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Apolipoprotein C-III Isofocusing in the Diagnosis
of Genetic Defects in O-Glycan Biosynthesis
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and Ron A. Wevers1†

Background: Defects in the biosynthesis of N-glycans
may be found by isoelectric focusing (IEF) of plasma
transferrin. No test is available to demonstrate O-glycan
biosynthesis defects.
Methods: We used isoforms of apolipoprotein C-III
(apoC-III) as a marker for the biosynthesis of core 1
mucin type O-glycans. Plasma samples from patients
with primary defects and secondary alterations in Nglycan biosynthesis were studied by apoC-III isofocusing.
Results: Age-related reference values for apoC-III were
determined. Plasma samples from patients with the
primary congenital disorders of glycosylation (CDG)
types Ia–Ic, Ie, If, IIa, and IId all showed a normal
apoC-III isofocusing profile. Plasma from two patients
with CDG type IIx were tested: one showed a normal
apoC-III distribution, whereas the other showed a hypoglycosylation profile. In plasma from patients with
hemolytic uremic syndrome (HUS), a hypoglycosylation
profile was obtained.
Conclusions: IEF of apoC-III is a rapid and simple
technique that may be used as a screening assay for
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abnormalities in core 1 mucin type O-glycans. Evidence
that a patient in this study has a primary genetic defect
affecting both N- and O-glycosylation provides the first
example of an inborn error of metabolism affecting the
biosynthesis of core 1 mucin type O-glycans. Our data
narrow the options for the position of the primary defect
in this patient down to a step in the biosynthesis,
activation, or transfer of galactose or N-acetylneuraminic acid to both N- and O-glycans. Circulating neuraminidase excreted by Streptococcus pneumoniae caused
the high percentage of asialo apoC-III in two HUS
patients.
© 2003 American Association for Clinical Chemistry

In 1987, Jaeken et al. (1 ) were the first to describe an
inborn error of metabolism in the biosynthetic pathways
of protein N-glycosylation. During the last decade, several defects were found in the biosynthesis of N-glycans.
The diseases in this pathway have been collectively referred to as congenital disorders of glycosylation (CDG),8
formerly called carbohydrate-deficient glycoprotein syndrome (2, 3 ). The use of transferrin isofocusing on plasma
and serum has been pivotal in detecting patients suffering
from the various forms of the syndrome. At present, 13
different diseases in N-glycan biosynthesis are known:
CDGIa through -Ih and CDGIIa through -IId (4 – 6 ). A few
inherited diseases have been found in the biosynthesis of
O-linked glycans, mainly by genetic approaches. Examples are muscle– eye– brain disease and Walker–Warburg
syndrome, in which the defect is situated in the biosynthesis of O-mannose-based glycans (7, 8 ). The biochemical hallmark in CDGIIc patients is hypofucosylation of

8
Nonstandard abbreviations: CDG, congenital disorders of glycosylation;
ER, endoplasmic reticulum; GalNAc, N-acetylgalactosamine; GlcNAc, Nacetylglucosamine; apoC-III, apolipoprotein C-III; HUS, hemolytic uremic
syndrome; IEF, isoelectric focusing; PBS, phosphate-buffered saline; ECL,
electrochemiluminescence; TBG, thyroxine-binding globulin; and NeuAc, Nacetylneuraminic acid (sialic acid).
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both N- and O-glycosylated proteins. This disease is the
first identified in which both N- and O-glycosylation is
affected (9, 10 ).
The biosynthesis of N-glycans as well as O-glycans can
be divided into three stages (see Fig. 1). In the first stage,
biosynthesis and activation of monosaccharides occurs. In
the second stage, nucleotide sugars enter the endoplasmic
reticulum (ER) bound to dolichol phosphate. Nucleotide
sugars enter the lumen of the Golgi via specific antiporters. In the third stage, specific transferases attach the
glycan in the ER and the Golgi. In mammals, six different
types of O-glycans are known, classified on the basis of
the first sugar attached to the serine or threonine residue
of the protein (11 ). The mucin type O-glycan, starting
with N-acetylgalactosamine (GalNAc), is most common in
humans. In total eight core structures can be distinguished depending on the second sugar(s) and/or sugar
binding (11–13 ). Further biosynthetic steps finally give
rise to at least 50 different O-glycan structures, of which
core 1 and 2 are most abundant (14, 15 ). In brain and
neural tissue, core 1 is most common (16 ). The synthesis
of core 2 mucin type O-glycans requires the conversion of
unsubstituted core 1 mucin type O-glycans by a Nacetylglucosamine (GlcNAc) transferase (17, 18 ).
In this study, we developed a test that may be used to
demonstrate defects in the biosynthetic pathway of core 1
mucin type O-glycans. The test uses the isoforms of
apolipoprotein C-III (apoC-III). This protein carries a
single O-glycan at Thr-94 and is not N-glycosylated (19 ).
The protein is rather stable and is readily detectable in
human plasma. Human apoC-III antibodies are commercially available. This study is a step in the development of
a biochemical approach to find defects in the biosynthesis
of O-glycans. To our knowledge it is the first report
describing a patient with an inborn error of metabolism
affecting core 1 mucin type O-glycan biosynthesis.

