enzymatic activity were determined in the plasma at time intervals. Circulatory half-lives were estimated from
the slope of the linear part of the plots. Values denote mean ± s.d. (for further details, see the text).

Terminal half-lives (ti/2p)
Preparation

o\

CA:asparaginase
in reaction
(molar ratio)

0.5 mg
Activity

1.0 mg
label

Activity

2.0 mg
label

Activity

label

Native’

-

14.91 ± 1.63

19.60 ±1.83

15.27 ± 1.45

20.68 ± 2.66

15.10±2.15

21.13 ±2.89

A’

50: 1

22.75 ± 1.42

23.12 ±2.09

23.46 ± 1.32

22.41 ± 1.86

24.24 ± 1.90

23.68 ±2.20

B’

100: 1

26.34 ±2.10

24.04 ± 2.50

27.19 ±3.05

25.72 ±4.55

26.93 ± 2.52

27.42 ± 1.87

C’

250: 1

36.90 ±2.39

37.15 ±3.01

37.76 ± 1.39

38.47 ±4.94

37.64 ±2.36

37.92 ± 2.90

To investigate the effect of injected dose of enzyme on its circulatory life
time, mice were injected with 3 different doses (0.5, 1.0 and 2.0 mg) and the terminal
half-lives are shown in Table 5.4. The kinetic profiles were similar for the same
preparation and degree of modification for all the tested doses (see Fig.5.5 for the 1.0
mg dose). Estimated half-lives compared by ANOVA, showed no statistically
significant difference, suggesting that the rate of asparaginase clearance from the
circulation is independent of the injected dose, at least in the dose range tested. This
is in aggreement with reports (Benbough et al., 1979) on the same enzyme modified
with dextran and injected intraperitoneally in rabbits.
It was of interest to note that both clearance patterns (e.g. Fig. 5.5; 1.0 mg
dose) and terminal half-lives (Table 5.4), derived from either radioactivity or enzyme
activity were similar for all the polysialylated conjugates, regardless of the degree of
polysialylation. This confirms that radioactivity measurements accurately reflect the
presence of active enzyme. With the native asparaginase (e.g. 1 mg dose) however,
there was a significant difference (p=0.01; Student’s t-test) between the half-life
estimated on the basis of radioactivity clearance (20.7 h) and the half-life of enzymatic
activity (15.3 h), indicating partial loss of enzyme activity in the blood circulation, i.e.
although the enzyme is still circulating asparaginase activity is not wholly preserved.
This could be attributed to the native enzyme being more sensitive to plasma proteases
in vitro than the polysialylated enzyme (see Fig. 4.17).
Comparison of the terminal half-lives (obtained on the basis of enzyme activity
and radioactivity) of all the preparations by ANOVA, showed statistically significant
differences only when enzyme activity was considered (Table 5.7). On the other hand,
when radioactivity was taken into account, only the preparation 'with the highest level of
polysialylation showed a significant difference from the control (Table 5.5), possibly
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because of the anticipated (see Fig. 4.17) greater vulnerability to plasma proteases of
enzyme conjugates with reduced degrees of polysialylation.. In view of the above, it was
considered more legitimate (in terms of the enzyme’s therapeutic value) to calculate the
pharmacokinetic parameters presented in Table 5.6, on the basis of enzyme blood
activity decay. Since no dose dependency was observed (see above), only the
pharmacokinetic data obtained for the 1.0 mg dose are presented.

Table 5.5 Statistical analysis of the half-lives estimated from residual
in the plasma for
the 1.0 mg dose. Results were compared by ANOVA and p values corrected by the
Bonferroni method. n.s.=not significant (p>0.05); * p<0.05; ** p<0.01.
Native’

A’

B’

C’

Native’

—

n.s.

n.s.

**

A’

n.s.

—

n.s.

**

B’

n.s.

n.s.

—

*

C’

**

**

*

—

Comparison of the pharmacokinetic parameters (Table 5.6) obtained for
native unlabelled and [^H]asparaginase (native’) by the Student’s t-test demonstrated
their similarity and supported the validity of using tritiated asparaginase in the
pharmacokinetic experiments. When multiple comparisons were made to investigate
the influence of the degree of polysialylation on the enzyme’s kinetics, results were
analysed by ANOVA and when differences were found significant, adjusted t-tests
with p values corrected by the Bonferroni method were performed.
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Table 5.6 Summary of the pharmacokinetic parameters obtained from blood asparaginase
activity levels after i.v. injection of 1.0 mg of enzyme, AUC and Vdp were normalized to a
500 U dose. Results represent mean ± s.d. from 4 animals. ‘ denotes radiolabelled
preparations.
Preparation

P (h -‘)

ti/2p (h)

AUC (U ml'^ h)

Vdp (ml)

Native unlabelled

0.046 ± 0.002

14.95 ± 0.60

1338.09 ± 192.33

8.18± 1.15

Native’

0.046 ± 0.004

15.27 ± 1.45

1356.14 ±200.87

8.29 ±1.65

A’

0.030 ± 0.002

23.46 ± 1.32

3118.18±238.16

5.45 ± 0.50

B’

0.026 ± 0.003

27.19 ±3.05

3623.33 ±348.55

5.47 ± 0.92

C’

0.018 ±0.001

37.76 ± 1.39

5503.35 ±659.98

5.00 ± 0.60

It is apparent from Table 5.7 that the protein’s elimination rate, half-life and
AUC are dependent on its degree of polysialylation, i.e. the amount of CA linked to
the enzyme’s surface. The elimination rate constant decreased while half-lives and
AUC showed a 1.5-2.5 and 2.3-4.1 fold increase respectively, depending on the
degree of polysialylation (Table 5.6). In no case (Table 5.7), the two preparations
with the lowest level of polysialylation (A’ and B’) showed statistical difference
(p>0.05). However, comparison of the terminal half-lives gives an uncorrected p
value of 0.035 (not shown), indicating that the non-significance of the Bonferroni p
value is only marginal. The volume of distribution did not seem to depend on the
degree of polysialylation although values for all the polysialylated preparations were
statistically different fi*om the native enzyme. As observed with catalase, Vdp for
asparaginase was also reduced by polysialylation.
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Table 5.7 Statistical analysis (ANOVA) of the pharmacokinetic parameters obtained for
tritiated native and polysialylated asparaginase at different degrees of modification. n.s.=not
significant (p>0.05); * p<0.05; ** p<0.01; *** p<0.001 (Bonferroni p values).
Pharmacokinetic parameters
Comparison
p

tl/2p

AUC

Vdp

Native’ vs A’

**

**

**

*

Native’ vs B’

***

***

**

*

Native’ vs C’

***

***

***

*

A ’ V5 B’

n.s.

n.s.^

n.s.

n.s.

A ’ V5 C’

**

***

***

n.s.

B’ V5 C’

*

**

**

n.s.

‘ Uncorrected p value = 0.035.

