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Abstract

Alkaline phosphatase (AP) is a potential therapeutic agent in the treatment of sepsis. In this paper the potential of
capillary zone electrophoresis (CZE) for the monitoring of the degradation of placental alkaline phosphatase (PLAP)
was investigated. To induce degradation PLAP samples were exposed to high temperatures, low and high pH and
freeze-drying. The samples were then analyzed by CZE and enzymatic activity assay. Upon exposure to temperatures
above 65 °C, PLAP lost its activity exponentially over time, while CZE revealed both a linear decrease of the area of
the main peak and a rise of degradation products. At acidic pH the enzyme appeared to lose its activity. CZE revealed a
decrease of the area of the main peak, but no degradation products could be detected. At pH 12 the enzymatic activity
and the area of the main peak both decreased linearly over time and, in addition, formation of degradation products
could be detected by CZE. Activity and CZE profile of PLAP remained unchanged upon freeze-drying in the presence
of inulin. Prolonged storage of freeze-dried samples at room temperature caused a slight decrease of enzymatic activity,
while the potential formation of oligomers was revealed by CZE analysis. The examples in this study show that, in
combination with activity assays, CZE can provide useful complementary information, especially on the status of the
protein and the presence of degradation products.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Pharmaceutically active proteins have been
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derived proteins, e.g. erythropoietin, interferon
alpha-2a/b, somatropin, and follitropin beta and
many more are already in a far stage of develop-
ment. This fast growth asks for improved analy-
tical methods, which can be used for quality
control and stability studies.

Proteins are complex molecules containing
many functional groups, which can undergo a
variety of reactions, such as deamidation, hydro-
lysis, oxidation, and racemisation of the amino
acids. The type and rate of these reactions depend
on the amino acids involved and the conditions
applied. These reactions can alter the conforma-
tion, size, charge and hydrophobicity of the
protein, or may totally degrade it, thereby affect-
ing the activity of the protein or even leading to
formation of toxic compounds. Clearly, from the
viewpoint of quality control and safety, monitor-
ing of the stability and degradation of pharma-
ceutical proteins is of utmost importance, as is
recognised by the ICH by formulating guidelines
for stability testing of biological products [1]. Size-
exclusion liquid chromatography (SEC), ion-ex-
change liquid chromatography (IEC), slab-gel
electrophoresis and reversed-phase liquid chroma-
tography (RP-LC) have been used to monitor
changes in size, charge and hydrophobicity of
proteins [2—9]. Capillary zone electrophoresis
(CZE) has a high resolving power and the electro-
phoretic migration of compounds in free solution
basically depends on their molecular charge and
size. Therefore, CZE may be a powerful tool to
monitor the degradation of proteins.

Recently, it was discovered that the endogenous
protein alkaline phosphatase (AP, E.C. 3.1.3.1)
can dephosphorylate (and thus detoxify) endotox-
ins, and that it might be used as a pharmaceutical
in the treatment of sepsis [10]. AP is a dimeric
enzyme, where each subunit has a molecular
weight of 58 kDa [11]. The pI of AP has been
reported to be 4.3—4.5[12] and it exhibits optimum
activity at approximately pH 9.8 [10]. Obviously,
successful therapeutic use of AP requires avail-
ability of material with adequate purity and the
development of appropriate dosage forms and
formulations. Also, analytical methods for the
determination of the purity and stability of (trea-
ted) AP are needed. In a previous paper, we

demonstrated the usefulness of CZE to study the
composition of AP samples during several stages
of isolation/purification from human placenta [13].
In these experiments a CZE run buffer containing
putrescine (1,4-diaminobutane) was used to pre-
vent protein adsorption to the capillary [14], and
to improve the peak shape and resolution. In this
paper the possibility to employ CZE as a tool to
monitor AP degradation is investigated and com-
pared to enzymatic activity assay.