Fig. 1. Glycan biosynthesis can be divided into three
stages.
Stage 1, monosaccharides are synthesized in the cytoplasm and activated as nucleotide sugars. Stage 2, nucleotide sugars enter the ER bound to dolichol phosphate
(Dol-P). They are carried to the lumen of the Golgi by specific
antiporters. Stage 3, the sugars are attached to the glycan
by specific glycosyltransferases.

Patients and Methods
patients
We analyzed 15 different plasma samples from patients
with secondary N-glycosylation alterations [hemolytic
uremic syndrome (HUS), n ⫽ 2; galactosemia, n ⫽ 1;
alcohol abuse, n ⫽ 12]. In addition, we studied 21 different plasma samples from patients with primary CDG
[CDGIa, n ⫽ 8; CDGIb, n ⫽ 1; CDGIc, n ⫽ 8; CDGIe, n ⫽
1; CDGIf, n ⫽ 1; CDGIIa, n ⫽ 1; CDGIId, n ⫽ 1]. CDGI
includes all defects starting from the assembly of dolichol
to the transfer of the oligosaccharide to the protein. CDGII
includes all defects that are localized in the processing of
glycans on the protein.
We also analyzed plasma samples from two patients
with an as yet unidentified primary defect in N-glycan
biosynthesis. The patients had been classified as CDGII on
the basis of their repeatedly abnormal transferrin isofocusing profile. Patient A is a child of healthy nonrelated
German parents. He first presented at the age of 13 years.
Until that time, he had been healthy and well and had
reached his age-related milestones appropriately. Probably as a result of a thromboembolic complication or
aspiration, he suffered from a sudden respiratory arrest,
was resuscitated, and needed long-term ventilation. The
intensive care period was complicated by a severe derangement of coagulation attributable to very low antithrombin III (⬍10%; reference interval, 70 –130%), protein
C (25%; reference interval, 70 –130%), and factor XI (11%;
reference interval, 70 –130%). Recurrent arrhythmia was
documented by electrocardiogram. Brain imaging
showed slightly dilated ventricles. In the later course, the
patient developed seizures with moderate neurologic
sequelae and showed recurrently increased transaminases
and abnormalities of the clotting factors.
Patient B was born to consanguineous parents with
several mentally retarded relatives. The neonatal period
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and early infancy were normal. In the course of an
infection at 6 months of age she presented with neurologic
regression mimicking Leigh disease. The child had infection-triggered episodes with encephalopathy on two
other occasions. At 6 years of age she had microcephaly,
mental retardation, strabismus, pseudoptosis, and a cerebellar syndrome. She could not walk without support, but
she was able to make psychomotor progress. Brain magnetic resonance imaging showed brainstem and cerebellar
atrophy. The other clinical data are as follows: failure to
thrive, epicanthus, and small hands and feet with hypoplasia of the first phalanx of some fingers and toes. She
also has frequent stomatitis, although immunologic studies did not show abnormalities. Increased creatine kinase
and transaminase concentrations were observed during
the acute phases in the disease. In such periods the
coagulation pattern was abnormal, with protein C and
protein S deficiency and decreased prothrombin time and
coagulation factors. A detailed clinical description has
been published [case 4 in Ref. (20 )]. Both children had an
abnormal isoelectric focusing (IEF) pattern with an increase of hypoglycosylated transferrin isoforms.

