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Review

Mass Spectrometry as a First-Line Diagnostic Aid 
for Congenital Disorders of Glycosylation

Yoshinao Wada*
Department of Obstetric Medicine, Osaka Women’s and Children’s Hospital, 840 Murodo-cho, Izumi, Osaka 594–1101, Japan

Congenital disorders of glycosylation (CDG) constitute a group of rare inherited metabolic disorders resulting 
from mutations in genes involved in the biosynthesis of glycan chains that are covalently attached to proteins 
or lipids. To date, nearly 200 genes have been identified as responsible for these disorders, with approximately 
half implicated in N-glycosylation defects. Diagnosis of CDG is primarily achieved through genetic analysis 
and the identification of glycan abnormalities, referred to as molecular phenotypes. With the increasing use of 
whole exome and genome sequencing in the investigation of diseases with unknown etiology, the number of 
cases suspected of CDG is increasing, highlighting the necessity for glycan analysis. Molecular phenotyping in 
CDG typically targets glycoproteins, with transferrin and apolipoprotein CIII being key representatives of N- 
and mucin-type O-glycosylation, respectively. Mass spectrometry (MS) provides rapid analysis and yields 
moderately detailed information, establishing it as a first-line molecular diagnostic tool that complements 
genetic analysis. Structural anomalies detected by MS can be classified into distinct patterns, which may indi-
cate specific defects within the glycosylation pathway. In cases of CDG types that lack clear molecular pheno-
types, characteristic metabolites can often be identified and quantified by MS, further aiding in the diagnostic 
process. Molecular diagnosis of CDG using MS can be performed with a standard mass spectrometer and a 
dried blood spot on filter paper, enabling its application in population-based mass screening.
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CONGENITAL DISORDERS OF 
GLYCOSYLATION

Glycans, also referred to as sugar chains, are complex 
macromolecules composed of monosaccharide units linked 
by glycosidic bonds. These glycans interact with proteins and 
lipids, forming glycoconjugates such as glycoproteins and 
glycolipids. These glycoconjugates play critical roles in a vari-
ety of physiological processes, contributing to essential func-
tions within the body. Glycans attached to glycoproteins are 
classified into several categories based on their attachment 
sites: N-linked glycans which attach to the asparagine (Asn) 
residue of the protein backbone, O-linked glycans which 
bind to serine (Ser) or threonine (Thr), C-Man glycans which 
attach to tryptophan, and glycolipids which are formed by 
the attachment of glycans to lipids. Among the O-linked gly-
cans, several subtypes are recognized, including mucin-type 
O-N-acetylgalactosamine (O-GalNAc), O-mannose (O-Man) 
(found in dystroglycan), and O-xylose (O-Xyl) (present in 
glycosaminoglycans).1)

Disorders of glycosylation are generally classified into two 
primary categories: defects in glycosylation (synthesis) and 

defects in glycan degradation. The former arise from genetic 
mutations that affect the synthesis of glycans within the 
endoplasmic reticulum (ER) and Golgi apparatus.

Glycan synthesis occurs through a series of highly coor-
dinated enzymatic reactions, and congenital defects in 
these processes are collectively referred to as congenital 
disorders of glycosylation (CDG). These disorders result 
from mutations in approximately 190 different genes.2) The 
concept of CDG was initially developed in the context of 
N-glycosylation defects, and as a result, the term “CDG” 
is most commonly associated with N-glycosylation disor-
ders. However, disorders affecting O-glycosylation, such as 
Fukuyama-type muscular dystrophy, and conditions related 
to the synthesis of glycosylphosphatidylinositol (GPI), are 
typically classified as distinct disease categories.

The degradation of glycans occurs within the lysosome, 
and defects in this process are associated with lysosomal stor-
age diseases, a group of over 70 distinct disorders.3) Within 
this group, specific subcategories include glycoproteinosis 
(defects in glycan degradation within glycoproteins), muco-
polysaccharidoses (disorders affecting the degradation of gly-
cosaminoglycans), and disorders that impair the breakdown 
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of glycolipids, all of which involve the disruption of glycocon-
jugate catabolism.

