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Abstract

Capillary electrophoresis of human synovial fluid in a phosphate—borate run buffer containing sodium dodecyl sulphate
separates a hydrophilic glycoprotein, hyaluronan and a number of low-molecular-mass components. The hydrophilic
glycoprotein is identified as o« -acid glycoprotein (AGP), orosomucoid, by co-injection methods with human AGP and by
reaction with neuraminidase which released N-acetylneuraminic acid. Finally, a sample of the glycoprotein was isolated by
micropreparative capillary electrophoresis, examined by sodium dodecyl sulphate—polyacrylamide gel electrophoresis
methods and shown to give a positive reaction with AGP antibodies. The peak due to AGP in the capillary electrophoresis is

broad and gives evidence for the presence of glycoforms.

Keywords: o -Acid glycoprotein; Glycoproteins; Proteins

1. Introduction

a,-Acid glycoprotein (AGP) belongs to the group
of proteins referred to as positive acute phase
proteins. Human AGP (M, 41-10%y is readily isolated
from pooled samples of plasma. The complete
sequence of 181 amino acid residues in the protein
moiety has been determined [1]. The pooled sample
examined showed 20 positions for amino acid substi-
tutions. Six of these substituting pairs involved
phenylalanine and a second aliphatic amino acid,
while one involved the tyrosine leucine pair. Assum-
ing half a residue at each substitution, the total
residues of aromatic amino acids in one molecule of
AGP are Phe-8, Try-11, Trp-3. Carbohydrate units
are attached to this protein core at five points by
N-glycosylation to asparagine [2]. These units are
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very heterogeneous [3,4]. Approximately 90% of the
sugar chains contain more than three outer branches,
many of which are terminated by N-acetylneuraminic
acid (sialic acid) residues attached through o-
glycosidic bonds to the 3- or 6-position in the
penultimate residue of galactose [5].

Thus AGP shows considerable heterogeneity re-
sulting from amino acid substitutions, variations in
the five oligosaccharide chains and from the extent
of sialylation. Many studies which utilised the tech-
nique of affinity electrophoresis with concanavalin-A
have demonstrated the micro-heterogeneity of AGP
derived from serum and from synovial fluid in
disease states [6-9]. Recently, methods have been
developed for the isolation of AGP with negligible
degradation, so that the heterogeneity of the mole-
cule can be probed further [10]. The significance of
AGP levels in both synovial fluid and serum in
disease states has been discussed by various authors
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[11,12]. The identification and quantification of AGP
in synovial fluid by capillary electrophoresis may
provide a useful indicator for diagnosis in the early
stages of various types of arthritis.

The identification of the peak due to AGP from
capillary electrophoresis of both human synovial
fluid and serum is demonstrated in this paper. This is
the peak which we have labelled b in previous
publications on the capillary electropherograms of
synovial fluid [13,14], and a procedure was de-
veloped for the quantification, in terms of an arbit-
rary unit, of the compound responsible for this peak
[15].

2. Experimental
2.1. Synovial fluid samples

Samples were obtained by aspiration, either during
routine clinical investigation under local anaesthetic
or during total knee joint replacement surgery under
general anaesthetic, and immediately plunged into
liquid nitrogen. Full clinical details were available
with all samples. The samples were thawed and
centrifuged for 1 h at 15 000 g prior to enzymatic
treatment.

2.2. Buffers and enzymes

2.2.1. CE carrier buffer

The buffer (pH 9) contained 50 mM disodium
hydrogenphosphate, 10 mM sodium tetraborate and
40 mM sodium dodecyl sulphate (SDS). It was used
in our previous studies with synovial fluid [13,14].

2.2.2. Neuraminidase reagent

Neuraminidase (EC 3.2.1.18), recombinant form
derived from Salmonella typhimurium; was pur-
chased from Sigma (Sigma-Aldrich, Poole, UK).
The enzyme (5 units) was diluted with 500 wl of a
buffer containing 67 mM potassium dihydrogenphos-
phate adjusted to pH 5.5 with 67 mM disodium
hydrogenphosphate. The solution was divided into
100 wl aliquots and kept at —20°C until required.