samples and sample preparation
The VLDL pool was isolated by ultracentrifugation, and
lipids were extracted by ethanol–acetone (1:1 by volume)
and stored in the freezer to sediment the VLDL apoproteins. Identification of the apoC-III isoprotein bands was
as published in the literature (21 ).
After centrifugation for cell separation, plasma samples were stored without delay at ⫺80 °C until analysis.
Samples used for the apoC-III isoform reference interval
for the age group 0 –1 year were from healthy babies at an
age of 6 months (further use of leftover plasma volumes
from a study on calcium homeostasis for which written
informed consent was obtained). Samples used for the
apoC-III isoform reference interval for the age group 1–18
years were from healthy volunteers (further use of leftover plasma from relatives of patients for routine microsatellite studies after informed consent). Samples used for
the apoC-III isoform reference interval for the age group
⬎18 years were obtained from healthy volunteers (Dutch
blood bank donors after written informed consent). Their
plasma samples showed no abnormalities when tested for
N-glycosylation (transferrin IEF). Plasma samples were
diluted 10-fold in saline for IEF of apoC-III.

western blot procedure
Proteins were blotted onto a nitrocellulose membrane
(cat. no. 12806-200-200BLF; Sartorius) by diffusion for 1 h
at 60 °C. Nonspecific sites on the nitrocellulose membrane
were blocked with 50 g/L nonfat dried milk dissolved in
phosphate-buffered saline (PBS) containing 5 mL/L
Tween 20. The membrane was washed in PBS containing
0.5 mL/L Tween 20. The primary rabbit anti-human
apoC-III antibody (cat. no. 0650-1707; ANAWA Biomedical Services & Products) was diluted 1000-fold in 15 g/L
bovine serum albumin dissolved in PBS containing 5
mL/L Tween 20. The secondary goat anti-rabbit horseradish peroxidase-conjugated antibody (cat. no. 1858415;
Pierce Perbio Biotechnology) was diluted 5000-fold in the
same solution. We than added 0.125 mL of Western
blotting detection reagents [electrochemiluminescence
(ECL) reagent; cat. no. RPN 2134; Amersham Pharmacia
Biotech] per cm2 of membrane. A chemiluminescent reaction occurs between horseradish peroxidase and the luminol in the ECL reagents, producing light emission. The
blot was placed against an autoradiography film (Hyperfilm ECL; cat. no. RPN 1681 H; Amersham Pharmacia
Biotech) and exposed for different time intervals. The film
was developed on a Kodak RP X-Omat Processor (Model
M6B) and scanned with the Image master Labscan, Ver.
3.00 (Amersham Pharmacia Biotech). Isoforms of apoC-III
were quantified by Image master 1D gel analysis, Ver.
4.10, software (Amersham Pharmacia Biotech).

neuraminidase treatment
Neuraminidase can remove the negatively charged terminal sialic acid residues from N- and O-linked glycans.
After incubation with neuraminidase, all apoC-III isoforms migrate to the position of apoC-III0. Polymorphisms in the apoC-III protein can be identified by
abnormal mobility of the protein on IEF after neuraminidase treatment. For that purpose neuraminidase (cat. no.
107590; Boehringer Mannheim; 1 g/L in 0.1 mol/L Tris,
pH 7.0) and human plasma are incubated in a ratio of 3:2
overnight at room temperature.

Results
human plasma apoC-III isofocusing
Isofocusing of human plasma apoC-III shows the three
isoforms apoC-III0, apoC-III1, and apoC-III2 (see Fig. 2).

apoC-III isofocusing
Dry IEF gels for the PhastSystem (cat. no. 17-0677-01;
Amersham Pharmacia Biotech) were rehydrated for at
least 1.5 h at room temperature in a solution of 8 mol/L
urea and 60 mL/L Pharmalyte, which contained Pharmalyte 4.2– 4.9 and Pharmalyte 3.5–5.0 (Amersham Pharmacia Biotech) in a ratio of 2:1. The gel was prefocused for
75V 䡠 h at 2000 V. After 0.5 L of the 10-fold diluted
plasma was applied to the gel, IEF was continued for 495
V 䡠 h (22 ).
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Fig. 2. apoC-III isoforms in human plasma and their structures.
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Theoretically, nonglycosylated apoC-III, apoC-III with
only GalNAc, or apoC-III with GalNAc-Gal could contribute to the apoC-III0 fraction. It was not possible to
distinguish the nonglycosylated apoC-III or apoC-III with
only GalNAc from the asialo form by IEF (Fig. 2). The
isoelectric points of the three isoforms were in the pI
range 4.5–5.1, which is in accordance with data in the
literature (23, 24 ). The apoC-III isoform profile of the
VLDL pool is shown in lane 10 of Fig. 4. apoC-III1 and
apoC-III2 are the major isoforms occurring in plasma
(⬃55% and 40%, respectively), whereas only trace
amounts of apoC-III0 are present. apoC-III is a stable
protein; identical apoC-III isoform distribution patterns
were found for a fresh plasma sample and the same
sample stored frozen at ⫺80 °C for 1 week. No other
protein bands were visible in the pI range 4 –5.3, illustrating the specificity of the antibody used.
The linearity of the assay was assessed by dilution
experiments. Samples had to be diluted to determine the
full range at which the assay was linear (Fig. 3A). Exposure time of the blot for a 10-fold diluted plasma sample
on the radiography film showed a linear response until at
least 60 s of exposure (Fig. 3B).