Half-life values (14.9-21.1 h) obtained for the native asparaginase injected
intravenously into mice are not in aggreement with the values of 4.1 (Mashbum &
Landin, 1970), 5.0 (Uren & Ragin, 1979) and 7.5 h (Benbough et al., 1979) reported
by other authors for intraperitoneally injected asparaginase from Erwinia carotovora.
This could be attributed to the different strains of mice used or, more probably, to the
fact that the amount of enzyme activity injected (between 10 (Uren & Ragin, 1979) and
40 (Benbough et al., 1979) U/animal) was too low for the accurate measurement of
activity over extended periods of time, leading to underestimates for the half-lives.
The mechanism of clearance of foreign proteins has already been discussed
in Chapter 1 (see 1.3). High molecular weight proteins such as catalase and
asparaginase, due to their colloidal nature, are presumably rapidly cleared from the
blood circulation through unspecific uptake by the phagocytic cells of the
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mononuclear-phagocytic system (MPS) (Bocci, 1987) predominantely in the spleen
and Kupffer cells in the liver.
In the case of asparaginase for instance, it is known that one of the routes of
the enzyme elimination is by passage to the extravascular compartment (Putter,
1970). However, since only a small amount of the enzyme was found in the lymph
(Hall, 1970) and no asparaginase activity is present in the urine of treated animals
(Putter, 1970; Hall, 1970) including man (Schwartz, 1970), it was suggested that
asparaginase removal from the blood was indeed mainly due to MPS uptake (Bocci,
1987). On the other hand. Ho et al (1971) excluded the involvement of the
phagocytic system in asparaginase clearance, since zymosan, a substance that initially
blocks the MPS did not affect the rate of its elimination in dogs and guinea pigs.
However, it must be stressed that there is also the possibility of asparaginase having a
receptor in the liver in which case zymosan blocking would be ineffective. The same
author though, did not rule out the possibility of the implication of the MPS in the
uptake of foreign proteins such as asparaginase in humans (Ho et al., 1986).
As already discussed (see section 1.3) the liver and kidney (Bocci, 1990;
Kompella & Lee, 1991) are the major organs where protein catabolism occurs but
proteolysis in body fluids such as plasma (Bocci, 1990) also plays an important role.
Molecular weight (Benbough et al., 1979), charge (Mashbum & Landin, 1970; Rutter
& Wade, 1971; Holcenberg et al., 1975) and the presence of specific cellular receptors
for the protein (Kompella & Lee, 1991) are factors likely to influence its clearance
from plasma. Molecular weight, shape and charge for instance, determine the extent to
which macromolecules undergo transcapillary passage or renal filtration (Bocci, 1990).
In the latter case the molecular weight cut-off is 67-68 kDa (Francis et al., 1992) i.e.
much lower than those of asparaginase and catalase (135 and 240 kDa respectively) and
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a further increase in size by polysialylation could not be responsible for the improved
half-life of the enzyme. In fact, if only molecular weight was to be taken into account,
the opposite effect would be expected because of the increased probability for the
adduct to be taken up by the MPS (Ryser, 1968). On the basis of data in Fig. 4.17 it is
more likely that the increased residence of the polysialylated asparaginase in the
circulation can be partially explained by its improved resistance to plasma proteases.
Catalase was also more stable in the presence of proteases, completely resisting
degradation by chymotrypsin (Fig. 4.ISA) and losing only some of its activity in the
presence of trypsin (Fig. 4.1 SB). Alternatively, it is also feasible that upon
polysialylation and as a result of the loss of some of the free e-amino groups through
the coupling of the negative chains of CA, the resulting protein is intrinsically more
negative. This anionic character of the polysialylated asparaginase and catalase together
with a shielding effect of the CA chains, could reduce the interaction of the enzymes
with blood and tissue components (Tomlinson, 1990) and thus curtail enzyme
recognition and removal from the circulation. Further investigations are however
necessary to support this hypothesis.
Results suggest that since the polysialylated asparaginase exhibits a longer
plasma clearance time, it may be more effective as an anti-tumor agent than the
native enzyme, since its target (asparagine) is circulating. The improved
pharmacokinetics observed for catalase may also result in a more effective
therapeutic use of the enzyme in oxidative stress-associated diseases. Moreover,
since the extent of retention of enzymatic activity does not seem to vary with the
degree of polysialylation, at least up to the level achieved in the present experiments
(see Chapter 4), the circulatory residence of asparaginase and catalase could be
further extended by augmenting the number of coupled CA molecules.
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Chapter Six
Im m unological evaluation o f the polysialylated
catalase and asparaginase
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6.1 Introduction

It is well known that foreign, high molecular weight protein drugs such as
asparaginase and catalase are usually immunogenic (Roitt, 1994) and that this is one
major limitation to their use in human therapy. Upon the development of clearing
antibodies against a particular protein, it is likely that, on subsequent injections the
protein will show rapid removal from the blood circulation with the consequent need of
increasing the therapeutic dose and the frequency of protein administration.
Polysialylation can theoretically mask the enzyme’s antigenic determinants but it is also
a potential source of increased immunogenicity. Covalent coupling of carbohydrate
haptens to carrier proteins is a common strategy in vaccine design because it enhances
the immunogenicity of the saccharides by converting them to thymus-dependent
antigens (Devi et al., 1991). Even, if CA alone (Wyle et al., 1972) or as a protein
conjugate (Jennings & Lugowski, 1981) is a poor immunogen, it will definitely alter
the protein’s net charge and there is also the possibility of enhancing immunogenicity
by altering the three-dimensional structure of the protein.
Therefore, if polysialylated catalase and asparaginase are to be used in therapy it
would be useful to evaluate their immunological properties as compared to the native
enzymes. In the present chapter, experiments on the immunogenicity (ability to induce
the prodution of specific antibodies) and antigenicity (ability to react with pre-formed
antibodies)

(Van Regenmortel,

1992) of the

enzymes

are

described.

The

pharmacokinetics of native and modified asparaginase in pre-immunized mice was also
determined in order to clarify the role that specific antibodies may play in the enzyme’s
blood clearance and thus predict eventual problems that may arise from the prolonged
use of polysialylated asparaginase in therapy.
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6.2 Materials and Methods
6.2.1 Materials

Table 6.1 Materials used in Chapter 6 with relevant details in parentheses.
M aterial

Source

Bovine serum albumin (BSA; 96-99%)

Sigma Chemical Company, UK

Foetal calf serum (PCS)

Sera-lab Ltd, UK.

Horseradish peroxidase-labe 1led goat anti-mouse IgG

Sera-lab Ltd, UK.

Horseradish peroxidase-labelled goat anti-mouse IgM

Sera-lab Ltd, UK.

o-Phenylenediamine

Sigma Chemical Company, UK

Polystyrene microtiter plates (Immulon 1 and 4)

Dynatech Laboratories, Inc., UK

Sodium cyanoboro^[H]hydride (2.2 Ci/mg)

Amersham International pic, UK

Tween 20

Sigma Chemical Company, UK

All other reagents are described in previous chapters or were of analytical grade.

Animals'. Male Balb/c mice (28-30 g body weight) purchased from Bantin &
Kingman Universal (UK) were used in the immunization studies with native and
polysialylated enzymes. Male T/0 outbred mice (25-30 g body weight) obtained from
Harlan-OLAC UK were used in the determination of asparaginase circulatory half-life
from the blood of pre-immunized mice. All animals were housed for at least one week
prior to their use and a conventional diet and water were available ad libitum.
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6.2.2 Preparation of the polysialylated enzymes

The polysialylated catalase and asparaginase were synthesized and isolated as
described in Chapter 4. For the determination of the half-life of native and
polysialylated asparaginase in pre-immunized mice, the enzyme was tritiated with
sodium cyanoboro^[H] hydride as reported in Chapter 5.

6.2.3 Immunization protocol

Standardized catalase solutions (200 pg/ml) stored at -40°C, were thawed just
before use. In the case of asparaginase, aliquots containing 200 pg of native or
polysialylated enzyme were freeze-dried (Edwards Modulyo, UK) and stored at 4°C.
Immediately before use, 1 ml of filter-sterilised PBS (0.2 pm filter) was added to
obtain a 200 pg/ml asparaginase solution. Groups of five Balb/c mice each were
injected intravenously (i.v.) on day 0 with 0.1 ml of these solutions, i.e. with the
equivalent of 20 pg of enzyme. The procedure was repeated on days 8 and 15 for the
secondary and tertiary responses respectively. The animals were bled on days 7, 14 and
21. In short, 50 pi blood samples were taken from the tail vein into heparinized
micropipettes and immediately diluted into 450 pi buffered saline (0.05 M sodium and
potassium phosphate buffer containing 0.9% NaCl), spinned at 3000 rpm for 10 min
(Biofrige 13, Heraeus) and the diluted plasma (corresponding approximately to 25 pi,
assuming 50% haematocrit) in the supernatants kept frozen at -40°C.
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6.2.4 Determination of antibody titers

Antibody titers were measured by an indirect enzyme-linked immunosorbent
assay (ELISA) (Catty & Raykundalia, 1989). In short, ELISA plates were coated with
the antigen, the serum to be tested then applied and the bound specific antibodies
revealed by an enzyme-labelled anti-immunoglobulin raised in a different animal
species. Addition of the enzyme’s substrate, yields a coloured product whose
absorbance can ultimately be related to the serum antibody titer.

Procedure:

a) Antigen coating
Polystyrene microtiter plates were coated with 60

pi of the native or

polysialylated enzyme solution (2 pg/ml in 0.05 M carbonate-bicarbonate buffer, pH
9.6) and kept at room temperature for 1 h or overnight at 4°C. Plates were washed three
times with PBS containing 0.05% v/v Tween 20 (PBS-T) and tap dried.

b) Primary antibody reaction
In a first step, 60 pi of 1% BSA solution in PBS-T was added to each well to
avoid non-specific antibody binding. Appropriately diluted serum (60 pi) was loaded
on the top well and doubly diluted down the plate. After incubation at room
temperature for 2 h, plates were again washed three times with PBS-T and tap dried.

c) Application o f the secondary antibody
50 pi of goat anti-mouse IgG or IgM conjugated to horseradish peroxidase
(diluted 1/10000 in PBS-T supplemented with 5% foetal calf serum and 1% BSA) was
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added to each well and incubated for 2-3 h at room temperature. After washing three
times with PBS-T, plates were again tap dryed.

d) Development
200 pi of citrate-phosphate buffer, pH 5.0, containing o-phenylenediamine and
30% H2O2 as the substrates of the enzymatic reaction, were added to each well and
incubated again at room temperature for 30 min. The reaction was stopped by the
addition of 25 pi of a 1.5 M H2SO4 solution and the absorbance read at 492 nm in a
microplate reader (Titertek Multiskan® MCC/340).