An important consideration in glycosylation disorders is 
that the sugar residues constituting glycans are derived not 
only from dietary monosaccharides and polysaccharides but 
also from monosaccharides released during the degradation 
of glycans within the lysosome. These recycled monosaccha-
rides are subsequently reused in the synthesis of new glycans. 
As a result, disorders affecting both glycan degradation and 
synthesis may co-occur, as exemplified by conditions such as 
mannosidase (MAN2B2) deficiency, a lysosomal defect that 
leads to both glycosylation abnormalities and clinical mani-
festations characteristic of CDG.4)

History
A case report by Jaeken et al. in 1980 is sometimes cited 

as the beginning of the history of CDG.5) However, the 
glycosylation defect itself was not described in detail at 
that time. The concept of glycosylation disorders began 
to emerge following advancements in protein analysis 
techniques. In the early 1960s, Svensson et al. introduced 
isoelectric focusing (IEF), an electrophoretic method for 
protein separation, which was later applied in Europe 
around 1980 to study transferrin in various diseases, includ-
ing alcoholism.6)

The isoelectric point of transferrin is strongly influenced 
by an acidic sugar, N-acetylneuraminic acid (NeuAc, sialic 
acid), which is attached to the terminal galactose (Gal)  
(Fig. 1). The first evidence of defective glycosylation was 
reported by Jaeken et al. in 1984, who observed abnor-
mal electrophoretic patterns in twin sisters with neuro-
developmental disorders, linked to a reduced number 
of NeuAc attachments.7) Subsequently, a new syndrome 
was described in 1986 in four patients exhibiting a vari-
ety of symptoms, including developmental delay. These 
patients shared the common feature of transferrin lacking 
not only NeuAc but also other sugars, such as Gal and  
N-acetylglucosamine (GlcNAc).8) In 1991, this condition 
was designated as carbohydrate-deficient glycoprotein syn-
drome, a term that shares the same acronym as the current 
CDG.9)

In 1992, Wada et al. used mass spectrometry (MS) to 
demonstrate that transferrin from CDG patients (later iden-
tified as PMM2-CDG) lacked entire N-linked glycans.10) 
Around the same time, a patient was identified who exhibited 
an abnormal IEF pattern, distinct from the conventional 
pattern. This case was classified as CDG-II, distinguishing 
it from the more commonly recognized CDG-I.11) In this 
CDG-II case, a decrease in N-acetylglucosaminyltransferase 
activity was observed,12) and the underlying genetic cause 
was a mutation in the MGAT2 gene,13) marking the first iden-
tification of both an enzyme defect and a genetic mutation 
in CDG. Regarding CDG-I, a deficiency in phosphoman-
nomutase 2 (PMM2) was first identified in 1995,13,14) and 
the underlying genetic mutation was subsequently discov-
ered.15) The prevalence of PMM2 deficiency is notably high 
in Europe, with an estimated incidence of approximately 1 
in 20,000 individuals.16) Subsequently, a growing number of 
genes associated with CDG were identified, leading to the 
establishment of a standardized nomenclature format, where 
the gene name is followed by the suffix “-CDG” (e.g., PMM2-
CDG).17) Meanwhile, the classification of CDGs based on IEF 
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Fig. 1. � Glycan structures of transferrin. Two biantennary com-
plex-type oligosaccharides are attached at the glycosylation 
sites Asn432 and Asn630. Heterogeneity is more pronounced 
at Asn630, due to the presence of triantennary extensions and 
fucosylation. 

patterns, CDG-I and CDG-II, continues to provide valuable 
insights as a guide for predicting defect sites in N-linked gly-
can biosynthesis, as detailed below.

GLYCOSYLATION PATHWAYS AND 
ENZYMATIC INVOLVEMENT

N-linked glycan synthesis is carried out stepwise on dol-
ichol, a long-chain alcohol that anchors the ER membrane, 
using sugar nucleotides as donor substrates (Fig. 2). The 
resulting glycan, consisting of 14 sugars, is then en bloc trans-
ferred to the Asn of the Asn-X-Ser/Thr motif of the protein 
backbone translated and synthesized by the ribosome. After 
the removal of three glucose (Glc) and one Man residues, the 
glycoprotein is further transported to the Golgi apparatus, 
where GlcNAc, Gal, NeuAc, and fucose (Fuc) are added. This 
process is called glycan processing.

