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Polysialylated asparaginase: preparation, activity and pharmacokinetics
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Abstract

Erwinia carotovora L-asparaginase was coupled covalently to colominic acid, a low molecular mass polysialic acid, by
reductive amination. Depending on the molar ratios of colominic acid-asparaginase (50:1, 100:1 and 250: 1), polysialy-
lated constructs contained 4.2-8.1 molecules of colominic acid per molecule of enzyme. Such constructs retained most
(82-86%) of the initial asparaginase activity and also maintained the K, values of the native enzyme towards the substrate
asparagine. On exposure to (mouse) blood plasma at 37°C, polysialylated asparaginase constructs exhibited resistance to
proteolysis with 65-83% of the initial enzyme activity still present after 6 h. In contrast, most of the native enzyme was
inactivated under the same conditions. In vivo experiments with intravenously injected mice revealed a significant increase
in the half-life of the polysialylated asparaginase over that observed with the native enzyme. Such an increase was greatest
(250%, about 38 h) for the construct with the highest degree of polysialylation. Results suggest that polysialylation of
asparaginase and other proteins may provide an alternative means to improve their effective use in therapeutics. © 1997
Elsevier Science B.V.
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1. Introduction

L-Asparaginase (L-asparagine amido hydrolase,
E.C. 3.5.1.1) is a tetrameric enzyme that catalyses the
hydrolysis of the non-essential amino-acid L-aspara-

Abbreviations: mPGE, monomethoxypoly(ethyleneglycol); gine to L-aspartic acid and onia [1]. L-

CA, colominic acid; PBS, 0.15 M sodium phosphate buffered
saline, pH 7.4; dpm, disintegrations per minute; ANOVA, one
way analysis of variance; f,,,q, terminal circulatory half-life;
Native, A, B and C, tritiated asparaginase preparations
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Asparaginase from two bacterial sources ( Escherichia
coli and Erwinia carotovora) is currently in clinical
use for the treatment of acute lymphoblastic leukaemia
[2]. It is also active against non-Hodgkin’s lymphoma
[3] and pancreatic carcinoma [4]. The antitumour
activity of the enzyme is based on the dependence of
certain tumour cells that are deficient in L-asparagine
synthetase [5], on the external supply of L-asparagine.
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Normal cells on the other hand produce the syn-
thetase and are therefore not affected by the treat-
ment. Thus, unlike conventional cancer therapy, L-
asparaginase therapy is highly selective.

The anti-tumour asparaginase activity is a function
of its affinity for the substrate [6] and, as L-aspara-
gine is present in the blood, also a function of its
haif-life in the circulation [7]. However, as with other
foreign proteins, the use of asparaginase in therapy
can be limited by its premature inactivation and rapid
clearance, thus necessitating frequent injections to
maintain therapeutic levels, in turn leading to the
development of immune responses [2]. Therefore,
attempts have been made to increase the half-life of
the enzyme in the blood circulation, for instance by
its entrapment into liposomes [8,9], microcapsules
[10,11] and erythrocytes [12,13], its covalent coupling
to such macromolecules as dextran [14], albumin [15]
and monomethoxypoly-(ethyleneglycol) (mPEG)
[16,17] or by the chemical modification of the en-
zyme followed by entrapment into liposomes [18].
Reduction of immunogenicity [17,19,20] and anti-
genicity [20,21] of modified asparaginase has also
been reported. To date, the most promising approach
to extend the half-life of asparaginase and other
enzymes and proteins is through covalent coupling to
mPEG, with some of the constructs now being in
phase III clinical trials or commercially available
[22-24].

It has been recently proposed [25] that covalent
coupling of the highly hydrophilic, biodegradable
N-acetylneuraminic acid polymers (polysialic acids)
to drugs, including proteins, would produce con-
structs exhibiting prolonged survival in the circula-
tion. Colominic acid (CA), a low molecular mass
polysialic acid, has already been successfully coupled
to catalase with only a modest loss of enzymatic
activity [26]. Since substantial loss of asparaginase
activity is one of the major problems of the modifica-
tion of the enzyme with mPEG [16,20], and as the
long term effect of accumulation in tissues of the
non-biodegradable mPEG moiety of the modified
asparaginase on chronic treatment is at present un-
known, use of polysialic acids as an alternative to
mPEG was considered. Here we report on the prepa-
ration of water soluble polysialylated asparaginase
which retains much of its activity, is protected from
inactivation in the presence of blood plasma and

exhibits increased residence time in the circulation of
intravenously injected mice.