reproducibility
The between-run reproducibility was assessed by performing the test on the same plasma sample on 6 different
days. Results for the three isoforms, expressed as mean
(SD) as a percentage of total apoC-III, were 4.5 (0.4)%, 59.1
(1.9)%, and 36.4 (1.9)% for apoC-III0, apoC-III1, and apoCIII2, respectively.

reference intervals
The reference values for each age group are shown in
Table 1. We found no statistically significant influence of
gender (data not shown). apoC-III0 was significantly
lower in the age group 0 –1 year than at older ages.
apoC-III1 and apoC-III2 are equally represented in this
youngest age group, whereas at older ages, apoC-III1
becomes the most predominant isoform in most individuals.

apoC-III polymorphism
Isofocusing of a plasma sample from one specific blood
donor showed four apoC-III isoforms (Fig. 4, lane 9). After
treatment with neuraminidase, plasma from other blood
donors showed one band in the position of apoC-III0 (Fig.
4, lane 7). The plasma sample of this specific blood donor
showed bands of equal intensity at the positions of
apoC-III0 and apoC-III1 (Fig. 4, lane 8). This is evidence for
a polymorphism in the apoC-III protein that makes the
net charge of the protein more negative.

patient groups
Patients with primary CDG. Plasma samples from patients
with CDGIa, -Ib, -Ic, -Ie, -If, -IIa, and -IId showed a normal
apoC-III isoform distribution (data not shown).
Patients with secondary N-glycosylation alterations. Plasma
samples from two patients in the acute phase of HUS
attributable to Streptococcus pneumoniae showed increased
apoC-III0 (18% and 23%, respectively; reference interval,
0.0 –11.6%).
Plasma samples from patients who abused alcohol
(n ⫽ 12) or had classic galactosemia before dietary treatment (n ⫽ 1) showed a normal apoC-III isoform distribution (see Fig. 4).
Patients with unidentified CDG. Fig. 4 shows the apoC-III
IEF analysis of two patients with unidentified CDG.
Patient A has been classified as CDGIIx on the basis of his
transferrin isofocusing profile, which showed increased
asialo-, monosialo-, and disialotransferrin and decreased
tetrasialotransferrin. Thyroxine-binding globulin (TBG),
another N-glycosylated plasma protein, also showed an
abnormal isofocusing profile, confirming the generalized
character of the defect in N-glycan biosynthesis in this
patient. Plasma from this patient showed a normal apoCIII isoform distribution (Fig. 4, lane 1). Patient B has also
been classified as CDGIIx. Transferrin isofocusing
showed that he has increased monosialo- (8.6%; reference
interval, 0.0 –2.6%), disialo- (22.7%; reference interval,
1.6 – 6.1%), and trisialotransferrin (28.8%; reference interval, 2.5–15.6%) and decreased tetrasialotransferrin (32.6%;
reference interval, 51.2–72.2%). TBG isoforms were also
abnormal in this patient. Plasma from this patient showed
increased apoC-III0 (36.9%; reference interval, 0.0 –11.6%)
and decreased apoC-III2 (5.6%; reference interval, 27.4 –
60.0%; Fig. 4, lane 2). Apparently the genetic defect in this
patient affects N-glycan biosynthesis as well as mucin
core 1 type O-glycan biosynthesis.

Discussion

Fig. 3. Linearity of the area under the curve for apoC-III1, the most
prominent isoform in human plasma, as a function of exposure time.
(A), undiluted plasma; (B), 10-fold diluted plasma. Sample volume for A and B
was 0.5 L.