2. Experimental

2.1. Chemicals

Magnesium chloride, ammediol (2-amino-2-
methyl-1,3-propanediol), sodium chloride, benzyl-
trimethylammonium chloride and 4-nitrophenyl
phosphate (p NPP) were from Fluka (Buch, Swit-
zerland). Boric acid, hydrochloric acid and sodium
hydroxide were purchased from Merck (Darm-
stadt, Germany). Putrescine (1,4-diaminobutane)
was from Aldrich (Gillingham-Dorset, UK) and
placental alkaline phosphatase (PLAP, E.C.
3.1.3.1) (14 U/mg) was from Sigma (St. Louis,
MO, USA). Water used in the experiments was
from an Elga Maxima Ultra Pure Water apparatus
(Salm & Kipp, Breukelen, The Netherlands).
Inulin with a number/weight average degree of
polymerisation (DP,/DP,) of 23/26 was a gift
from Sensus (Rosendaal, The Netherlands).

2.2. Analytical techniques

2.2.1. Enzymatic activity assay

Activity of the PLAP was determined using the
enzymatic conversion of p NPP and measuring the
absorbance of the yellow product (p-nitrophenol)
at 405 nm. For the assay 475 ul of a mixture of
97.9% viv of 0.05 M ammediol (pH 9.8) with 2.1%
v/v of 100 mM MgCl, and 25 pl of 10 mg/ml p NPP
were mixed with 12.5 pl of sample. After incuba-
tion for 30 min at 37 °C, 2.50 ml of 0.1 M NaOH
was added to stop the conversion and the absor-
bance of the samples was measured on a Hitachi
U-2001 Spectrophotometer (Tokyo, Japan).
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2.2.2. Capillary zone electrophoresis

CZE experiments were performed on a Beck-
man P/ACE System 5500 equipped with a diode
array detector (Fullerton, CA, USA), using an
uncoated fused-silica capillary (Supelco, Bella-
fonte, PA, USA) with 75 um L.D. and a length
of 37 cm (effective length, 30 cm). Before use the
capillary was flushed for 30 min with 0.1 M
NaOH, water and run buffer, respectively. The
run buffer was 50 mM boric acid, containing 2
mM putrescine, adjusted to pH 8.5 using 1 M
sodium hydroxide. Before addition of putrescine,
the run buffer was filtered through a 0.45-pm
membrane filter from Schleicher and Schuell
(Dassel, Germany). Between injections the capil-
lary was rinsed with run buffer (2 min). The
separation voltage was 15 kV and the temperature
was set to 25 °C. Commonly, samples were
hydrodynamically injected at 0.5 p.s.i. for 3.5 s,
and detection was carried out at 200 nm. Each
sample was analyzed in duplicate. For quantitative
analysis, migration time-corrected peak areas were
used.

2.3. Stress conditions

2.3.1. Heat

For the exposure of PLAP to high temperatures
a water bath set to the desired temperatures was
used. PLAP was dissolved in 0.05 M ammediol
buffer pH 9.8 at a concentration of 5 mg/ml.
Typically, samples of 10 pl for enzymatic activity
assay and 25 pl for CZE analysis were taken every
hour for up to 5 h.

2.3.2. Low and high pH

Exposure of PLAP to extreme pH-values was
accomplished by adding either HCl or NaOH to
the sample solution. 0.05 M ammediol pH 9.8 was
titrated with acid or base to the desired pH and
then PLAP was added to yield a final concentra-
tion of 5 mg/ml. Samples for enzymatic activity
assay and analysis by CZE were taken as described
above.

2.3.3. Freeze-drying
Ammediol solutions of inulin and PLAP (inulin/
PLAP, 9/1 wi/w) were freeze-dried by using a

CHRIST freeze-dryer equipped with temperature
and pressure control. As sample containers 20-ml
glass bottles were used, and before the drying
process the samples were rapidly pre-frozen in
liquid nitrogen. The lyophilization was then per-
formed using a shelf temperature of —30 °C, a
condenser temperature of —53 °C and a pressure
of 0.220 mbar for 18 h. Then, the shelf tempera-
ture and pressure were gradually raised to 20 °C
and 0.520 mbar, respectively, during 6 h. Finally,
the drying process was continued for another 20 h
under these conditions.