Antibody titers were estimated from the serum dilution needed to obtain
absorbance readings around 0.20 and are expressed as logio of the serum dilution. In
every run, control wells containing only coating buffer, blocking protein solution,
secondary antibody solution or diluted plasma from intact mice were included. For
details on the preparation of the ELISA buffers and solutions see Appendix 1.

6.2.5 Pharmacokinetics of the native and polysialylated asparaginase in pre
immunized mice

Freeze-dried native and polysialylated asparaginase were recovered with filtersterilised PBS just prior to use. Groups of four T/0 mice each were injected
. protein
intravenously or intramuscularly (i.m.) v^th the equivalent of 20 pg orïoïTdays 0, 7
and 14. Serum IgG titers were measured on days 7 and 14 just prior to boosting and on
day 28 before the clearance study. On day 28, animals were injected intravenously with
1 mg of the corresponding radiolabelled native and polysialylated enzyme in 0.1 ml
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buffered saline and 50

|il samples of blood removed at time intervals were

immediately diluted and centrifuged as above. Diluted plasma was assayed for residual
enzymatic activity and radioactivity as described in 5.2A.2.

6.2.6 Estimation of asparaginase pharmacokinetics in pre-immunized mice

The pharmacokinetic parameters for asparaginase given as a single intravenous
dose in pre-immunized mice, were estimated as already described in Chapter 5, section
5.2.5 for intact animals.

6.2.7 Statistics

Statistical analysis of the results was performed with GraphPad InStat version
1.15 (GraphPad Software, 1990) as reported in Chapter 5. ANOVA tables were
ommited from the text (only the Bonferroni p values are reported). The
pharmacokinetic parameters obtained in pre-immune mice were compared, due to the
non-homogeneity of the variances, by a Kruskal-Wallis test (non-parametric ANOVA)
with Minitab Release 7.2 (Minitab, Inc., 1989).
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6.3 Results and Discussion
6.3.1 Immunogenicity of the polysialylated enzymes

Initial experiments were performed to test the immunogenicity of both
polysialylated catalase and asparaginase on repeated injection, as compared to the
native enzymes. Balb/c mice were chalenged with the enzymes intravenously, as this is
the usual route of administration of the protein drugs.

6.3.1.1 Catalase

Animals were given native or polysialylated catalase (prepared with 50:1
CA:catalase molar ratio and designated here as 50:1) according to the immunization
protocol described in 6.2.3. Serum antibody titers against the homologous antigen, as
measured by ELISA, are presented in Fig. 6.1 A and B. From the same Figure, it is
apparent that although immunological response was clearly not eliminated by
polysialylation, the polysialylated catalase elicited less antibodies (IgM and IgG) when
compared with the native enzyme. After the first injection, polysialylated catalase failed
to produce an IgG response (titers were comparable to blank levels) but after the second
and third injections anti-catalase antibodies were always present. Differences in the
logarithms of the serum dilutions as determined by ELISA, between the two groups of
mice were tested for significance by the Student’s t or Mann-Whitney test (Table 6.2).
Total IgM titers were only significantly reduced by polysialylation in the primary
response. IgG levels for catalase 50:1, on the other hand, were significantly lower than
for native enzyme only in the tertiary response.
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Fig. 6.1 Immunogenicity of native and polysialylated catalase (50:1). Mice were immunized
i.v. with 20 pg of catalase on days 0, 8 and 15 and blood collected on days 7, 14 and 21
(primary, secondary and tertiary responses respectively). Serum IgG (A) and IgM (B) titers
were estimated by ELISA in plates coated with the corresponding antigen. Results are mean
± s.d. of 4 or 5 animals. * indicates level of blank titers.
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Table 6.2 Statistical analysis of the antibody titers against the corresponding antigens,
obtained for mice injected i.v. with native and polysialylated catalase. Results were compared
by the Student’s t or Mann-Whitney test when variances between the two groups were nonhomogeneous. *p<0.05; **p<0.01; n.s.= not significant (p>0.05)
blank levels, statistical
comparison not possible.

Antibody
IgG

IgM

Preparation

Response
Secondary

Primary

Tertiary

50:1
(2)

Native

50:1

Native

50:1

Native

Native
__

—

n.s.^'^

__

**

50:1

(2)

__

n.s.^^^

**

__

Native

__

*

—

n.s.

50:1

*

__

n.s.

—

—

n.s.

—

n.s.
—

It is perhaps not surprising that there was only a modest reduction in the
immunogenicity of the polysialylated catalase considering that the enzyme had only
3.5% of the total amino groups linked to CA (see Chapter 4). The reported ability of
PEG to disguise the antigenic determinants of catalase (Abuchowski et al., 1977b) and
other proteins such as phenylalanine ammonia-lyase (Wieder et al., 1979) albumin
(Sasaki et al., 1993) or superoxide dismutase (Miyata et al., 1988) is dependent on the
degree of pegylation, as already discussed in Chapter 1. For instance, PEG-catalase
modified to different extents (13, 19, 37 and 43% of the amino groups available) when
injected intravenously in rabbits, showed a decrease in antibody production directly
related to the number of PEG chains attached to the enzyme. Total supression of
immunological response was however, only achieved with the preparation most
pegylated. It is thus conceivable that more extensive polysialylation of catalase could
further reduce its immunogenicity, but additional experiments are required.
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6.3.1.2 Asparaginase

Incubation of asparaginase with activated CA in molar amounts equal to 50,
100 and 250, resulted in preparations with increasing number of the available amino
groups substituted (see 4.3.5.2) and are designated here as 50:1, 100:1 and 250:1
respectively. Balb/c mice were intravenously injected with these preparations, at
weekly intervals, as the immune response takes about one week to develop in mice
(Abuchowski et al., 1977b). Seven days after each injection, the total sera IgG and IgM
raised against the corresponding antigen were determined by ELISA and results are
shown in Fig 6.2A and B. As expected, IgG titers increased in the course of the study
for all the preparations whilst IgM levels were more or less constant after the second
injection. In fact, IgM antibodies are the first to be formed (primary response) but in
subsequent exposures to the antigen their production follows the same pattern (Weir &
Stewart, 1993) as in the primary response. B-cells (memory cells) generated on first
contact with the antigen, undergo a class switch to IgG (Weir & Stewart, 1993), which
explains the higher levels of this immunoglobulin found in the secondary and tertiary
responses.
Statistical analysis of the IgG produced during the primary response by
ANOVA, reveals significant differences among the four preparations (Table 6.3). Only
the preparation with the highest degree of polysialylation (250:1) elicited lower IgG
titers than the native enzyme (Fig. 6.2A), although differences were not significant.
Preparations 50:1 and 100:1 were more immunogenic than the native preparation at
p<0.05 (Fig. 6.2A; Table 6.3). The degree of polysialylation also influenced the IgG
production in the primary response as demonstrated by the significant difference when
preparations 50:1 and 100:1 were compared with preparation 250:1. After the third
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Fig. 6.2 Immunogenicity of native and polysialylated asparaginase (50:1, 100:1 and 250:1).
Mice were immunized i.v. with 20 pg of asparaginase on days 0, 8 and 15 and bled on days
7, 14 and 21 (primary, secondary and tertiary responses respectively). Serum IgG (A) and
IgM (B) titers were estimated by ELISA in plates coated with the corresponding antigen.
Results are mean ± s.d. of 4 or 5 animals.

194

Table 6.3 Statistical analysis o f the antibody titers against the corresponding antigens, obtained in mice injected i.v. with native and polysialylated
asparaginase (50:1, 100:1 and 250:1). Results were compared by ANOVA and p values corrected by the Bonferroni method. *p<0.05; **p<0.01;
n.s.= not significant (p>0.05).

Response
Primary
Antibody

IgG

IgM

'O
1 /1

Tertiary

Secondary

Preparation

Native

50:1

100:1

250:1

Native

50:1

100:1

250:1

Native

50:1

100:1

250:1

Native

—

*

*

n.s.

—

n.s.

n.s.

n.s.

—

n.s.

n.s.

n.s.

50:1

*

—

n.s.

*

n.s.

—

n.s.

n.s.

n.s.

—

n.s.

n.s.

100:1

*

n.s.

**

n.s.

n.s.

—

n.s.

n.s.

n.s.

—

n.s.

250:1

n.s.

*

**

—

n.s.

n.s.

n.s.

—

n.s.

n.s.

n.s.

—

Native

—

*

n.s.