Isofocusing of apoC-III is a simple and rapid technique
that allows quantitative determination of the three apoCIII isoforms. apoC-III isoforms from plasma may be used
as markers for the biosynthesis of core 1 of mucin type
O-glycans. This glycan type is widely expressed throughout the human body and is abundant in the nervous
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Table 1. Reference intervals for plasma apoC-III isoforms in healthy volunteers, expressed as percentages of total apoC-III.
apoC-III0, %

apoC-III1, %

apoC-III2, %

Age,
years

n

Mean (SD)

Range

Mean (SD)

Range

Mean (SD)

Range

0–1
1–18
⬎18

17
17
29

3.7 (1.9)
5.1 (2.7)
8.5 (4.1)

0.0–8.1
0.0–11.6
2.6–18.9

47.2 (6.4)
53.2 (9.1)
55.5 (6.5)

34.0–58.5
33.1–66.9
42.9–69.2

49.1 (5.9)
41.6 (8.3)
36.0 (7.2)

39.9–61.8
27.4–60.0
23.2–50.0

system; it is considered the most common type of Oglycan. Core 2 mucin type O-glycans are synthesized from
unsubstituted core 1 mucin type O-glycans. A biosynthesis defect in unsubstituted core 1 O-glycans will also affect
the synthesis of core 2 mucin type O-glycans. Alterations
in mucin type O-glycan structure have been found in
relation to cancer (15 ). Recently evidence was found for
inborn errors of metabolism in the biosynthesis of Oglycans. Defects were found in mannosylated O-glycan
biosynthesis in the Walker–Warburg and muscle– eye–
brain syndromes (7, 8 ) and in fucosylation of both N- and
O-glycans in CDGIIc (9, 10 ). As yet there is no evidence
for inborn errors in the biosynthesis of mucin type Oglycans.
In this study we tested two patients with a firmly
established but as yet unidentified N-glycan biosynthesis
defect. We found an abnormal plasma transferrin isoform
distribution in both patients on several occasions. These
patients have a so-called type II pattern with asialo-,
monosialo-, and disialotransferrin isoforms overrepresented. This pattern predicts a defect in the Golgi part of
N-glycan biosynthesis. Both also have an abnormal TBG
isoform distribution. Because the primary defect in these
patients has not been identified, both were diagnosed as
CDG type IIx. In this study patient A showed a normal
apoC-III isoform profile, whereas patient B showed a
hypoglycosylation profile (Fig. 4, lanes 1 and 2). From this
we can conclude that the underlying defect causing the
disease will be different in the two patients. Because
apoC-III is not N-glycosylated, it may be concluded that
in patient B the O-glycan biosynthesis of the core 1 mucin
type O-glycan is disturbed as well. After CDGIIc this is
the second inherited disease affecting the biosynthesis of
both N- and O-glycans. It may be the first example of a

Fig. 4. Isofocusing profile of plasma apoC-III isoforms.
Lane 1, patient A (CDGIIx); lane 2, patient B (CDGIIx); lane 3, control; lane 4,
galactosemic patient; lane 5, alcohol abuser; lane 6, HUS patient; lane 7,
plasma from blood donor 1 after neuraminidase treatment; lane 8, plasma from
blood donor 2 (with apoC-III protein polymorphism) after neuraminidase treatment; lane 9, plasma from blood donor 2 (with apoC-III protein polymorphism)
before neuraminidase treatment; lane 10, VLDL pool.