3. Results and discussion
3.1. Heat exposure

In order to examine the heat stability of PLAP,
several PLAP solutions were exposed to tempera-
tures between 25 and 75 °C. These tests were
performed with PLAP dissolved in 0.05 M amme-
diol (pH 9.8), which also was used for the
enzymatic activity assay. Up to 65 °C no loss of
activity of the exposed PLAP was observed within
5 h, and also no change was observed in the
electropherograms. This is in agreement with the
reported heat stability of the placental form of AP
(in contrast to the other isoforms) [15,16]. Upon
further increase of the temperature a dramatic
change in activity was observed in a relatively
small temperature interval (Fig. 1A). At 67.5 °C
still a rather slow and gradual loss of activity is
observed, but at 70 and 72.5 °C the activity is
clearly decreasing at a much higher rate. Between
67.5 and 72.5 °C the enzymatic activity changes in
an exponential manner, showing the most rapid
loss of activity in the first hour. At 75 °C, 90% of
the activity diminished within 1 h. At this tem-
perature the sample showed some turbidity, in-
dicating partial protein precipitation. To prevent
clogging of the capillary, this sample was not
analyzed by CZE.

Distinct changes in the electropherograms of the
taken samples were observed when the PLAP was
exposed to temperatures above 65 °C. The degree
of change was larger when the exposure time and/
or temperature were increased. As an example,
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Fig. 1. Analysis of PLAP (5§ mg/ml) in 0.05 M ammediol (pH
9.8) after exposure to 67.5 (@), 70 (M), and 72.5 °C (a),
respectively. (A) Relative activity; and (B) relative peak area of
main peak after CZE. The activity and peak area of PLAP
before exposure is set to 100%. Further conditions, see Section
2.

Fig. 2 shows the CZE results obtained for a PLAP
sample which was exposed to 72.5 °C for 5 h.
CZE analysis of unexposed PLAP using a back-
ground electrolyte of borate buffer (pH 8.5) with 2
mM putrescine reveals one major peak with some
minor shoulders. The peaks at #,j; =3 and 6 min
stem from benzyltrimethylammonium chloride,
which was used as a marker, and the ammediol
present in the sample, respectively. As described
previously [13], the shoulders of the main peak
(tmig = 10 min) probably comprise some glyco-
forms of PLAP, but this should still be confirmed
by mass spectrometric detection. In contrast to our
previous study [13], no late migrating, broad band
was detected. Probably, this is related to the fact
that two different batches of AP were used in the
two studies. Clearly, upon heat exposure the main
peak decreases while a degradation product
(marked with an asterisk) emerges. In contrast to
the activity, the decrease of the area of the main
peak was found to be linear over time during
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Fig. 2. CZE of PLAP (5 mg/ml) in 0.05 M ammediol (pH 9.8)
exposed to 72.5 °C for up to 5 h. Further conditions, see
Section 2.

exposure to 67.5-72.5 °C (Fig. 1B). After 5 h at
67.5 °C the peak area was 85% of the original
value, while at 72.5 °C the area had diminished to
69%. An explanation of the difference in decay of
enzymatic activity and peak area of the main peak
(exponential vs. linear), might be that the in-
creased temperature caused both chemical degra-
dation of PLAP and small conformational
changes. It is possible that both effects are
reflected in the enzymatic activity, while CZE
reveals only the effects of chemical modifications
of the protein.

3.2. Exposure to acidic and basic conditions

In order to study the stability of PLAP under
acidic conditions, PLAP (5 mg/ml) was dissolved
in 0.05 M ammediol that had been adjusted to pH
5,4, 3 and 2 with 1 M HCI. These samples were
then monitored over time by enzymatic activity
and CZE analysis. Already at pH 4, a considerable
loss of activity of PLAP was observed down to
13% within 4 h. The decay was exponential,
showing a 60% loss in the first hour of exposure.
CZE analysis of the sample exposed to pH 4
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showed an exponential decay of the main peak
over time, and after 4 h the area of the main peak
had decreased to 25% of its original value. How-
ever, no new peaks emerged in the electrophero-
gram, i.e. no degradation products were observed.
Probably, the PLAP (pl ~4.3-4.5 [12]), simply
precipitated at pH 4, although the loss of enzy-
matic activity could also be caused by an acid-
induced loss of Zn>" [17,18], which is vital for the
enzyme [19]. At pH 3 these effects were much
stronger and PLAP instantaneously lost all of its
activity and no peaks were observed when this
sample was analyzed by CZE.