2. Materials and methods

Erwinia carotovora L-asparaginase (specific activ-
ity 550 U/mg) with a molecular mass of 135 kDa
[27] was a generous gift from Dr. C.N. Wiblin (Mi-
crobiological Research Establishment, Porton Down,
UK). Colominic acid (CA; sodium salt) from Es-
cherichia coli K1 (average molecular mass 10 kDa),
Nessler’s reagent and sodium cyanoborohydride
(NaCNBH ;) were purchased from Sigma Chemical
Company (Poole, Dorset, UK). L-Asparagine mono-
hydrate (99.5% pure) was from Fluka BioChemica
(Poole, Dorset, UK). Sodium cyanoboro[*H]hydride
(NaCNB[*H,]) was obtained from Amersham Inter-
national plc, Amersham, Buckinghamshire, UK. All
other reagents were of analytical grade. A Wallac
CompuSpec UV-visible spectrophotometer (Wallac
UK Ltd., Crownhill, Milton Keynes, UK) was used in
all spectrophotometric determinations. Male T/O
outbred mice (25-30 g body weight) were purchased
from Harlan UK (Bicester, Oxon, UK) and acclima-
tized for at least one week prior to their use.

2.1. Assay of asparaginase activity

Enzyme assays were carried out at 37°C in sodium
and potassium phosphate buffer (0.07 M, pH 7.2) as
described [1]. The liberated ammonia was determined
spectrophotometrically at 450 nm by direct nessler-
ization. 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. Activation of colominic acid

CA 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 in the dark for 15 min, supplemented with
ethylene glycol (2 ml/ml periodate solution) to ex-
pend excess periodate, and left stirring for a further
30 min at 20°C. The solution was then dialysed
extensively at 4°C against a 0.01% ammonium car-
bonate solution, freeze-dried (Edwards Modulyo,
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Crawley, Sussex, UK) and kept at —40°C until fur-
ther use.

2.3. Preparation of asparaginase-colominic acid
conjugates

Prior to use, asparaginase was dialysed extensively
against deionized water at 4°C to remove its dextrose
monohydrate content. Activated CA was covalently
coupled to asparaginase by reductive amination in the
presence of NaCNBH, according to the method of
Jennings and Lugowski [28] as previously applied for
catalase [26]. In brief, activated CA was added to 0.1
pmol asparaginase dissolved in 5 ml 0.75 M
K,HPO,, pH 9.0 and the mixture magnetically stirred
in sealed vials for 48 h at 35-40°C in the presence of
NaCNBH;. Three different molar ratios of CA-
asparaginase (50: 1, 100: 1 and 250: 1) were used in
the coupling reaction. The neoglycoprotein formed
was then isolated by ammonium sulphate (70% satu-
ration) precipitation followed by centrifugation at
146 600 X g for 15 min at 4°C (Sorvall® Combi Plus,
DuPont (UK) Ltd., Stevenage, Herts, UK). The pel-
lets obtained were suspended in and washed twice
with an ammonium sulphate solution of the same
concentration to remove non-conjugated CA. Pellets
containing the conjugates were then dissolved in 0.15
M sodium phosphate buffered saline, pH 7.4 (PBS)
and extensively dialysed (3 X 2 1; 24 h) at 4°C against
the same buffer. The dialysed samples were filtered
through a low protein binding 0.45 pm filter (What-
man Scientific Ltd., Maidstone, Kent, UK) to remove
insoluble material, and asparaginase activity [1] and
protein concentration [29] in the filtrates determined
spectrophotometrically. CA bound to the enzyme was
measured at 570 nm by the resorcinol method [30]
with values expressed as mol CA per mol asparagi-
nase or as percentage of polysialylated lysine residues.
Solutions containing a known amount of polysialy-
lated asparaginase (450-475 U/mg protein) were
freeze-dried and kept at 4°C until further use.