**

—

n.s.

n.s.

n.s.

—

n.s.

n.s.

n.s.

50:1

*

—

n.s.

n.s.

n.s.

—

n.s.

*

n.s.

—

n.s.

n.s.

100:1

n.s.

n.s.

—

*

n.s.

n.s.

—

**

n.s.

n.s.

—

n.s.

250:1

**

n.s.

*

—

n.s.

*

**

—

n.s.

n.s.

n.s.

—

—

injection, sera IgG and IgM titers for the polysialylated asparaginase were always
similar to those obtained for the native enzyme (Table 6.3). Results obtained after
repeated injections are especially important in the present work since they are relevant
to the prolonged intravenous therapy with the enzyme.
Although the immunogenicity of asparaginase, unlike catalase, was not reduced
by polysialylation, there was no evidence that new epitopes had been recognized in the
conjugate (see also 6.3.2). Since, the secondary amine bond formed between CA and
asparaginase is chemically stable (Gray et al., 1978) and this type of linkage is not
susceptible to enzymatic degradation (Francis et al., 1996), it is unlikely that the lack of
success in reducing the enzyme’s immunogenicity is due to the premature cleavage of
the conjugate in vivo. Once again, the more plausible explanation comes from the low
degree of polysialylation achieved (a maximum modification of 11% of amino groups
for the 250:1 preparation; see 4.3.5.2). It should be stressed that the immunogenicity of
PEG-asparaginase was reduced or supressed when 56% (Kamisaki et al., 1981) or 70%
(Park et al., 1981) of the enzyme’s free amino groups had been modified respectively.
The reason as to why at even higher degrees of polysialylation than catalase, the
immunogenicity of asparaginase was not reduced is, at present, unclear.

6.3.2 Effect of the coating antigen on antibody titers

Coating of the microtiter plates with the corresponding antigens did not answer
the question as to whether the antibodies present were directed against the enzyme
moiety or to the attached CA. In order to establish the precise structural specificity of
the antibodies formed, antisera raised against each of the asparaginase preparations was
sequentially tested against CA, native enzyme and polysialylated asparaginase (50:1,
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100:1 and 250:1). This approach would also allow evaluation of the antibody
specificity, i.e. whether anti-asparaginase antibodies cross-react with the antipolysialylated asparaginase and vice-versa. In the event of cross-reactivity, the question
arises as to what extent and how does that relate to the degree of polysialylation. The
evaluation of cross-reactivity is of particular importance because it will allow us to
predict whether polysialylated asparaginase can be used in therapy, as an alternative to
the native enzyme, in patients already immune to the latter and thus resistant to the
treatment due to immune clearance.
First, antisera to polysialylated enzymes (catalase and asparaginase) were
examined for the presence of CA specific antibodies. Since the success of an ELISA
assay depends on the binding of the antigen to the microtiter plate, in this particular
experiment in addition to Immulon 1 (the type of plates used in all antibody titer
determinations) Immulon 4 was used as well. The latter type of plates exhibit optimal
binding for hydrophilic macromolecules and thus offer a further guaranty that CA does,
in fact, adhere to the plate. Both Immulon 1 and Immulon 4 (Dynatech Laboratories,
UK) coated with CA as described in 6.2.4 a), showed absorbances comparable to the
controls of negative sera. No antibodies to CA were therefore detectable in serum
samples of mice injected with either polysialylated catalase or asparaginase. Although
covalent coupling of poor immunogens to carrier proteins usually increases their
immunogenicity, this did not appear to happen with CA, in agreement with reports by
Jennings & Lugowski (1981). The same authors demonstrated however, that the
linkage area of constructs obtained by the same reductive amination method is a strong
determinant for the production of antibodies in mice. In the case of polysialylated
catalase and asparaginase, no evidence for the presence of antibodies specific for the
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Fig. 6.3 Effect of the coating antigen on IgG titers. Antisera raised against native (A) and
polysialylated asparaginase (50:1, B; 100:1, C and 250:1, D) were sequentially tested by
ELISA in plates coated with each of the antigenic asparaginase preparations (shown in the
abscissa). Results are mean ± s.d. of 4 or 5 animals.
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Fig. 6.4 Effect of the coating antigen on IgM titers. Antisera raised against native (A) and
polysialylated asparaginase (50:1, B; 100:1, C and 250:1, D) were sequentially tested by
ELISA in plates coated with each of the antigenic asparaginase preparations (shown in the
abscissa). Results are mean ± s.d. of 4 or 5 animals.
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Table 6.4 Statistical analysis of the influence of the coating antigen on IgG titer determination. For each preparation antisera and type of response,
IgG titers obtained with different plate coatings were compared by ANOVA and p values were corrected by the Bonferroni method. *p<0.05;
**p<0.01; ***p<0.001; n.s.= not significant (p>0.05).
Response
Preparation
Native

50:1

100:1

250:1

K)
o
o

Coating
Native
50:1
100:1
250:1
Native
50:1
100:1
250:1
Native
50:1
100:1
250:1
Native
50:1
100:1
250:1

Native
—

n.s.
n.s.
*
—

n.s.
n.s.
n.s.
—

n.s.
* *

***
—

n.s.
*
* *

Primary
50:1
100:1
n.s.
n.s.
—
n.s.
—
n.s.
*
n.s.
n.s.
n.s.
—
n.s.
---n.s.
n.s.
n.s.
**
n.s.
—
n.s.
—
n.s.
Me %
**
*
n.s.
—

n.s.
*

n.s.

250:1
*
*

Native

n.s.

Me

n.s.

Me Me

Me

n.s.

------

--n.s.

n.s.

Me

Me

---

n.s.

Me

Me

n.s.
n.s.
n.s.

n.s.
n.s.

—

n.s.
n.s.
n.s.

—

n.s.

Me

—
Me % Me
Me Me Me
Me Me
-----Me Me

------

n.s.
n.s.
Me
------

Me

n.s.

—

n.s.

Me

n.s.

------

Me Me

50:1
n.s.
—

—

100:1

250:1

Me

Me Me

n.s.

Me

n.s.

n.s.

Me

—

—

n.s.
n.s.
n.s.

Me

Me
Me

Me

n.s.
n.s.
n.s.

n.s.
n.s.

n.s.

—

Me

Me Me

—

n.s.
—

n.s.
n.s.

n.s.

—

n.s.
n.s.

—

—

—

—

Native

------

n.s.
n.s.
Me
—

n.s.
Me Me
Me Me Me

Tertiary
50:1
100:1
Me
n.s.
—
n.s.
—
n.s.
n.s.
n.s.

n.s.
n.s.
n.s.
—

Me

n.s.
n.s.
—

Me

Me

n.s.

n.s.
n.s.

Me
—

250:1

—

n.s.
n.s.
n.s.

—
Me

n.s.
n.s.

n.s.
n.s.
n.s.

n.s.
Me Me

Me Me Me

—

n.s.
—

n.s.
n.s.

n.s.

—

n.s.
n.s.

—

—

Table 6.5 Statistical analysis o f the influence o f the coating antigen on IgM titer determination. For each preparation antisera and type of
response, IgG titers obtained with different plate coatings were compared by ANOVA and p values were corrected by the Bonferroni method.
*p<0.05; **p<0.01; ***p<0.001; n.s.= not significant (p>0.05).

Response
Preparation
Native

50:1

100:1

250:1

K)

o

Coating
Native
50:1
lOO.T
250:1
Native
50:1
100:1
250:1
Native
50:1
100:1
250:1
Native
50:1
100:1
250:1

Native
—

n.s.
n.s.
n.s.
—
n.s.
**
*
—
*
*
n.s.
—
***
**
*

Primary
50:1
100:1
n.s.
n.s.
n.s.
n.s.
—
n.s.
n.s.
**
n.s.
—

250:1
n.s.
n.s.
n.s.
—
*

—
n.s.
n.s.
*

n.s.
—
n.s.
*

—
n.s.
n.s.
***

n.s.
—
n.s.
**

n.s.
n.s.
—
n.s.
n.s.
n.s.
—
*

—
n.s.
n.s.

n.s.
—
n.s.

n.s.
n.s.
—

Native
—

**
**
*
—
n.s.
n.s.
n.s.
—
n.s.
n.s.
n.s.
—
*
n.s.
n.s.

50:1
**
—

n.s.
n.s.
n.s.
—
n.s.
n.s.
n.s.
—
n.s.
n.s.
*
—
n.s.
n.s.

100:1
**

250:1
*

Native

n.s.
—
n.s.
n.s.
n.s.
—
n.s.
n.s.
n.s.
—
n.s.
n.s.
n.s.
—
n.s.

n.s.
n.s.
—
n.s.
n.s.
n.s.
—
n.s.
n.s.
n.s.
—
n.s.
n.s.
n.s.
—

**
**

—

n.s.
—
n.s.
n.s.
n.s.
—
n.s.
n.s.
n.s.
—
n.s.
n.s.
n.s.