Figure 2 presents a subset of the genes that have been iden-
tified in CDG patients to date. These genes are categorized 
into several groups based on their roles in monosaccharide 
synthesis and interconversion, nucleotide synthesis and 
transport, N-linked protein glycosylation, dolichol metab-
olism, vesicular trafficking, and Golgi homeostasis. A com-
prehensive list of CDG-associated genes, as of 2023, has been 
provided by Ng et al.2)

Transferrin, a key diagnostic marker of 
N-glycosylation disorders

In hereditary diseases, if a known mutation is present and 
similar clinical symptoms are observed in previous cases or 
within a family, the diagnosis can often be made based on 
the identification of the causative gene. However, in other 
cases, molecular phenotyping, or molecular diagnosis, is 
necessary. In the context of CDG, the focus is on detecting 
abnormalities in the glycan structure of glycoproteins. Serum 
transferrin is the primary choice for analysis of abnormal 
N-glycosylation.

Transferrin is an 80 kDa glycoprotein composed of 679 
amino acid residues, with biantennary complex-type oli-
gosaccharides attached at two specific sites (Asn432 and 
Asn630) (Fig. 1). The serum concentration of transferrin 
typically ranges from 250 to 300 mg/dL, making it the sec-
ond most abundant glycoprotein in serum, following immu-
noglobulin G (IgG), which has a concentration of 600–1700 
mg/dL. The purification of transferrin is facilitated by the 
use of specific antibodies, and its relatively simple glycan 
structure allows for the efficient detection of glycosylation 
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abnormalities. NeuAc is attached to the terminal glycan of 
mature transferrin, and each transferrin molecule, with two 
biantennary glycans, contains a total of four NeuAc residues. 
It is important to note that normal glycans are still present 
in CDG patients, as the complete absence of glycans would 
result in embryonic lethality. Additionally, glycoproteins 
with structural abnormalities or a lack of glycans tend to 
have a fast turnover rate due to quality control mecha-
nisms. As a result, glycan abnormalities may not always be 
detectable in glycoproteins secreted into the bloodstream, 

highlighting the limitations of molecular diagnosis in certain 
cases. In such instances, glycans are typically released from 
the entire glycoprotein fraction of cultured cells and ana-
lyzed using chromatography. The resulting glycan profile is 
then compared with that of normal cultured cells. However, 
this level of analysis is generally beyond the scope of routine 
clinical practice.

IgG is the most abundant glycoprotein in blood, synthe-
sized primarily by lymphocytes, whereas many secretory 
glycoproteins are produced in the liver. N-linked glycans 

Fig. 2. � Biosynthetic pathway of N-glycans in the ER and Golgi apparatus. The CDG in which patients have been identified to date is listed in the box. 
This figure is a modified version of Fig. 2 from Chapter 45 of Essentials of Glycobiology, 4th Edition (https://www.ncbi.nlm.nih.gov/books/
NBK579928/). CDG, congenital disorders of glycosylation; ER, endoplasmic reticulum. 
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are attached to the Fc region, and the glycosylation of IgG 
is more heterogeneous than transferrin, featuring bianten-
nary complex glycans as well as bisecting glycans. The large 
molecular weight of IgG, combined with the structural 
diversity of its variable regions, complicates the top-down 
analysis through techniques such as IEF and MS of intact IgG 
molecules. Furthermore, IgG does not exhibit glycan defects 
typical of CDG-I type disorders,18) rendering it unsuitable as 
a diagnostic marker for CDG. However, IgG stands out for its 
exceptionally high rate of Fuc attachment compared to other 
secretory glycoproteins, making it a promising candidate for 
identifying CDG characterized by impaired fucosylation, as 
discussed below.