2.2.3. N-Acetylneuraminic acid aldolase reagent
N-Acetylneuraminic acid aldolase (EC 4.1.3.3)

from Clostridium perfringens was purchased from
Sigma. The enzyme (1 unit) was dissolved in 200 pl
of 67 mM phosphate buffer pH 7.2 containing 7.0 ml
67 mM disodium hydrogenphosphate and 3.0 ml 67
mM potassium dihydrogenphosphate. The solution
was divided into 20 wl lots and kept at —20°C until
required. The thawed enzyme was diluted with a
further 100 pl of buffer, pH 7.2, and kept at 5°C
before use.

2.24. Gel electrophoresis and immunoblotting
reagents

AGP antibody was purchased from The Binding
Site (Birmingham, UK), sheep IgG antibody/al-
kaline phosphatase from Sigma and molecular mass
standards were purchased from Bio-Rad (Hercules,
CA, USA).

Sample treatment buffer: 0.125 M Tris—-HCl (pH
6.8), 4% SDS, 20% glycerol, 10% 2-mercap-
toethanol and 0.001% bromophenol blue plus
pyronin-Y as the dyes. Electrophoresis buffer (pH
8.3): 0.025 M Tris, 0.192 M glycine, 0.1% SDS and
10% methanol. Transfer buffer (pH 8.3): 0.025 M
Tris, 0.192 M glycine, containing 10% methanol.
Blocking solution: 5% dried milk powder in Tris-
buffered saline. Tris-buffered saline (pH 7.4): 20
mM Tris—HCI containing 0.15 M sodium chloride.

2.3. Conditions for capillary electrophoresis

A Beckman P/ACE 5000 capillary electrophoresis
system (Beckman Instruments, Fullerton, CA, USA)
was used with a 75 wm diameter fused-silica capil-
lary, overall length 58.7 cm, length to detector 50
cm. The capillary temperature was maintained at
30°C. Pressure injection at the anodic end was used.
Routine detection was by on-column measurement of
ultraviolet absorption at 200 nm, column length to
detector window 50 cm. In some cases the UV
spectra of eluting materials were obtained using a
Beckman diode array detector attached to the column
window. Results were recorded on a computer with
Beckman System Gold software at a frequency of 5
Hz.

2.3.1. Analytical mode
Between runs and at the start of a sequence, the
capillary was washed in succession with 0.1 mM



A. Rice et al. | J. Chromatogr. A 772 (1997) 305-311 307

sodium hydroxide solution and water, using nitrogen
pressure for 2 min each. The capillary was flushed
with the carrier buffer for 2 min prior to an analytical
run. Samples were loaded by applying nitrogen
pressure for 5 s, after which separation was per-
formed by application of a potential of 15 kV for 20
min.

2.3.2. Collection mode

Between runs and at the start of a sequence, the
capillary was washed in succession with 0.1 mM
hydrochloric acid, 0.1 mM sodium hydroxide and
water, using nitrogen pressure for 5 min each. The
capillary was then flushed with the carrier buffer for
2 min prior to a run. Undiluted synovial fluid was
loaded by applying nitrogen pressure for 10 s and
separation conducted by application of a potential of
15 kV. Just prior to the leading edge of the AGP peak
reaching the detector window, the potential was
removed and the capillary exit placed in a collection
vial containing 5 pl of water. Separation was con-
tinued under a potential of 5 kV and noting when the
trailing edge of the peak passed the detector window.
Separation was continued for the time calculated for
this peak to traverse the 7.5 cm to the end of the
capillary, after which the potential was removed and
the capillary exit placed in the original exit vial
ready for a further separation. The peak velocity at 5
kV is calculated from the measured velocity at 15 kV.
After a preliminary run to determine conditions, the
sequence can be set to repeat automatically.

2.4. Ildentification of AGP

2.4.1. Co-injection method

Human AGP prepared from Cohn fraction VI was
purchased from Sigma. A solution containing 1 mg/
ml was prepared in water. A sample of synovial fluid
(10 pl), from a patient with inflammatory joint
disease, was examined by the analytical capillary
electrophoresis method. A mixture of this fluid (10
pl) with the AGP solution (10 pl) was then ex-
amined under the same conditions.