2.4. Radiolabelling of asparaginase

Native asparaginase was tritiated by a modification
of the method of Jentoft and Dearborn {31]. In short,
0.1 pwmol asparaginase (13.5 mg) was mixed with 2
ml 0.75 M K,HPO,, pH 9.0 and cooled in a ice-water

bath. NaCNBH ; (10 pmol) supplemented with tracer
NaCNB[*H], (1 mCi) and 2.5 w1 of a 37% formal-
dehyde solution (30 pmol) were added sequentially,
the mixture was stirred for 2 h at 4°C and then
dialysed against PBS (3 X2 1) at 4°C for 36 h.
Following isolation of the labelled enzyme with am-
monium sulphate (see above) and precipitation with
trichloroacetic acid (10% final concentration) more
than 90% of the radioactivity was recovered with the
enzyme pellet. Moreover, polyacrylamide gel elec-
trophoresis of the labelled enzyme confirmed (results
not shown) the absence of higher molecular mass
enzyme species that could have formed [32] through
formaldehyde-induced methylene bridges. In other
experiments, asparaginase was simultaneously radio-
labelled and coupled to CA as described earlier, by
employing NaCNB[’H], (1 mCi /0.1 pmol asparagi-
nase) in the reaction mixture. The enzyme conjugate
was isolated and excess label removed by ammonium
sulphate precipitation followed by extensive dialysis
(3 X 21; 36 h) as above. Typically, more than 90% of
the radioactivity in the polysialylated asparaginase
preparations could be precipitated by trichloroacetic
acid, indicating that, because of the obligatory partic-
ipation of *H in the structure of the polysialylated
enzyme (reductive methylation), most of the radioac-
tivity was associated with it. Radiolabelled native
asparaginase (1.43—1.55 X 10° dpm /mg protein) and
polysialylated asparaginase (0.64-1.48 X 10°
dpm/mg protein, depending on the degree of
polysialylation) were freeze-dried and stored at 4°C.

2.5. Enzyme kinetics

The rates of enzymatic reaction of native and
polysialylated asparaginase were determined [1] spec-
trophotometrically in 0.07 M phosphate buffer (pH
7.2), in the presence of 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 (5-100 wM) 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 15 min later. The apparent Michaelis
constant (K, ) and maximum velocity (V,, ) were

max
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estimated from the Hanes Woolf plot using the reac-
tion kinetics software (version 2.1, 1994; Pharmacia
LKB Biochrom Ltd., Cambridge, UK) of the spectro-
photometer.

2.6. Stability of asparaginase in blood plasma

Samples (1 mg each) of freeze-dried native (550
U) and polysialylated (450-475 U) asparaginase were
hydrated with 1 ml PBS, mixed with an equal volume
of fresh mouse plasma and incubated at 37°C.
Aliquots taken at intervals were diluted and immedi-
ately assayed [1] for asparaginase activity.

2.7. Determination of asparaginase clearance from
the blood circulation

Freeze-dried samples of tritiated native and triti-
ated polysialylated asparaginase were dissolved in
filter-sterilised PBS and immediately injected intra-
venously into the tail veins of male outbred mice
(groups of four; see above), shown in preliminary
work to lack asparaginase activity in their blood.
Animals were injected with 0.1 ml solutions of the
enzyme preparations containing the equivalent of 0.5,
1.0 and 2.0 mg protein (0.64—1.55 X 10° dpm/mg
protein or 450-550 U/mg protein; see above). At
time intervals after injection, 50 pl blood samples
were collected into heparinised micropipettes and
diluted into 450 pl1 of 0.05 M sodium and potassium
phosphate buffer containing 0.9% NaCl, centrifuged
at 3000 rpm for 10 min and the diluted plasma in the
supernatants kept frozen at —40°C. Samples were
assayed for enzyme activity within 24 h of bleeding.
100 w1 diluted plasma samples were mixed with 4 ml
of scintillation liquid (OptiPhase‘HiSafe’ 3, Fisons
Chemicals, Loughborough, Leics, UK) and *H ra-
dioactivity (dpm) measured in a Wallac 1409 B-coun-
ter (Wallac UK Ltd., Crownhill, Milton Keynes, UK)
for 300 s. The terminal circulatory half-lives (¢, ,5)
of the enzyme preparations were calculated by linear
regression of the terminal portion of the semi-loga-
rithmic plots of percentage dose vs. time curves.
Results on terminal half-lives with each of the en-
zyme conjugates were compared with those obtained
with the control (native enzyme) by a one way
analysis of variance (ANOVA) and P values were
corrected (Bonferroni test) for the muitiple compar-

isons made. The Student’s t-test was used to compare
terminal half-lives estimated on the basis of residual
*H radioactivity and enzymatic activity (where the
variances of the two groups were not homogeneous, a
Mann-Whitney test was used instead). All statistical
calculations were carried out by use of the GraphPad
InStat (GraphPad Software, version 1.15, 1990).