IEF, chromatography, and MS
IEF detects two distinct patterns of abnormalities in 

transferrin associated with CDG-I and CDG-II (Fig. 3). The 
CDG-I pattern indicates a disorder in the transfer of glycans 
to proteins within the ER. This disorder is typically caused by 
a deficiency in the glycosyltransferases responsible for cat-
alyzing the sequential glycosylation reactions on dolichol, a 
shortage of biosynthetic enzymes involved in the synthesis of 
sugar nucleotides, which serve as glycosyl donors, and a mal-
function of oligosaccharyltransferase, the enzyme responsible 
for the final en bloc transfer of glycans to proteins.

CDG-II, on the other hand, involves defects in glycan pro-
cessing within the ER, occurring after the transfer of glycans, 
and in the Golgi apparatus. In mature transferrin, NeuAc 
is added to the terminal glycan, and a single transferrin 
molecule, with two biantennary glycans at two specific sites, 
typically carries a total of four NeuAc residues. In CDG-I, 
transferrin molecules with 2 NeuAc residues (1 glycan) or 
0 NeuAc residues (no glycan) are present, representing a 
reduction of 2 compared to the normal count of 4 NeuAc 
residues (2 glycans). By contrast, CDG-II exhibits structural 
abnormalities in the branching chains, with the number of 
NeuAc residues varying between 3, 2, 1, and 0, in addition to 
the normal 4 residues, as illustrated in Fig. 3.

IEF detects changes in the number of NeuAc residues at 
the glycan termini, reflecting structural abnormalities in the 
glycans in both CDG-I and CDG-II. MS, on the other hand, 
identifies structural changes in glycans through shifts in 
molecular mass, including those that do not affect the num-
ber of NeuAc.19) The advantage of MS lies in its ability to infer 
glycan structure based on observed mass alterations, a tech-
nique that is part of mass spectrometric molecular phenotyp-
ing. This approach relies on the principle of measuring mass 
changes resulting from structural modifications in proteins, 
such as amino acid substitutions.20) This capability of MS 
was demonstrated early in the history of CDG through the 
detailed characterization of the abnormal structure of trans-
ferrin in PMM2-CDG.10) MS utilizes antibodies to selectively 
extract the transferrin molecules of interest before analysis, 
while IEF is typically performed by direct separation of the 
sample followed by western blotting.

In contrast to IEF and MS, which analyze transferrin or 
specific proteins, chromatography is primarily employed to 
analyze the glycans of all glycoproteins present in blood or 
cultured cells.21) In chromatography, glycans are released 
from glycoproteins and derivatized with labels possessing 
ultraviolet absorption or fluorescent groups. The labeled gly-
cans are then separated using a column and detected with a 
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Fig. 3. � IEF profiles of transferrin. (A) Control, (B) CDG-I, and (C) 
CDG-II. The number of NeuAc residues associated with each 
isoelectric point is indicated to the right of the corresponding 
band. CDG, congenital disorders of glycosylation; IEF, isoelec-
tric focusing. 

photometer or mass spectrometer.22) Due to the large variety 
of glycans that can be separated and detected, abnormalities 
in glycan synthesis can be identified through changes in their 
relative quantities or by comparison to control samples. It 
is important to note that, in the analysis of glycans released 
from glycoproteins in blood, IgG contributes a significant 
proportion to the total glycan pool.

Among the 3 methods, IEF is particularly suited for pro-
cessing multiple samples concurrently. However, it relies 
on the visual interpretation of results by the analyst, which 
limits its ability to provide quantitative evaluations and ham-
pers the detection of subtle abnormalities in glycan struc-
tures. Chromatography, while allowing for rapid separation 
within minutes, involves chemical preparation steps such 
as glycan release and labeling, which makes it more suitable 
for research purposes rather than diagnostic applications. 
Moreover, in CDG-I, where glycans are absent at the Asn 
attachment site, chromatography would only detect normal 
glycan structures, rendering it ineffective for this specific 
condition. By contrast, MS provides rapid analysis and yields 
moderately detailed information, establishing it as a first-line 
molecular diagnostic tool that complements genetic analysis.