2.4.2. Engyme degradation methods
N-Acetylneuraminic acid (synthetic crystalline)

was purchased from Sigma and used as a 1 mg/ml

solution in water. An undiluted sample synovial fluid

from a patient with inflammatory joint disease was
analysed by capillary electrophoresis. A 30 pl sam-
ple of the same synovial fluid was then added to an
equal volume of neuraminidase solution and incu-
bated at 37°C for 5 h. A 10 wl sample of this
solution was analysed by capillary electrophoresis.
The remaining solution was centrifuged at 5000g for
40 min through a size-exclusion filter (M, 5000)
purchased from Millipore (UK), Watford, UK. One
10 pl sample of the filtrate was examined by
capillary electrophoresis for evidence of released
N-acetylneuraminic acid and a further sample was
co-injected with N-acetylneuraminic acid solution. A
third 10 pl sample was mixed with 10 pl of the
N-acetylneuraminic acid aldolase solution and incu-
bated for 1 h at 37°C. The products were analysed by
capillary electrophoresis.

2.4.3. Preparative capillary electrophoresis,
polyacrylamide gel electrophoresis and
immunoblotting methods

The synovial fluid sample utilised was obtained
from a patient with definitive systemic lupus
erythematosis, a rheumatic disease characterised by
highly elevated levels of AGP. A minimum of 12
consecutive preparative capillary electrophoresis runs
were collected, during which sequence the time
width of the collection window at 5 kV was altered
as required to allow for shifts in migration time due
to gradual protein coating of the capillary wall
[17,18]. Some evaporation of the collected sample
occurred and the volume was adjusted with water to
10 pl

Polyacrylamide 5-15% linear gradient gels with
4% stacking gels were prepared according to the
technique of Laemmli [19]. Samples were diluted
with an equal volume of treatment buffer, boiled for
5 min and transferred to the gel. Electrophoresis was
continued with a current of 30 mA for 60 min. The
separated proteins were transferred from the gel to a
nitrocellulose membrane (Schleicher and Schiill,
Dassel, Germany) soaked in transfer buffer by
application of 80 mA for 60 min. The membrane was
incubated with the blocking solution for 1 h, rocked
in a solution of 10 pl AGP-antibody in 5 ml
blocking solution for 2 h, then rinsed (5X) with
Tris-buffered saline for 30 min. Next, the membrane
was rocked with a solution of 2 pl sheep anti-IgG/
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alkaline phosphatase in 5 ml blocking solution for 2
h and rinsed with Tris-buffered saline as before.
Finally the membrane was immersed in a solution of
alkaline phosphatase substrate to reveal the AGP
bands. Molecular masses were determined by com-
parison with prestained standards (Bio-Rad).

3. Results and discussion

A typical capillary electropherogram from a sam-
ple of synovial fluid taken from a patient with
osteoarthritis is shown in Fig. 1. Peak d has been
previously [14] identified as due to uric acid by
co-injection and by UV-absorption characteristics.
Peaks b and c are present in all samples of synovial
fluid and vary considerably in area, depending on the
disease state of the patient. Peak ¢ was identified
[14] as due to the glycosaminoglycan polymer,
hyaluronan, by co-injection with an authentic sample
and by degradation with hyaluronidase (EC 2.2.1.35)
to give a characteristic ladder of peaks due to
oligomers, partly resolved by capillary electropho-
resis.

The species responsible for peak b shows a UV-
absorption spectrum (Fig. 2), indicating the presence
of a protein structure containing aromatic amino
acids. Under our experimental conditions for electro-
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Fig. 1. Capillary electropherogram of human synovial fluid (from
a patient with osteoarthritis). A 75 cm (50 cm to detector) X75 pm
fused-silica capillary was used. The running buffer was 50 mM
disodium hydrogenphosphate, 10 mM sodium tetraborate and 40
mM SDS, running voltage 15 kV (outlet negative). Identification
of peaks: (b) AGP discussed in this paper, (c) hyaluronan, (d) uric
acid.
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Fig. 2. Absorbance spectrum associated with peak (b) in Fig. 1.
Data was collected by continuous monitoring of the eluent passing
the capillary window using a diode array detector. This spectrum
was obtained at the mid-point of peak (b). Inset has ordinate
expanded X10.