3. Results and discussion

3.1. Preparation of asparaginase-colominic acid con-
Jugates

L-Asparaginase was coupled to periodate-activated
CA by reductive amination in the presence of sodium
cyanoborohydride (NaCNBH ;). The method relies on
the ability [33] of NaCNBH, to selectively reduce the
Schiff base formed between the aldehyde group intro-
duced at the non-reducing end of the saccharide and
the free amino groups of the enzyme. Since asparagi-
nase was supplied in mixture with dextrose (a reduc-
ing sugar that could compete with the activated CA
in the coupling reaction), the enzyme was purified by
extensive dialysis prior to its use without loss of
activity. The extent of CA coupling to asparaginase
and activity retention by the polysialylated enzyme
are presented in Table 1. It is apparent that the extent
of polysialylation is directly dependent on the molar
ratio of CA and enzyme used in the coupling reac-
tion, with the highest degree of polysialylation (8.1 +
1.7 mol of CA /mol asparaginase; however, as CA is
polydisperse, values of degree of polysialylation are

Table 1

The effect of polysialylation of asparaginase on its activity.
Degree of polysialylation under the reaction conditions (CA:
enzyme molar ratio) shown is expressed as mol CA per mol
enzyme or percentage of modified lysine residues (in parenthe-
ses). Native enzyme was included as a control. Values denote
means + S.D. (4 different preparations)

Preparation CA:asparaginase Degree of % initial
in reaction polysialylation asparaginase
(molar ratio) activity
A 50:1 42407 (58) 865+ 4.6
B 100:1 55406 (7.6) 859+ 28
C 250:1 8.1+1.7(11.3) 82.2+106
Native - none 176+ 4.8
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Fig. 1. Hanes Woolf plots for native (@) and polysialylated
asparaginase (O). Values denote means + S.D. (3 different exper-
iments); V denotes velocity, expressed as pmol of liberated
ammonia per min per unit (U) of enzyme. K, values were
obtained by extrapolation to the abscissa. For clarity, only data
obtained for preparation C of polysialylated asparaginase were
plotted. For more details see the text.

only average) obtained by the use of a 250 fold
excess CA in the reaction mixture. Since each E.
carotovora asparaginase molecule has 72 lysine
residues [27], this ratio corresponds to the polysialyla-
tion of an average 11% of the available lysine amino
groups.

Chemical modification of asparaginase by other
methods is known to lead to severe loss of enzyme
activity, for instance as much as 70-90% for pegy-
lated asparaginase [16,20] and 80% for asparaginase
covalently coupled to poly-DL-alanyl peptides [34]. In
contrast, the coupling procedure used here leads to
only a modest loss (14—18%) of initial asparaginase
activity in the polysialylated enzyme (estimated from
Table 1). It appears that polysialylation, or at least
the presence of CA in the reaction mixture during the
coupling procedure protects the enzyme from inacti-
vation: only 17.6% (Table 1) of the activity was
retained by asparaginase subjected to identical reac-
tion conditions in the absence of CA. Table 1 also
indicates that, under the present conditions, retention
of activity is independent of the amount of coupled
CA, suggesting that the enzyme may tolerate an even
greater degree of polysialylation.