Electrospray ionization mass spectrum of 
transferrin

Figure 4A presents the electrospray ionization (ESI) mass 
spectrum of transferrin from a healthy individual. Proton-
ated molecules, ranging from 27 to 50 charges, are detected 
between m/z 1500 and m/z 3000. The corresponding struc-
tures are displayed in the deconvoluted mass spectrum (Fig. 
4B). While the relative signal intensity does not directly cor-
relate with the molecular abundance ratio, it remains repro-
ducible when measured under identical conditions. Notably, 
glycan analysis by MS demonstrates quantitative accuracy 
comparable to that of chromatography,23) facilitating the pre-
cise evaluation of aberrations when compared to the healthy 
control group.

Mass spectra of various CDG types
The transferrin glycan structures observed in CDG are 

illustrated in the patterns shown in Figs. 5–7. In CDG cases 
characterized by early-stage defects in glycan synthesis, 
such as PMM2-CDG and ALG9-CDG, a lack of glycans is 
observed (Fig. 5). In PMM2-CDG, glycan synthesis is dis-
rupted due to a deficiency of mannose donors, whereas in 
ALG9-CDG, the synthesis of glycan precursors destined 
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Fig. 4. � ESI mass spectra of transferrin. (A) Multiply-charged ions (proton-
ated molecules). (B) Deconvoluted mass spectrum. The mass spec-
tra were acquired using a Sciex QSTAR QTOF mass spectrometer. 
ESI, electrospray ionization; QTOF, quadrupole time-of-flight. 
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Fig. 5. � Mass spectra of transferrin from CDG-I. (A) PMM2-CDG and 
(B) ALG9-CDG. CDG, congenital disorders of glycosylation. 

for addition to dolichol is impaired at an intermediate stage 
(Fig. 2). Both conditions result in glycan deficiency, owing 
to the inadequate supply of mature glycans required for en 
bloc transfer to nascent proteins. These glycan abnormalities 
correspond to the CDG-I pattern observed in IEF. The num-
ber of glycans per transferrin molecule, typically around 2 in 
healthy individuals, can be estimated from the intensity of 
the mass spectrum peaks. Based on the mass spectra shown 
in Figs. 5A and 5B, this value is approximately 1.1 and 1.7, 
respectively. However, it is important to note that the degree 
of glycan deficiency or the failure in glycan addition does not 
necessarily correlate with the clinical severity of the disease.

While glycan processing disorders are typically identified 
by the CDG-II pattern using IEF, MS provides more detailed 
structural insights (Figs. 6 and 7). In disorders related to 
vesicular traffickings, such as COG-CDG, or in cases of 
Golgi homeostasis disruption due to abnormalities in intra-
cellular pH regulation, the absence of NeuAc is particularly 
evident (Fig. 6A). A concurrent reduction in Gal is often  

74000 75000 76000 77000 78000 79000 80000 81000
mass

B ATP6AP1-CDG

74000 75000 76000 77000 78000 79000 80000 81000

A

mass

ATP6V0A2-CDG

mass
74000 75000 76000 77000 78000 79000 80000 81000

C SLC35A2-CDG

Fig. 6. � Mass spectra of transferrin from CDG-II. (A) ATP6V0A2-CDG 
and (B) ATP6AP1-CDG, and (C) SLC35A2-CDG. CDG, con-
genital disorders of glycosylation. 
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observed (Fig. 6B). In SLC35A2-CDG, a deficiency in the 
supply of uridine diphosphate Gal (UDP-Gal) to the Golgi 
apparatus results in truncation of glycans at the Gal moi-
ety (Fig. 6C). Finally, unique mass spectra are presented in 
Fig. 7. The presence of hybrid glycans in transferrin may be 
indicative of MAN1B1-CDG (Fig. 7A). PGM1-CDG is char-
acterized by a combination of glycan deficiencies, along with 
NeuAc/Gal-NeuAc deficiencies, resulting in both CDG-I and 
CDG-II patterns (Fig. 7B).

QUANTIFICATION TO DEFINE “ABNORMAL”
The diversity of glycan structures is referred to as the 

glycan profile, and the analysis of their relative content is 
known as glycan profiling. Glycans inherently exhibit diver-
sity, termed microheterogeneity. Although transferrin typi-
cally displays low microheterogeneity, a small proportion of 
transferrin molecules in healthy individuals may still show 
NeuAc deficiency or contain only a single glycan. Therefore, 
“abnormal” should be defined as deviations in the glycan pro-
file from the established reference range.24) This approach by 
MS is feasible because the vertical axis of the mass spectrum 
represents the intensity of detected ions, and the relative 
intensity ratio of each peak is reproducible.