phoresis in a buffer containing SDS, most of the
proteins in synovial fluid are incorporated into the
SDS micelles and give rise to the peaks in the
migration time (¢,) region of 20-30 min. The
compounds which gave rise to peaks in this region
were degraded by papain (EC 3.4.22.2) [14]. The
protein species giving rise to the peak b which has a
much shorter migration time cannot be strongly
incorporated into these micelles and must be more
hydrophilic relative to other protein species. The first
clue to the identity of the species responsible for
peak b came when samples of serum were examined
by capillary electrophoresis and a peak with the same
migration time was also found to be prominent. AGP
is a known component of both serum and synovial
fluid, so the remainder of this work concentrated on
establishing that AGP is responsible for peak b.
Co-injection of synovial fluid and a commercial
sample of human AGP increased the area under peak
b (Fig. 3). Samples of synovial fluid were next
treated in succession with neuraminidase and N-
acetylneuraminic acid aldolase, and reactions fol-
lowed by capillary electrophoresis (Figs. 4 and 5).
Purine degredation products and aromatic amino
acids are present in sufficient quantities in body
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Fig. 3. Capillary electropherogram of human synovial fluid (from
a patient with osteoarthritis). A 75 ¢cm (50 cm to detector)X75 pm
fused-silica capillary was used. The running buffer was 50 mM
disodium hydrogenphosphate, 10 mM sodium tetraborate and 40
mM SDS, running voltage 15 kV (outlet negative). (i) Raw fluid.
(ii) Fluid mixed with an equal volume of 1 mg/ml human AGP
solution. Peak identification as in Fig. 1. Peak (b) is augmented by
the addition, peaks (c) and (d) are diminished by the dilution.

fluids to be detectable by capillary electrophoresis
[16]. They arise from normal metabolic processes
and are transported by serum from where they can
diffuse across the synovial membrane into synovial
fluid. The raw synovial fluid example used to
illustrate this series of enzyme reactions (Figs. 4 and
5) contained aromatic amino acids (¢, 7.01 min),
hyaluronan (¢ 13.8 min), hypoxanthine (¢, 7.8 min),
xanthine (¢, 11.1 min) and uric acid (¢, 13.4 min).
The peaks generated from these components form
convenient markers from which to detect changes in
the migration time for peak b due to the enzyme
reactions, while allowing any variations due to
changes in the electroosmotic flow to be detected.
The migration time for hyaluronan in this sample
(Fig. 41) is longer than that for uric acid and this
situation is frequently encountered with samples
from patients having rheumatoid arthritis [14,15].
Neuraminidase specifically cleaves terminal N-
acetylneuraminic acid residues. The electropherog-
ram obtained after treatment of the synovial fluid
sample with this enzyme is illustrated in Fig. 4ii. The
peak b then appeared at shorter migration times
(11.48 min) and a new peak with 7 9.53 min
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Fig. 4. Capillary electropherogram of human synovial fluid (from
a patient with rheumatoid arthritis). A 75 cm (50 ¢m to detector) X
75 wm fused-silica capillary was used. The running buffer was 50
mM disodium hydrogenphosphate, 10 mM sodium tetraborate and
40 mM SDS, running voltage 15 kV (outlet negative). (i) Un-
treated fluid. (ii) After incubation with neuraminidase, note the
change in ¢ for peak (b) from 12.01 to 11.48 min and the
development of a peak at 9.51 min due to sialic acid. Identification
of peaks (b)-{d) as in Fig. I, but peak (c) now has a longer
migration time than peak (d). The peak at 7.01 min due to an
aromatic amino acid is a convenient marker to monitor changes in
the electroosmotic flow.

appeared. The compound responsible for this new
peak passed through a size exclusion filter which
retained both the substance giving rise to peak b and
hyaluronan. A capillary electropherogram of the
filtrate is shown in Fig. 5i and this filtrate was used
in further tests. The peak with ¢, 9.53 min (9.45 min
in Fig. 51) was confirmed as N-acetylneuraminic acid
by co-injection and by further reaction with N-
acetylneuraminic acid aldolase which cleaves the
molecule to pyruvic acid and N-acetyl-pD-man-
nosamine. Capillary electrophoresis (Fig. 5ii) of the
products from this second enzyme reaction showed a
loss of the peak due to N-acetylneuraminic acid, but
the reaction products were not detected under our