patient with an inborn error of metabolism affecting the
core 1 mucin type O-glycans. The primary defect in this
patient remains unidentified, but it must be situated in
one of the three biosynthetic stages indicated in Fig. 1. Gal
and N-acetylneuraminic acid (NeuAc) are the only sugars
implicated in the biosynthesis of both N-glycans and core
1 mucin type O-glycans; therefore, it is very likely that the
genetic defect in patient B is situated in one of the three
biosynthetic stages of one Gal or NeuAc.
Many of the transferases involved in O-glycan biosynthesis are potentially N-glycosylated themselves (25 ). It is
therefore an option that O-glycan biosynthesis would be
secondarily affected in patients with a primary defect in
N-glycan biosynthesis. However, the apoC-III profiles of
patients with defined primary defects in N-glycan biosynthesis (CDGIa-, -Ib, -Ic, -Ie, -If, -IIa, and -IId) were all fully
normal. It is therefore highly unlikely that the O-glycan
abnormality in patient B is secondary to a defect in
N-glycan biosynthesis.
Patient A had a normal apoC-III isoform profile and an
abnormal transferrin isoform profile. As a consequence, it
is unlikely that the primary defect in this patient is
situated in the biosynthesis, activation, or transport to the
Golgi of Gal or NeuAc. It seems more likely that the defect
in this patient is situated in the pathways for the Nglycan-specific sugars Man, Glc, or GlcNAc. In addition, it
may implicate the transferases that transfer Gal or NeuAc
to the N-glycan because these enzymes are thought to be
N-glycan specific. Our data suggest that apoC-III isoform
testing may be a helpful step in the elucidation of the
primary defect for the relatively large cohort of CDG type
Ix and IIx cases present in the Euroglycan database that
serves as a register for CDG patients (26 ). A preliminary
study on this group showed that 12 of 25 cases had an
abnormal apoC-III isoform profile in addition to their
abnormal transferrin isoform distribution.
In this study we also tested diseases and conditions
leading to secondary N-glycan abnormalities. Among
these are galactosemia, alcohol abuse, and HUS. A patient
with classic galactosemia attributable to deficiency of
galactose-1-phosphate uridyltransferase showed a normal
apoC-III isofocusing profile before dietary treatment. The
defect leads to the accumulation of galactose 1-phosphate.
Transferrin hypoglycosylation in these patients may be
attributable to direct inhibition of galactosyltransferase
activity by the accumulated galactose 1-phosphate or to
an effect on the formation of UDP-galactose, the donorsubstrate in the reaction (27 ). Core 1 mucin type O-glycan

1844

Wopereis et al.: Defect Affecting N- and O-Glycosylation

biosynthesis also requires the availability of UDP-galactose in the Golgi. Because the apoC-III O-glycan could be
normally synthesized, our data suggest that the abnormal
N-glycans of plasma transferrin probably are not attributable to decreased availability of UDP-galactose. The
␤-1,4-galactosyltransferase (EC 2.4.1.38) involved in Nglycosylation differs from the ␤-1,3-galactosyltransferase
(EC 2.4.1.122) involved in O-glycan biosynthesis of apoCIII (28 ). Our findings suggest that galactose 1-phosphate
inhibits ␤-1,4-galactosyltransferase but not ␤-1,3-galactosyltransferase in galactosemic patients.
Secondary transferrin hypoglycosylation has been observed in HUS (29 ) and in chronic alcohol abuse (30, 31 ).
Plasma apoC-III was hypoglycosylated in the acute phase
of S. pneumoniae-associated HUS in two patients. S. pneumoniae excretes neuraminidase, which catalyzes the hydrolysis of ␣2–3-, ␣2– 6-, and ␣2– 8-linked NeuAc residues
from glycoproteins and oligosaccharides. The presence of
neuraminidase activity in the plasma of patients with S.
pneumoniae-associated HUS explains the abnormal isoform pattern of N-glycosylated proteins in the acute phase
of the disease (29 ). The high percentage of apoC-III0 in
plasma can be explained as a loss of sialic acid residues
from the termini of apoC-III isoforms as a result of the
action of circulating neuraminidase.
Plasma samples from 12 patients with chronic alcohol
abuse showed a normal apoC-III isofocusing profile. It is
widely accepted that chronic ethanol consumption leads
to hypoglycosylated plasma transferrin. The mechanism
behind this N-glycan abnormality is still not well understood. Flahaut et al. (32 ) showed that the abnormal
transferrin isofocusing profile is the result of the loss of an
entire N-linked oligosaccharide and of an alteration in
terminal sialylation. It has been suggested that ethanol
intake alters the biosynthesis and/or transfer of the dolichol– oligosaccharide intermediates, leading to loss of the
entire N-linked oligosaccharide. Alteration of terminal
sialylation is suggested to be the result of decreased
activity of sialyltransferase in the Golgi. Conversely, it has
been suggested that ethanol consumption enhances the
activity of sialidase, which can remove the terminal sialic
acid residues from glycans. Because sialyltransferases
involved in O- and N-glycosylation are specific, our data
show that this latter hypothesis is less likely.
It is quite likely that the negative change in pI in the
protein found in a healthy volunteer was caused by a
heterozygous polymorphism of apoC-III. Three polymorphisms have been described for apoC-III (33, 34 ). The
observed charge heterogeneity could also result from
causes such as phosphorylation, acetylation, and sulfation
of the protein. The presence of such pI changes may
hamper the interpretation of apoC-III isoform profiles.
However, incubation with neuraminidase followed by
isofocusing is an easy test to show that the abnormal
profile in such cases derives from a variation in the
protein part of the molecule and is not caused by an
O-glycan abnormality.