IEF-insensitive CDG: Fucosylation defects
Approximately 10% of N-linked glycans attached to 

transferrin are fucosylated at the most proximal GlcNAc, 

74000 75000 76000 77000 78000 79000 80000 81000

B

mass

PGM1-CDG

74000 75000 76000 77000 78000 79000 80000 81000
mass

A MAN1B1-CDG

Fig. 7. � Unique mass spectrometric profiles. (A) Hybrid glycans are 
observed in MAN1B1-CDG. (B) PGM1-CDG is characterized 
by the presence of single or no glycans (CDG-I) and a glycan 
missing peripheral sugars (CDG-II). CDG, congenital disorders 
of glycosylation. 

with this α1,6-linked Fuc known as core Fuc. Core fuco-
sylation plays a critical role in the function and regulation 
of glycoproteins. This modification occurs in the Golgi 
apparatus and is catalyzed by FUT8, utilizing the donor 
substrate guanosine diphosphate Fuc (GDP-Fuc). Impaired 
N-linked glycan fucosylation is associated with defects in 
this glycosylation reaction, as well as with mutations in 
genes involved in the synthesis of GDP-Fuc in the cyto-
plasm, the transport of GDP-Fuc to the Golgi apparatus, 
and the recycling of Fuc degraded in the lysosome. These 
defects are implicated in disorders such as FUT8-CDG, 
FCSK-CDG, SLC35C1-CDG, and GFUS-CDG.25) Fuc, being 
a neutral sugar, cannot be detected by IEF; however, it can 
be identified through MS, where the Fuc-modified peak, 
which is 146 Da larger than the main peak, is diminished or 
absent.26)

Due to the high rate of fucosylation in IgG, disorders 
related to Fuc addition can be analyzed through chromatog-
raphy of glycans released from IgG or MS of glycopeptides 
containing the Fc region.23)

Diagnostic metabolite markers
Even in CDGs, there are cases where glycan fragments, 

which are degradation products, serve as diagnostic markers, 
similar to glycoprotein degradation disorders.

GCS1-CDG (MOGS-CDG) is caused by a defect in the 
removal of the terminal Glc from a dolichol-linked gly-
can consisting of 14 sugars, after which the glycoprotein is 
formed and transported to the Golgi apparatus (Fig. 2). In 
patients, high-mannose glycans, which are absent in the IgG 
of healthy individuals, can be observed.27) However, in some 
cases, high-mannose glycans are not detected in transfer-
rin.28) In these cases, the glycan fragments, consisting of four 
sugars generated during degradation, serve as diagnostic 
markers.29)

NANS-CDG is a disorder caused by a deficiency in NeuAc 
synthase (NANS), which is involved in the synthesis of the 
sugar nucleotide donor for NeuAc. While NeuAc-deficient 
glycans are not observed in glycoproteins, the enzyme–sub-
strate, N-acetylmannosamine (ManNAc), accumulates in 
both urine and blood, serving as a diagnostic marker.30)

NGLY1 deficiency, classified as a congenital disorder of 
de-glycosylation (CDDG), involves a defect in the enzyme 
responsible for removing glycans from misfolded glycopro-
teins during synthesis. Although NGLY1 deficiency is not 
strictly classified as a CDG, it is sometimes included in the 
CDG category and referred to as NGLY1-CDG. The diag-
nostic marker for this disorder is Asn-GlcNAc, a metabolite 
in which the bond between Asn and the glycan remains 
intact. These diagnostic markers are small molecules that are 
excreted in urine, making their analysis relatively straight-
forward. They can be quantified using ESI-MS in both blood 
and urine samples.