Tertiary
100:1
50:1
**
**
—

n.s.
n.s.
n.s.
—
n.s.
n.s.
n.s.
—
n.s.
n.s.
n.s.
—
n.s.
n.s.

n.s.
—
n.s.
n.s.
n.s.
—
n.s.
n.s.
n.s.
—
n.s.
n.s.
n.s.
—
n.s.

250:1
n.s.
n.s.
n.s.
—
n.s.
n.s.
n.s.
—
n.s.
n.s.
n.s.
—
n.s.
n.s.
n.s.
—

linkage area was obtained, since anti-catalase antisera did not cross-react with either of
the polysialylated asparaginase preparations and vice-versa.
The antibody titers of antisera raised against each of the asparaginase
preparations (native, 50:1, 100:1 and 250:1) were determined by ELISA in plates
coated with the same antigenic preparations. Results obtained for total IgG and IgM are
presented in Fig. 6.3A-D and Fig. 6.4A-D. From the Figures, it is apparent that on the
one hand all preparations elicited the production of immunoglobulins (IgG and IgM)
against the enzyme moiety of the adducts, as demonstrated by the serum antibody titers
obtained when the preparations were tested in plates coated with native asparaginase.
On the other hand, there was cross-reactivity (all the preparations) for either of the
immunoglobulins. As a general rule, for the same preparation, the coating of the
microtiter plates with native enzyme led to higher IgG and IgM titers. IgG antibody
titers were reduced as the degree of polysialylation of the coating antigen increased. A
decrease in the antigenicity of the enzyme with increasing degree of modification was
also observed for IgM, for antigens 50:1 and 100:1 but, inexplicably, it increased again
for the 250:1 antigen. The observed differences in antigen-antibody affinity between
degrees of polysialylation were however, not always statistically significant (Table 6.4
and Table 6.5). Analysis of the statistical comparison of the results by ANOVA, was
particularly difficult and did not show any definite trend as to how the degree of
polysialylation may influence the immunoreactivity of the enzyme. Tables 6.4 and 6.5
are presented only for reference.
A plausible explanation for the lowered antibody titers on increasing
modification may be a decreased adsorbance of the polysialylated asparaginase to the
ELISA plates (during the coating step) due to the grafted CA chains. This however,
seems unlikely considering the fact that polysialic acids per se adhere to the polysterene
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microtiter plates (Jennings & Lugowski,

1981). Results thus suggest, that

polysialylation of asparaginase amino groups may sterically hinder the approach of the
antibody to the specific antigen, resulting in diminished antigenicity. This is not
surprising considering that immune complexes are formed by spatial complementarity
and that the forces that bind antigen and antibody together are weakened with increased
distance between the two entities (Roitt, 1994). Although CA was unable to reduce the
immunogenicity of asparaginase, it probably masked some of the antigenic sites of the
enzyme. Another factor that may have contributed to the reduction of antigen-antibody
binding would be the negative charge of CA generating repulsive forces. In a similar
fashion, antibodies specific for native and dextran-conjugated a-amylase exhibited
(Marshall, 1978) decreased binding capacity to the latter, although immunogenicity was
not supressed. Miyata et al. (1988) also reported on the increased immunogenicity but
lowered antigenicity of superoxide dismutase covalentely coupled to dextran, showing
that the two phenomena are independent. As already discussed in Chapter 1, the
reduction of the immunoreactivity of a protein by pegylation is dependent on its degree
of modification and on the shape and molecular weight (Rodera et al., 1992; Sasaki et
al., 1993) of the PEG used.

6.3.3 Pharmacokinetics of asparaginase in immune mice

The presence of specific antibodies against asparaginase in the blood of the
treated mice was likely to modify the enzyme’s pharmacokinetics. Antibodies raised
against protein drugs can be neutralizing or non-neutralizing (Working, 1992).
Neutralizing antibodies lead to the loss of biological properties of the protein, including
its therapeutic action. This is effected either by binding to the protein’s active site or by
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binding at a different site but altering its tertiary structure. With non-neutralizing
antibodies, the drug’s efficacy may also be impaired due to the generally rapid
clearance (Working, 1992) of the immune complexes formed. Evaluation of the
pharmacokinetics of native and polysialylated asparaginase in immune mice, previously
sensitized with the corresponding preparations, was therefore carried out. At first, T/0
outbred mice were immunized by the intravenous route on days 0, 7 and 14 but
granulomas were observed in the tails of the animals given either native or
polysialylated asparaginase. After the time course of immunization, the tail veins
appeared colapsed (probably due to the repeated injections), preventing the withdrawal
of blood at intervals, necessary to follow the enzyme’s blood clearance (it was noted
however, that no adverse effects were observed on i.v. immunization of Balb/c mice
with the same preparations). Mice were therefore immunized intramuscularly,
according to the schedule described in 6.2.5. Total IgG titers obtained for the primary,
secondary and tertiary responses are presented in Fig. 6.5. Although the development of
immune responses is known to depend not only on the species (Van Regenmortel,
1992) but also on the strain used (Working, 1992) as well as the route of
administration, antibody levels for T /0 outbred mice immunized i.m. were comparable
to those obtained with inbred Balb/c mice immunized by the i.v. route (cf. Fig. 6.2A
and Fig. 6.5) (in humans however, asparaginase is more immunogenic by the
intravenous than by the intramuscular route; Keating et al., 1993). Statistical
comparison of the results obtained with the two routes of administration (Student’s ttest) showed no significant difference and was therefore omitted from the text.
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Fig. 6.5 Immunogenicity of native and polysialylated asparaginase (50:1, 100:1 and 250:1
colominic acid:asparaginase molar ratios in the coupling reaction). Mice were immunized i.m.
with 20 pg of asparaginase on days 0, 7 and 14 and bled on days 7, 14 and 28 (primary,
secondary and tertiary responses respectively). Serum IgG titers were estimated by ELISA in
plates coated with the corresponding antigen. Results are mean ± s.d. of 4 animals.

As observed for the animals immunized i.v., there were significant differences
between IgG titers obtained for native and polysialylated preparations (the exception
being the preparation with the highest degree of polysialylation), but only with the
primary response (Table 6.6). From the same Table, it is apparent that preparations 50:1
and 100:1 raised significantly higher antibody titers than the native asparaginase
(p<0.05) and preparation 250:1 (p<0.01). After the second and third injections,
differences between IgG titers obtained for the unmodified and polysialylated
asparaginase were not significant and are not shown here. IgM titers were not
determined in the i.m. immunized mice.
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Table 6.6 Statistical analysis of the IgG titers against the corresponding antigen, obtained in
mice injected i.m. with native and polysialylated asparaginases. Results were compared by
ANOVA and p values corrected by the Bonferroni method (those of the secondary and tertiary
responses were not significantly different and were omitted). *p<0.05; **p<0.01; n.s.= not
significant (p>0.05).
Antibody
IgG

Preparation

Primary response
50:1
100:1
*
*

Native

Native
—

50:1

*

—

n.s.

**

100:1

*

n.s.

—

**

250:1

n.s.

**

**

—

250:1
n.s.