3.2. Enzyme kinetics

The effect of substrate concentration on the activ-
ity of native and polysialylated (preparation C) as-
paraginase is shown in Fig. 1 with the plots suggest-
ing a modest (but not significant; P > 0.05) increase
in the enzyme’s K, value on polysialylation. K
values estimated according to Hanes-Woolf [35] were
1.68 X 10~ M (native asparaginase) and 1.90 X 1073
M, 2.15 X 107° M and 2.29 X 1073 M, respectively,
for the polysialylated preparations A, B and C (re-
sults not shown). These values are of the same order
of magnitude as those reported [1,36] for the clini-
cally useful asparaginases (e.g. 107° M). From the
same plots and in the same order, calculated V,_,,
values were 0.847, 0.901, 0910 and 0.919 pmol
min~' U~! (results not shown). Thus, covalent cou-
pling of CA to asparaginase does not affect signifi-
cantly the enzyme’s action on asparagine, regardless
of its degree of polysialylation. K values for pegy-
lated phenylalanine ammonia-lyase have also been
reported [37] to be independent of the degree of
pegylation.
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Fig. 2. Retention of asparaginase activity in the presence of
plasma. Native (@) and polysialylated asparaginase preparations
A (O), B (m), C (O) were incubated in the presence of mouse
plasma at 37°C; values denote means + S.D. (3 different prepara-
tions). Statistics: results obtained at 6 h, were compared by
ANOVA and P values corrected by the Bonferroni test. Native
vs. A,Band C, P <0.001; A vs. B, n.s.; Bvs. C, ns.; Avs. C,
P < 0.05; n.s. = non-significant. For other details see Table 1.
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3.3. Stability of asparaginase in plasma

Fig. 2 indicates that the polysialylated enzyme is
more stable in the presence of mouse plasma at 37°C
than the control of native enzyme. For instance,
whereas polysialylated asparaginase retained most
(65-83%) of its initial activity after 6 h of incuba-
tion, that of the native enzyme decreased to 13.5%.
Moreover, activity retention by the polysialylated
asparaginase was significantly higher for the prepara-
tion with the greatest number of CA molecules (pre-
paration C; Fig. 2), suggesting that a greater degree
of polysialylation could further reduce the plasma-in-
duced destabilization of the enzyme. The influence of
polysialylation on the stability of asparaginase, also
observed for polysialylated catalase [26], has been
attributed [26] to changes in the microenvironment of
the enzyme which must have occurred by the pres-
ence of the highly hydrophilic, negatively charged
CA molecules. It is conceivable that a combination of
a hydrophilic environment (promoted by polysialyla-
tion) and a shielding effect of the CA chains, con-
tributes to the inaccessibility of the enzyme to plasma
proteases. Improved resistance of asparaginase to pro-
teolysis has been previously reported for the enzyme
coupled to albumin [15], dextrans [14] and poly-
ethylene glycol [16,17].

3.4. Clearance of native and polysialylated
asparaginase from the circulation

Having established in preliminary work (results
not shown) that tritiation of asparaginase does not
alter its pattern of clearance (in terms of enzyme
activity) from the circulation, the clearance of triti-
ated asparaginase was compared with that of the
tritiated polysialylated constructs. As discussed al-
ready, radioactivity in the latter was expected to
represent polysialylated asparaginase rather than
non-sialylated enzyme possibly present in the prepa-
ration. These (radiolabelled) constructs were prepared
under conditions (i.e. CA:enzyme molar ratio used
in the coupling reaction) that were identical to those
used for the unlabelled conjugates, except that
NaCNB[*H], was added during the reaction. Further-
more, the injected tritiated native and polysialylated
asparaginases (native, A, B and C) were equivalent
(results not shown) to the corresponding unlabelled
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Fig. 3. Clearance of asparaginase from the circulation. Mice were
injected intravenously with 1 mg (550 U) tritiated rative (@) and
1 mg (450-475 U) tritiated polysialylated asparaginase prepared
by the use of 50:1 (0), 100: 1 (M) and 250:1 (O) molar ratios
of CA:asparaginase in the coupling reaction. Blood plasma
obtained at time intervals was assayed for ’H (A) and asparagi-
nase activity (B). The pharmacokinetics profiles demonstrate
biphasic patterns of clearance which are consistent with a two-
compartment model. Values denote means + S.D.; n =4 animals.
* Native asparaginase activity was not detectable at 72 h.

native and polysialylated enzymes (native, A, B and
C; Table 1) in terms of both degree of coupling and
retention of enzyme activity on coupling.

Results show that all three constructs of polysialy-
lated asparaginase are removed from the circulation
at slower rates than the native enzyme, both in terms
of radioactivity (Fig. 3A) and enzyme activity (Fig.
3B). However, as also observed with other modified
enzymes [23,24,27,34], the bulk of the administered
dose (about 75% and 60-65% for native and polysia-