Further investigations on the biosynthesis of O-glycans
are of great importance. O-glycan biosynthesis is very
complex, with many different end products. It is very
likely that further work in this field will solve the molecular basis of various human diseases or syndromes.

This work was supported by the European Commission
(Contract QLG1-CT2000-00047 from Euroglycan).
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2. Grünewald S, Matthijs G, Jaeken J. Congenital disorders of
glycosylation: a review [Review]. Pediatr Res 2002;52:618 –24.
3. Freeze HH. Update and perspectives on congenital disorders of
glycosylation [Review]. Glycobiology 2001;11:129R– 43R.
4. Grubenmann CE, Frank CG, Kjaergaard S, Berger EG, Aebi M,
Hennet T. ALG12 mannosyltransferase defect in congenital disorder of glycosylation type 1g. Hum Mol Genet 2002;11:2331–9.
5. Hansske B, Thiel C, Lubke T, Hasilik M, Honing S, Peters V, et al.
Deficiency of UDP-galactose:N-acetylglucosamine ␤-1,4-galactosyltransferase I causes the congenital disorder of glycosylation
type IId. J Clin Invest 2002;109:725–33.
6. Chantret I, Dancourt J, Dupre T, Delenda C, Bucher S, VuillaumierBarrot S, et al. A deficiency in dolichyl-P-glucose:Glc1Man9GlcNAc2PP-dolichyl ␣-glucosyltransferase defines a new subtype of congenital disorders of glycosylation. J Biol Chem 2003;278:9962–
71.
7. Yoshida A, Kobayashi K, Manya H, Taniguchi K, Kano H, Mizuno M,
et al. Muscular dystrophy and neuronal migration disorder caused
by mutations in a glycosyltransferase, POMGnT1. Dev Cell 2001;
1:717–24.
8. Beltran-Valero De Bernabe D, Currier S, Steinbrecher A, Celli J,
Van Beusekom E, Van Der Zwaag B, et al. Mutations in the
O-mannosyltransferase gene POMT1 give rise to the severe neuronal migration disorder Walker-Warburg syndrome. Am J Hum
Genet 2002;71:1033– 43.
9. Marquardt T, Luhn K, Srikrishna G, Freeze HH, Harms E, Vestweber D. Correction of leukocyte adhesion deficiency type II with oral
fucose. Blood 1999;94:3976 – 85.
10. Lubke T, Marquardt T, Etzioni A, Hartmann E, von Figura K, Korner
C. Complementation cloning identifies CDG-IIc, a new type of
congenital disorders of glycosylation, as a GDP-fucose transporter
deficiency. Nat Genet 2001;28:73– 6.
11. Van den Steen PE, Rudd PM, Wormald MR, Dwek RA, Opdenakker
G. O-linked glycosylation in focus [Review]. Trends Glycosci Glycotechnol 2000;63:35– 49.
12. Yamashita Y, Chung YS, Horie R, Kannagi R, Sowa M. Alterations
in gastric mucin with malignant transformation: novel pathway for
mucin biosynthesis. J Natl Cancer Inst 1995;87:441– 46.
13. Hounsell EF, Michael JD, Renouf DV. O-linked protein glycosylation
structure and function [Review]. Glycoconj J 1996;13:19 –26.
14. Van den Steen P, Rudd PM, Dwek RA, Opdenakker G. Concepts
and principles of O-linked glycosylation [Review]. Crit Rev Biochem
Mol Biol 1998;33:151–208.
15. Brockhausen I. Pathways of O-glycan biosynthesis in cancer cells
[Review]. Biochim Biophys Acta 1999;1473:67–95.
16. Finne J. Carbohydrate units of nervous tissue glycoproteins. In:
Montreuil J, Vliegenthart JFG, Schachter H, eds. New comprehensive biochemistry, Vol. 29B. Glycoproteins II. Amsterdam:
Elsevier, 1997:55– 67.