Animals sensitized with a given asparaginase preparation were then injected
intravenously with 1 mg of the same tritiated preparation (radiolabelled preparations
that are equivalent to native, 50:1, 100:1 and 250:1 are designated here as native’, A’,
B’ and C’ respectively). It must be pointed out that, when the clearance study was
performed, all groups of animals had similar antibody titers, independently of the
degree of polysialylation (Fig. 6.5; Table 6.6) of the preparation given. Fig 6.6 shows
the changes in tritium label (A) and asparaginase activity (B) in the plasma of mice
after the administration of the native and polysialylated asparaginase preparations.
Similarly to what was observed in intact animals (5.3.2.2), both native and
polysialylated asparaginase exhibited a biphasic clearance, consistent with a twocompartment distribution model. Immune clearance has probably contributed to the
initially faster removal of enzyme from the circulation (a phase) of pre-immunized
mice, since all animals had significant antibody titers against the homologous antigen.
For example, 30 min post-injection 72% (Fig. 6.6B) of native asparaginase had been
removed fi'om immune mice compared to 63% (Fig. 5.5B) obtained for the intact
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Fig. 6.6 Clearance o f asparaginase from the blood o f pre-immunized mice. Animals were
intravenously injected with radiolabelled native ( • ) and polysialylated asparaginase
prepared with: 50:1 (□ ), 100:1 (■ ) and 250:1 (O ) CA:asparaginase molar ratios in the
coupling reaction. Plasma was assayed for residual
label (A) and asparaginase activity
(B). Results are mean ± s.d.; n=4 animals. Native asparaginase activity was not detectable
after 24 h.
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animals. Immune clearance was however, more marked for the native enzyme and
decreased with increasing polysialylation. In intact mice, preparations A’ and B’ were
circulating after 30 min of injection, at 46% and 51% of the injected dose respectively
while in immune animals only 31% of A ’ and 42% of B’ remained in circulation.
Preparation C’ did not appear to suffer immune clearance, as ascertained by the same
percentage of circulating dose (48% at 30 min) in intact and immune animals.
Table 6.7 summarizes the pharmacokinetics of asparaginase in mice pre
immunized with the corresponding enzyme. Mice immunized with native asparaginase,
cleared the same enzyme from the plasma much more rapidly than did intact animals
(ti/2p= 7.04 and 15.27 h respectively). Blood enzyme levels were undetectable 24 h
post-injection whereas in intact animals, 3% of the injected asparaginase activity was
still present after 48 h (see Fig. 5.5). On the other hand, polysialylated preparations
circulated for more extended periods of time in comparison with the native enzyme,
although their half-life was shorter than observed in intact animals (cf. Table 5.6 and
Table 6.7). Table 6.8 summarizes the statistical comparisons between pharmacokinetic
parameters obtained in intact and pre-immunized mice. It is apparent, that the terminal
half-life of the most polysialylated asparaginase (shown as 37.8 h in intact mice; see
Table 5.6) was particularly affected by the presence of specific antibodies, decreasing
to values (27.5 h) comparable to those of the other, less polysialylated preparations
(Table 6.7). As expected, comparison of the AUCs showed a significant reduction in
immune animals for all the preparations tested (Table 6.8). Vdp remained constant
except for preparation B’, although the reason why is not clear.
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Table 6.7 Pharmacokinetic parameters obtained from blood asparaginase activity levels after
i.v. injection of 1 mg of enzyme in pre-immunized mice (for IgG titers prior to injection see
Fig. 6.5). AUC and Vdp were normalized to a 500 U dose. Results represent mean ± s.d. from 4
animals.
Preparation

p(h-‘)

ti/2p (h)

AUC (U m f‘ h)

Vdp (ml)

Native’

0.099 ± 0.006

7.04 ± 0.41

537.58 ±32.54

9.48 ± 0.87

A’

0.031 ±0.001

22.28 ± 0.60

2034.91 ±81.65

7.91 ± 0.27

B’

0.028 ± 0.002

24.91 ± 1.97

2798.38 ±72.71

6.42 ± 0.47

C’

0.025 ± 0.003

27.50 ±3.04

3523.36 ±252.70

5.67 ±0.89

Table 6.8 Comparison of pharmacokinetic parameters for asparaginase injected intravenously
into intact (Table 5.6) and immunized mice (Table 6.6). Results were compared using the
Student’s t (or the Mann Whitney test when variances were not homogeneous). *p<0.05; **
p<0.01; *** p<0.001; **** p<0.0001; n.s.= not significant (p>0.05).
Pharmacokinetic parameter
Preparation
P

tl/2p

AUC

Vdp

Native’

****

*0)

*(i)

n.s.

A’

n.s.

n.s.

****

*0)

B’

n.s.

n.s.

*0)

n.s.(^)

C’

**

***

**

n.s.
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The pharmacokinetic parameters obtained for the native and polysialylated
asparaginase in immune animals were compared by a Kruskal-Wallis test (nonparametric ANOVA) due to the non-homogeneity of the variances between groups.
Differences amongst groups were found significant for all the parameters considered
(P, p=0.21; ti/2p, p=0.013; AUC, p=0.003; Vdp, p=0.018).

The effect of immunization on the blood circulation time, enzymatic and anti
tumour activity of asparaginase has also been evaluated by Goldberg et al. (1973):
Balb/c mice immunized intraperitoneally over a period of two years with E. coli
asparaginase (with measurable antibody titers in their blood), cleared the intravenously
injected enzyme from the blood circulation within 30 min. On the other hand, the
removal of the enzyme in antibody-free sensitized mice was similar to that observed in
intact animals. The authors concluded that the presence of specific anti-asparaginase
antibodies in the blood limits the chronic use of the enzyme in antitumour therapy. This
aggres with results from another study (Ho et al., 1986), in which patients who
developed anaphylaxis after the administration of PEG-asparaginase (the degree of
pegylation was not reported) showed rapid blood clearance of the asparaginase activity.
These observations are also consistent with the immunological clearance observed
much earlier by Capizzi et al. (1969) for native asparaginase: in spite of continous
therapy, plasma asparaginase levels were consistently low in patients who developed
anaphylaxis.
In contradiction with the above results are observations by Cooney et al. (1970).
Treatment of canine lymphosarcoma with L-asparaginase (source not mentioned) led to
tumour regression when the enzyme was given i.v., on a daily basis, for 37 days. The
half-life of the enzyme, reported on the first injection as 24 h, was not reduced
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considerably after the 37th injection (ti/2=18 h) . The authors, perhaps hastily,
concluded that immunological factors did not markedly affect the clearance of
asparaginase, although antibody titers specific for the enzyme were not measured and
only one animal was included in the experiment.
Anti-asparaginase antibody levels have been related by Wahn et al. (1983) to
differences in asparaginase blood residence. Thus, in children suffering from acute
leukaemia, moderate levels of antibodies raised to L-asparaginase did not only fail to
neutralize the enzyme’s activity, they also led to the prolongation of the enzyme’s
activity half-life in the blood. On the other hand, patients with high anti-asparaginase
antibody levels showed a rapid clearance (Wahn et al., 1983) of asparaginase activity
(as immune complexes) from the blood with a concomitant loss of the enzyme’s
pharmacological action. Asparaginase activity in immune complexes has also been
demonstrated in vitro by others (Peterson et al., 1969; Peterson et al., 1971) although
enzymatic activity in such complexes can be decreased by as much as 50%. Even in the
presence of excess of antibodies, it was impossible to inactivate the enzyme beyond
that value, indicating that the antibody does not bind directly to the active site of the
enzyme but probably limits the accessibility of the substrate (Peterson et al., 1971).
Being a tetrameric enzyme, it is therefore likely that asparaginase in the form of
antigen-antibody complexes, still possesses at least one available active site per
molecule and can thus be enzymatically active.
As already discussed, immune clearance can account for the accelerated blood
disappearance of the enzyme in pre-immunized mice. It is of interest however that, in
the presence of similar sera IgG titers, native asparaginase is removed at higher rates
than either of the polysialylated preparations. This could be explained by the reduced
antigen-antibody affinity observed in the ELISA assays (see 6.3.2) for the latter
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preparations. It is concievable that the chains of CA grafted to the protein, prevent the
anti-asparaginase antibodies from interacting with the antigen effectively. In vivo, this
would lead to blood clearance levels that are more similar to those observed with the
intact mice. Moreover, once formed, circulating immune complexes of polysialylated
asparaginase possibly escape uptake by the MPS due to a shielding effect of the CA
chains, similarly to what is believed to occur Avith the polysialylated asparaginase in
intact mice (see 5.3.2.2). It is also conceivable that the antibody titers achieved in these
experiments (10"^) were not sufficient for a drastic immune clearance to occur, similarly
to the phenomenon described by Wahn et al. (1983). This does not explain however,
the differences observed between native and polysialylated preparations.
Although immunological response, to both native and polysialylated
asparaginase was developed, allergic reactions upon repeated challenge with the
antigens were not observed. Neerunjun & Gregoriadis (1976) reported that intravenous
administration of free asparaginase to both intact and tumour bearing mice previously
immunized with the enzyme, led to severe anaphylaxis and death. In these experiments,
animals were however sensitized with higher doses of asparaginase (100 U/animal)
than in the present study (10 U/animal). Presumably, in that study animals had higher
antibody titers prior to injection (although no titers were reported by the authors).
Lower antibody titers could explain as to why no severe immunological responses were
seen when the clearance experiments were undertaken in immunized animals. Further
immunization experiments are therefore warranted.
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Chapter Seven
C onclusions and future w ork
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The work described in this thesis represents the first attempt to use polysialic
acids, namely colominic acid (CA), in the delivery of proteins as a means to improve
their therapeutic efficacy. It was hoped that the linear, flexible and hydrophilic chains
of the attached polymer would cover antigenic determinants on the surface of the
protein and diminish interaction with tissue and blood components, thus reducing
clearance and therefore increasing the protein’s blood half-life. A summary of the
main findings along with the respective conclusions and major recommendations for
applications and future work, are given in the present Chapter.