When PLAP solutions were brought to pH 810
for a period of 5 h no changes in the activity or the
CZE profiles were observed. Naturally, this can be
expected for a protein that shows optimum activity
in an alkaline environment. Even at pH 11, PLAP
degradation appeared to be negligible. When
PLAP was exposed to pH 12 for 5 h, the activity
decreased linearly to 74% of its original value (Fig.
3), and CZE analysis of the same samples (Fig. 4)
revealed that the composition of the exposed
sample changed with a similar rate. The area of
the main peak decreased in 5 h to about 65% with
respect to the non-exposed sample (Fig. 3). Simul-
taneously, around fni,=19 min a new peak
(marked by an asterisk) appears. In front of the
PLAP-cluster a broad shoulder (marked by an
arrow) emerges, which we suggest is an effect of
oligomerisation of PLAP, yielding products with
similar mass to charge ratios.
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Fig. 3. The analysis of PLAP (5 mg/ml) in 0.05 M ammediol
(pH 12) after exposure for up to 5 h, (@) relative activity and
(a) relative peak area of main peak after CZE. The activity and
peak area of PLAP immediately after pH adjustment is set to
100%. Further conditions, see Section 2.
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Fig. 4. CZE of PLAP (5 mg/ml) in 0.05 M ammediol adjusted
to pH 12 during 5 h after pH adjustment. Sample at 0 h is taken
just after pH adjustment. Further conditions, see Section 2.

3.3. Freeze-drying

The effect of freeze-drying of PLAP in the
presence of inulin (a protective sugar, [20]) was
investigated by analysing the PLAP before and
immediately after the process. The enzymatic
activity of PLAP after freeze-drying appeared to
be unaffected, and also with CZE a similar peak
pattern was obtained (Fig. 5). The inulin had no
adverse effect on the CZE performance; the large
peak at f,,;; = 6 min is caused by the ammediol in
the freeze-dried product. The difference in the
height of the peaks (Fig. 5a and b) is due to a
difference in injection times. After storage of the
freeze-dried PLAP for 22 days at room tempera-
ture, the enzymactic activity decreased to 83% of
the original value. CZE analysis showed a different
peak pattern when compared to the pattern
obtained at 0 h (Fig. 6). In our previous study
[13] the analysis of pure PLAP also resulted in a
cluster of peaks at ca. 10 min in the electropher-
ogram, which was attributed to the microheter-
ogeneity of the protein. Possibly, storage of the
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Fig. 5. CZE of PLAP (5 mg/ml) in 0.05 M ammediol (pH 9.8)
before (a) and after (b) freeze-drying. Further conditions, see
Section 2.

freeze-dried material led to oligomerisation/aggre-
gation of PLAP, a phenomenon that also has been
reported for lyophilised bovine serum albumin
[21].
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Fig. 6. CZE of PLAP freeze-dried in presence of inulin (a) and
then stored for 22 days in a vacuum dessicator at room
temperature (b). Further conditions, see Section 2.

4. Conclusions

The role of CZE to monitor the stability/
degradation of a therapeutically interesting pro-
tein has been demonstrated. Determination of only
the enzymatic activity would provide no informa-
tion on the state of the protein and/or presence of
degradation products. With CZE molecular
changes in the protein can be monitored by
comparing the electropherograms of the protein
sample obtained before and after exposure to
stress conditions. For instance, CZE analysis of
PLAP shows that the reduction of activity caused
by exposure to high temperature or high pH is
accompanied by a decrease of the main-peak areca
as well as with the formation of degradation
products. On the other hand, upon freeze-drying
and subsequent storage of PLAP, only a minor
change in activity of PLAP is observed while CZE
reveals a clear change in peak profile, probably
indicating aggregation of the protein. Admittedly,
we are not yet able to reliably assign observed
changes in the CZE profile to specific protein
alterations or degradation products. Partly, this is
due to the use of UV-detection so that hardly any
information on the character of the separated
compounds is obtained. Therefore, we are cur-
rently investigating the use of coupled CZE and
mass spectrometry to characterize the observed
protein peaks and to identify degradation pro-
ducts.
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