Clinical Chemistry 49, No. 11, 2003

17. Williams D, Schachter H. Mucin synthesis. I. Detection in canine
submaxillary glands of an N-acetylglucosaminyltransferase which
acts on mucin substrates. J Biol Chem 1980;255:11247–52.
18. Kuhns W, Rutz V, Paulsen H, Matta KL, Baker MA, Barner M, et al.
Processing O-glycan core 1, Gal ␤1-3GalNAc␣-R. Specificities of
core 2, UDP-GlcNAc:Gal␤1-3GalNAc-R(GlcNAc to GalNAc)␤6-Nacetylglucosaminyltransferase and CMP-sialic acid:Gal ␤1-3GalNAc-R␣3-sialyltransferase. Glycoconj J 1993;10:381–94.
19. Vaith P, Assmann G, Uhlenbruck G. Characterization of the
oligosaccharide side chain of apolipoproteinC-III from human
plasma very low density lipoproteins. Biochim Biophys Acta 1978;
541:234 – 40.
20. Briones P, Vilaseca MA, Garcia-Silva MT, Colomer J, Ferrer I,
Artigas J, et al. Congenital disorders of glycosylation (CDG) may be
underdiagnosed when mimicking mitochondrial disease; Eur J
Paediatr Neurol 2001;5:127–31.
21. Weidman SW, Suarez B, Falko JM, Witztum JL, Kolar J, Raben M,
et al. Type III hyperlipoproteinemia: development of a VLDL apoE
gel isoelectric focusing technique and application in family studies. J Lab Clin Med 1979;93:549 – 69.
22. Schaefer JR, Hackler R, Brand S, Schwarz S, Kleine TO, Steinmetz
A. Apolipoprotein AI, AII, and AIV isoforms in plasma determined
by automated isoelectric focusing with PhastSystem and immunofixation. Clin Chem 1995;41:76 – 81.
23. Catapano AL, Jackson RL, Gilliam EB, Gotto AM Jr, Smith LC.
Quantification of apoC-II and apoC-III of human very low density
lipoproteins by analytical isoelectric focusing. J Lipid Res 1978;
19:1047–52.
24. Marcel YL, Bergseth M, Nestruck AC. Preparative iso-electric
focusing of apolipoproteins C and E from human very low density
lipoproteins. Biochim Biophys Acta 1979;573:175– 83.
25. Swiss Institute of Bioinformatics. Expert Protein Analysis System
molecular biology server. http://www.expasy.org (Accessed May
2003).

1845

26. Catholic University of Leuven, Department for Human Genetics.
Congenital disorders of glycosylation. http://www.kuleuven.ac.
be/med/cdg/ (Accessed May 2003).
27. Charlwood J, Clayton P, Keir G, Mian N, Winchester B. Defective
galactosylation of serum transferrin in galactosemia. Glycobiology
1998;8:351–7.
28. Hennet T. The galactosyltransferase family [Review]. Cell Mol Life
Sci 2002;59:1081–95.
29. de Loos F, Huijben KM, van der Kar NC, Monnens LA, van den
Heuvel LP, Groener JE, et al. Hemolytic uremic syndrome attributable to Streptococcus pneumoniae infection: a novel cause for
secondary protein N-glycan abnormalities. Clin Chem 2002;48:
781– 4.
30. Gravel P, Walzer C, Aubry C, Balant LP, Yersin B, Hochstrasser DF,
et al. New alterations of serum glycoproteins in alcoholic and
cirrhotic patients revealed by high resolution two dimensional gel
electrophoresis. Biochem Biophys Res Commun 1996;220:79 –
85.
31. Stibler H. Carbohydrate-deficient transferrin in serum: a new
marker of potentially alcohol consumption reviewed [Review]. Clin
Chem 1991;37:2029 –37.
32. Flahaut C, Michalski JC, Danel T, Humbert MH, Klein A. The
effects of ethanol on the glycosylation of human transferrin.
Glycobiology 2003;13:191– 8.
33. Brewer HB Jr, Shulman R, Herbert P, Ronan R, Wehrly K. The
complete amino acid sequence of alanine apolipoprotein (apoC3), and apolipoprotein from human plasma very low density
lipoproteins. J Biol Chem 1974;249:4975– 84.
34. von Eckardstein A, Holz H, Sandkamp M, Weng W, Funke H,
Assmann G. Apolipoprotein C-III (Lys58 —Glu). Identification of an
apolipoprotein C-III variant in a family with hyperalphalipoproteinemia. J Clin Invest 1991;87:1724 –31.