In the course of the work, polysialylated proteins were synthesised at first
using a model synthetic protein: poly-L-lysine. The increase in the solubility of the
polysialylated constructs anticipated with poly-L-lysine, can prove particularly
important for protein drugs (or indeed other drugs) of limited water-solubility.

Having established, with the model protein, that it was possible to achieve
polysialylation of proteins by the chosen method of reductive amination, two
therapeutically useful enzymes (catalase and asparaginase) were subsequently
modified. The next challenge was the optimization of the coupling method so as to
obtain enzymes with the highest degree of polysialylation, whilst still retaining
enzymatic activity. The extent to which the enzymes were polysialylated was directly
related to the excess of CA (with respect to enzyme) used in the coupling reaction. It
thus appears that the content of CA in the neoglycoproteins is amenable to
manipulation by changing the CAienzyme ratio in the coupling media. Enzyme
activity was largely maintained by the polysialylated constructs. It was also of interest
to note that activity retention was independent of degree of polysialylation, at least in
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the range of modification achieved. This allows cautious optimism that further
grafting of CA molecules to the enzymes will not lead to a significant decrease in
enzyme activity. Therefore, polysialylation as a means to extend the half-lives of
therapeutic proteins may be a preferred alternative to pegylation (known to often lead to
drastic loss of activity) as it would limit wastage of proteins. The maintenance of the
systemic injectability of the enzymes on polysialylation was also important since the
neoglycoproteins are ultimately intended for intravenous administration.

Enzyme kinetic studies revealed an increase in the apparent Km of the
enzymes upon polysialylation (not significant for asparaginase), indicating a
reduction of enzymes’ affinity for the substrate. Since the substrates of both enzymes
studied are of low molecular weight, it is unlikely that CA sterically hinders their
diffusion to the enzyme’s active site. A more plausible explanation derives from the
change in the enzyme’s microenvironment due to the hydrophilicity and negative
charge of the bound CA chains or, possibly, a conformational change of the enzyme
on polysialylation. Further experiments will hopefully answer the question as to
whether the increase in the Km the enzymes will limit their in vivo efficacy and
consequently, their pharmacological action.

Polysialylated enzymes showed considerable promotion of their stability to
proteolysis even at low degrees of modification: CA chains are thought to interact
ionically with amino acid residues of opposite charge and/or establish hydrogen
bonds with neighbouring protein residues, wrapping the enzyme and sterically
hindering the approach of proteases. It is plausible that the enhanced in vitro stability
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is also exhibited in vivo and, indeed, may have contributed significantly to the
observed extension of the enzymes’ half-life.

The pharmacokinetics of the polysialylated constructs was independent of the
dose (at least in the 0.5-2.0 mg range tested) and their blood residence increased with
the increasing number of CA chains grafted to the surface of the proteins. The
modest but not significant increase in half-life of polysialylated catalase and the
significant increase (up to 2.5-fold) for polysialylated asparaginase in comparison to
the control of native enzymes, could be attributed to the low degree of polysialylation
achieved in this work (up to only 11% of the available amino groups of asparaginase
were polysialylated). The same explanation probably holds for the lack of success in
abrogating the immunogenicity of the two enzymes. Immunological results were,
however, encouraging in that they suggest a decrease in antigenicity on
polysialylation, both in vitro (ELISA) and in vivo. Since both half-life in the
circulation and antigenicity were related to the degree of polysialylation, it is
legitimate to suggest that a greater degree of enzyme polysialylation will further
increase the former

and

reduce

the

latter.

Additional

immunologic

and

pharmacokinetic evaluation in different animal species using other parenteral routes,
is required.

On the basis of results obtained in this work, it appears that polysialylation of
proteins is a suitable means to overcome the limitations of their effective use in
therapy, especially for proteins which exhibit either short circulating half-lives or
immunological side effects. However, extrapolation of these results to other proteins
should be done with care. In view of the increased circulation times and stability to
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biodégradation, polysialylated enzymes are expected to show improved therapeutic
properties. O f immediate urgency in future work is the investigation of the in vivo
efficacy of polysialylated catalase for replacement therapy in acatalasémie mice and
the antitumour activity of the polysialylated asparaginase. Comparative studies of the
therapeutic efficiency of polysialylated and pegylated constructs are also warranted.

It appears that improvement in the yield of CA coupling to proteins is of
paramount importance, if substantial in vivo benefits such as increased half-life and
decreased immunogenicity and antigenicity are to be obtained. This could, however,
prove particularly difficult due to the polymeric nature of CA and also to the built-up
of negative charges on the nascent neoglycoproteins, which prevents extensive
modification. It is conceivable that blockage of the free carboxylic groups of CA (e.g.
by estérification) will lead to improved coupling yields. Alternative strategies of
coupling are nevertheless, likely to affect the tertiary structure of CA and perhaps
lead to different immunological and clearance properties, requiring re-evaluation of
the pharmacokinetics and immunology.

Polysialylation of proteins

yielded

complex

mixtures

of molecular

combinations which due to their heterogeneity, proved difficult to purify to
homogeneity or characterize by conventional methods (e.g. GFC, lEC, SDS-PAGE,
lEF). The production of defined and well characterized chemical entities would be
advisable in terms of regulatory approval of these polysialylated constructs.
Nonetheless, it is important to stress that the problem of heterogeneity of polysialylated
proteins is shared by their pegylated counterparts and this limitation has not prevented
their approval by licencing authorities (e.g. FDA) for human use.
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The polysialylation approach seems to be particularly attractive for modification
of proteins such as asparaginase or factor VIII, whose activity is exerted in the blood
circulation. Catalase, although an intracellular enzyme, would also benefit from an
increase in its half-life since it would allow for the maintenance of the hydrogen
peroxide scavenging activity in the blood circulation for extended periods of time.
However, if to be effective, the enzyme must reach particular cells, intracellular
compartments (e.g. lysosomes) or bind to specific membrane receptors, the increase in
the molecular weight of the enzymes observed after polysialylation can limit their
therapeutic use. In fact, the reduction in the apparent volume of conjugate distribution
observed in this work, suggests an increased difficulty of the conjugates to extravasate.
Evaluation of the ability/inability of the polysialylated conjugates to cross anatomical
barriers en route to the target cells is therefore required.

Another important aspect of future work is confirmation of the biodegradability
of CA after linkage to proteins. Exosialidases are not expected to act on polysialic acidprotein conjugates obtained by reductive amination (Jennings & Lugowski, 1981;
Murray et al., 1989) since the terminal non-reducing end of the saccharide (where the
lytic activity is exerted; Saito & Yu, 1995) is involved in the covalent linkage.
Endosialidases, on the other hand, produced by bacteriophages (these enzymes allow
bacteriophages to infect bacteria that have capsular polysialic acids), are not knovm to
exist in mammalian cells (Rougon, 1993). However, since a-(2—>8) linkages are acid
sensitive (McGuire & Binkley, 1964), degradation may be possible in intracellular
compartments such as the lysosomes where the pH is low. Indeed, this mechanism is
thought (Rougon, 1993) to be responsible for the terminal degradation of N-CAM
polysialic acids. Another possibility is that after degradation of the protein moiety of
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the conjugate, the remaining polysialic acid chains become sensitive to degradation by
exosialidases. Thus, studies on the body distribution, biodégradation and possible
accumulation in tissues on prolonged injection of polysialylated constructs are crucial
for their effective use in drug delivery.

The full potential of polysialic acids in drug delivery should also be explored.
The use of higher molecular weight poly-a-(2->8) polysialic acids to increase the
blood residence time of smaller proteins (e.g. superoxide dismutase for which
pegylation has been particularly successful), peptides (e.g. insulin or growth hormone)
and conventional drugs is worth exploring. Moreover, polysialylation can also be
extended to particulate drug carriers such as liposomes, as a means to reduce their
uptake by the MPS and therefore prolong their blood circulation.

These preliminary results on the use of polysialic acids in protein delivery
described in this thesis, although promising, raised as many questions as those we
sought to answer in the beginning of the work. Such questions will have to be
addressed before polysialylation can fulfill the dream of producing proteins that can be
effectively used in the chronic treatment of various human diseases. After all, what are
dreams if not Science’s driving force?
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Appendix One
R eagents and buffer solutions
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All solutions were made with deionised water except in the case of the electrophoresis
buffers were UHQ water was used. The asterisk (*) denotes that a fresh solution must be
prepared daily.

Acrylamide-bisacrylamide (30:
0.8) stock solution
Dissolve 30 g of acrylamide and 0.8 g of
bisacrylamide in a total volume of 100 ml
of water. The solution is filtered through a
Whatman No. 1 filter paper and stored at
4°C in a dark bottle.
Hydrolysis of acrylamide monomer to
yield acrylic acid and ammonia will occur
upon prolonged storage. Prepare stock
solution to last only for 1-2 months, to
ensure reproducible results.