310 A. Rice et al. [ J. Chromatogr. A 772 (1997) 305-311

0

0.02 |~

0.01 9.45 (d)

£
g 696
5
3

[ . " el N I s L
@i

0.02 [~
£ o
=
f.T 0.0t - 8.93
§ - @

0 i 1 1 i 1
5 10 15
Migration time / min

Fig. 5. Capillary electropherogram of treated synovial fluid. A 75
cm (50 cm to detector)X75 pm fused-silica capillary was used.
The running buffer was 50 mM disodium hydrogenphosphate, 10
mM sodium tetraborate and 40 mM SDS, running voltage 15 kV
(outlet negative). (i) Sample used in Fig. 4ii after passing through
a size-exclusion (M,>5000) filter. (ii) This filtrate incubated with
N-acetylneuraminic acid aldolase. Peak (d) is due to uric acid.

conditions. This series of reactions indicates that the
substance responsible for peak b possesses a number
of N-acetylneuraminic acid units. When these units
are cleaved the residue has a smaller negative charge
density and therefore the observed migration time on
capillary electrophoresis decreases. This suggests
that peak b is due to a highly glycosylated protein
such as AGP.

Isolation of the peak b fraction from synovial fluid
was accomplished by repeated injection and capillary
electrophoresis in a collection mode. A major prob-
lem is that the migration times of peaks gradually
lengthen because the capillary walls become coated
with proteins, which results in a decrease of the rate
of electroosmotic flow as the runs proceed [17,18].
Preliminary trials were necessary in order to devise
an automatic timing sequence for control of the
separation and collection phases. The collected ma-
terial was analysed by SDS-polyacrylamide gel
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Fig. 6. Immunoblot of isolated peak (b) from human synovial
fluid. AGP was separated by SDS—-PAGE, blotted and probed with
specific antibody followed by anti-sheep 1gG/alkaline phospha-
tase. Lanes 1 and 5: prestained molecular mass standards; Lanes
2—-4: purchased AGP (1 pg, 0.1 pg and 0.01 pg respectively);
Lane 6: material of peak (b) isolated by micropreparative capillary
electrophoresis.
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eleactrophoresis (PAGE) followed by immunoblot-
ting (Fig. 6). and for comparison a sample of
commercial human AGP was analysed in the same
way. The separated proteins were transferred to a
nitro-cellulose membrane and probed using a specific
AGP antibody system. The peak b sample from
synovial fluid showed a positive reaction with AGP
antibody and a M, value of ca. 48-10°, like that for
commercial AGP on this gel.

In Fig. 4i, the peak b has a faster moving shoulder
and in previous publications [13,14] we have re-
ferred to this shoulder as peak a. This shoulder is
present in the capillary electropherograms of some of
the samples of fluid. It is likely that glycoforms of
AGP are responsible for the conglomerate of peaks a
and b. Enzymatic removal of N-acetylneuraminic
acid units from AGP causes a shift to shorter
migration time for peak b due to the overall decrease
in negative charge (compare Fig. 4i and Fig. 4ii).
Peak a is likely to be due to AGP glycoforms having
fewer terminal N-acetylneuraminic acid residues.

4. Conclusions
The material responsible for peak b in the capil-

lary electropherogram of human synovial fluid is
a-acid glycoprotein. When the N-acetylneuraminic
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acid residues are cleaved enzymatically, the migra-
tion time of the core residue shortens. Examination
of a range of samples of human synovial fluid has
shown a fast moving shoulder on the major AGP
peak and this shoulder we labelled peak a. These
shoulders are caused by AGP molecules with fewer
terminal N-acetylneuraminic acid residues.

Under the conditions of capillary electrophoresis
used here, the major hydrophilic polymers in syno-
vial fluid, AGP and hyaluronan, show migration
times in the range of 10-16 min. AGP shows a
shorter migration time than hyaluronan (peak ¢) This
relative movement is in accord with expectation
since hyaluronan, with a regular structure having one
carboxylate group per two hexose units, has a higher
negative charge density than AGP and is more
strongly repelled by the cathode.
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