Albumin buffer pH 7.2
Dissolve 100 mg albumin in phosphate
buffer pH 7.2 to 100 ml.

1.5% Ammonium persulphate*
0.15 g of ammonium persulphate was
dissolved in 10 ml of water. This solution
is unstable and was prepared fresh just
before use.

L-Asparagine solution, pH 7.2 *
Dissolve
250
mg
L-asparagine
monohydrate in albumin buffer pH 7.2 to
25.0 ml.

Bradford reagents
I. Dissolve 100 mg of Coomassie brilliant
blue G-250 in 50 ml of ethanol and filter to
remove any undissolved material. Dilute the
solution to 500 ml with water,
n. 17% Phosphoric acid (commercial 85%
phosphoric acid diluted 1:5).
These solutions are stable for months at
room temperature.
Solutions I and H are mixed in a 1:1
volume ratio to form the colour reagent and
kept at 4°C for up to two weeks.

Catalase substrate solution *
Add 0.1 ml of 30% H2O2 to 50 ml 0.05M
buffer, pH 7.0 and observe the A240 of the
solution. For reproducible results the A240
should be between 0.550 and 0.520. If
higher than this range, add buffer to
decrease the A240 to the specified limits. If
too low, add H2O2 to increase the
concentration.

Ammonium sulphate standard
solution (asparaginase activity)
Dissolve 555.0 mg of dried (NH4)2S0 4 to
constant weight in a vacuum oven
(Gallenkamp pic, UK) in water to 100 ml.
*Dissolve 10.0 mg albumin in the above
solution and make up to 10.0 ml.

Coomassie
solution

blue

staining

Prepare a 0.2% (w/v) Coomassie brilliant
blue R in a solution containing acetic acid:
methanol: water (10: 35: 55). In the day of
use dilute 1:10 with the same solution and
add CUSO4 to reduce background staining.
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Electrophoresis stock buffers

PBS-Tween 20 buffer (PBS-T)
(Washing buffer, 0.05% v/v Tween 20)

All the buffer solutions are filtered
through Whatman No.l filter paper and
stored at 4°C.

NaCl
Na2HP04. 2H2O

200 g
36.5 g
5g
12.5 ml

K H 2PO 4

Resolving gel buffer: 3.0 M TrisHCl, pH 8.8

36.3 g of Tris and 48.0 ml of 1 M HCl
were mixed and brought to 100 ml final
volume with water.
Reservoir buffer: 0.25 M Tris,
1.92 M glycine, 1% SDS, pH 8.3

30.3 g offris, 144.0 g glycine and 10.0 g
SDS were dissolved in and made to 1000
ml with water.
The reservoir buffer was diluted 1:10 prior
to use.
Sample solubilization buffer

Water
0.5 M Tris-HCl
Glycerol
10% (w/v) SDS
P-mercaptoethanol
0.5% Bromophenol blue

4.0 ml
1.0 ml
0.8 ml
1.6 ml
0.4 ml
0.2 ml

Tween 20

Make up to 2.5 1 with water, after
adjusting the pH to 7.2.
The buffer is lOxs concentrated and is
diluted 1:10 prior to use.
Peroxidase conjugated
antibody solution *

secondary

Diluted 1/10000 in PBS-T supplemented
with 5% foetal calf serum (PCS) and 1%
BSA.
Enzyme substrate solution, pH 5.0

0.1 M citric acid
0.2MNa2HPO4.2H2O
water
o-phenylenediamine
30% H2O2

*

48.6 ml
50.6 ml
100 ml
80 mg
80 pi

Mix together and adjust to pH 5.0. Prepare
just before use.

Stacking gel buffer: 0.5 M Tris-HCl,

pH 6.8

Lowry reagents

6.0 g of Tris was dissolved in 40 ml of
water, titrated to pH 6.8 with 1 M HCl («
48 ml), and brought to 100 ml final
volume with water.

ELISA reagents
0.05 M carbonate-bicarbonate buffer

pH 9.6 (coating buffer)
NasCOs
NaHCOs

0.318 g
0.586 g

Dissolve in 150 ml, adjust pH to 9.6 (1 M
NaOH) and make up to a final volume of
200 ml.

I. 2 % (w/v) Sodium carbonate in O.IM
sodium hydroxide.
n . 1% (w/v) Cupric sulphate in distilled
water.
m . 2 % (w/v) Sodium potassium tartrate in
water.
IV. IN Folin & Ciocalteu’s phenol reagent
(comercial diluted 1:2 with water) *
Solutions I, U and HI are stable at room
temperature for months.
Alkaline copper reagent

*

Mix 1 ml of solution H with 1 ml of HI and
then dilute with 50 ml of I.
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0.05 M
pH 7.0

Phosphate

buffer,

1. Dissolve 6.8 g KH 2PO4 in water and
make up to 1000 ml.
n . Dissolve 17.9 g Na2HP0 4 .12 H2 0 in
water and make up to 1000 ml.

Resorcinol reagent
Cone, hydrochloric acid
1% (w/v) Resorcinol solution
O.IM Cupric sulphate

80 ml
20 ml
250 pi

Keep in the dark, at 4°C for not more than a
month.

Mix the solutions I and II until pH 7.0.

0.07 M
pH 7.2

Phosphate

buffer,

0.05 M Saline buffer, pH 7.4 (for
blood dilution)
K H 2PO 4

Dissolve 2.49 g K H 2PO 4 and 8.62 g
Na2HP0 4 .2 H2 0 . in water and adjust pH to
7.2. Make up to 1000 ml.

0.15 M Phosphate
saline, pH 7.4 (PBS)
NaCl
Na2HP0 4
NaH2P0 4 .2 H2 0
KCl

buffered

8.00 g
0.025 g
0.05 g
0.20 g

Na2HP04

6.8 g
7.5 g

Prepare stock solutions of each salt in water
to 1000 ml. Mix the two solutions to obtain
pH 7.4, add 0.9 g NaCl and then make up to
100 ml.
It is very important that this solution is
isotonic to avoid haemolysis of red blood
cells.

10% (w/v) SDS

Dissolve in water, adjust to pH 7.4 and
make up to 1000 ml.

Dissolve 10 g of SDS in water to 100 ml.

A xlO solution was prepared for storage and
diluted as required.

This solution is stable at room temperature
for several weeks but precipitates in the
cold.

0.5 M Phosphate buffer, pH 7.4

q.5

NaCl
Na2HP04
NaH2P0 4 .2 H2 0
KCl

8.00 g
46.0 g
5.62 g
0.20 g

M Tris-HCl, pH 6.8

Dissolve 6 g Tris base in approximately
60 ml water. Titrate to pH 6.8 with IN
HCl and make up to 100 ml with water.
Store at 4°C.

Dissolve in water, adjust to pH 7.4 and
make up to 1000 ml.
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Appendix Two
Manufacturers and suppliers
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Amersham International pic, Amersham, Bucks, UK.
Amicon Ltd, Stonehouse, Gloucester,UK.
Anachem Ltd, Luton, Beds, UK.
Bantin & Kingman Universal, North Humberside, Hull, UK.
BDH Laboratory Supplies, Poole, Dorset, UK.
Du Pont (UK) Ltd., Stevenage, Herts, UK.
Dynatech Laboratories Inc., Billingshurst, Sussex, UK.
Edwards High Vacuum, Crawley, Sussex, UK.
Elga Ltd, High Wycombe, Bucks, UK.
Fisons Chemicals, Loughborough, Leics, UK.
Fluka BioChemica, Poole, Dorset, UK.
Foster Findlay Associates Ltd, Newcastle, UK.
Harlan-OLAC UK, Bicester, Oxon, UK.
Heraeus Equipment Ltd, Brentwood, Essex, UK.
Medicell International Ltd, London, UK.
Microbiological Research Establishment, Porton Down, Salisbury, Wilts, UK.
Microscope Services & Sales, Egham, Surrey, UK.
Nalge (Europe) Ltd, Rotherwas, Hereford, UK.
Pharmacia LKB Biotechnology, St. Albans, Herts, UK.
Rathburn Chemicals Ltd, Walkerbum, Scotland, UK.
Sanyo Gallenkamp pic., Loughborough, Leices., UK.
Sartorius Ltd, Epsom, Surrey, UK.
Sera-lab, Crawley Down, Sussex, UK.
Sigma Chemical Company, Poole, Dorset, UK.
Sorensen Bioscience, Inc., USA.
Wallac UK Ltd, Crownhill, Milton Keynes, UK.
Watson Marlow, Smith and Nephew Pharmaceuticals Ltd, Falmouth, Cornwall, UK.
Whatman Scientific Ltd, Maidstone, Kent, UK.
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