Application to assessing therapeutic efficacy
Since the synthetic pathway is not entirely disrupted in 

CDG patients, certain disease types may respond to treat-
ments such as monosaccharide supplementation. For exam-
ple, in SLC35A2-CDG, which is characterized by impaired 
galactosylation, both clinical symptoms and the glycan profile 
improve with Gal supplementation.31) This suggests that gly-
can abnormalities can fluctuate due to various environmental 
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factors, such as diet, potentially becoming a reason why 
glycan abnormalities, as a molecular phenotype, may not be 
detectable in some CDG types or cases.

Glycopeptide analysis by MALDI-MS
Matrix-assisted laser desorption/ionization (MALDI) 

generates singly charged ions, which are subsequently 
accelerated and detected by a time-of-flight (TOF) mass 
spectrometer. During the ionization process, glycosidic 
bonds are easily dissociated, with the loss of NeuAc being 
particularly prominent. Although this dissociation occurs 
during ion flight, prior to detection (post-source decay), a 
linear TOF analyzer can measure the ion’s mass at the point 
of acceleration, reflecting the mass of the molecule bound to 

the glycan. Consequently, linear TOF is the preferred method 
for analyzing glycan structures in glycoproteins and glyco-
peptides. In MALDI-MS, protonated transferrin molecules 
generate a broad peak due to the low resolving power (Fig. 
8A). Nevertheless, the loss of one glycan (2,206 Da) in CDG-I 
cases can still be detected (Fig. 8B). While alterations asso-
ciated with CDG-II are difficult to detect in MALDI-MS of 
transferrin, they can be identified in MALDI of glycopeptides 
with molecular weights in the several-thousand range. Unlike 
ESI, which produces multiply charged ions, MALDI-MS 
generates singly charged ions, making it easier to identify 
target peptides in complex mixtures, such as tryptic digests. 
This provides an advantage over ESI, which generally requires 
chromatographic separation.
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Fig. 8. � MALDI-TOF mass spectra. (A) Control, (B) CDG-I, and (C) glycopeptides from tryptic digestion. The mass spectra were acquired using a Sciex 
Voyager MALDI TOF mass spectrometer. CDG, congenital disorders of glycosylation; MALDI TOF, matrix-assisted laser desorption/ionization 
time-of-flight. 
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In the tryptic digest of transferrin, there are over 50 
types of peptides; however, the peptides (glycopeptides) 
with sialylated biantennary glycans (average mass, 2206.0) 
attached to Asn432 and Asn630 have average masses of 
3,683.7 and 4,722.8, respectively, with only two other pep-
tides exceeding 3000 Da (Fig. 8C). Molecular diagnosis 
of CDG is relatively straightforward, such as evaluating 
the deletion of one sugar residue or assessing the level of 
Fuc addition in CDG-II.32) In CDG-I, where only nor-
mal glycans are present, attention is directed toward the 
presence or absence of peptides without glycans, such 
as those derived from Asn432 (m/z 1478.7) and Asn630 
(m/z 2517.8). It is sufficient to examine either the gly-
can at Asn432 or Asn630. However, since Fuc addition is 
more prominent at Asn630, analyzing peptides containing 
Asn630 is preferable. In this case, the m/z range of 2500–
5000 should be measured.

Since MALDI generates singly protonated molecules, its 
ionization efficiency is lower for glycopeptides containing 
NeuAc.33) As a result, the intensity of glycopeptide ions with 
different numbers of NeuAc residues does not accurately 
reflect their relative abundance. However, when measure-
ment conditions are consistent, MALDI provides high 
reproducibility of mass spectra, enabling quantitative evalu-
ation.23) Although MALDI mass spectrometers are less com-
mon than ESI mass spectrometers, their use has increased 
in clinical laboratories for bacterial identification, and this 
method can be conducted with such equipment. Glyco-
peptide analysis is also possible with ESI; however, liquid- 
chromatography  (LC)-MS is necessary to separate peptides 
via chromatography before analysis.

Mucin-type O-glycans: Apolipoprotein CIII
Mucin-type glycans are synthesized in the Golgi apparatus 

through the addition of GalNAc to the Ser or Thr residues of 
proteins, followed by the sequential addition of sugars to the 
non-reducing end of the glycan.

Apolipoprotein CIII (apoCIII) is widely used as a model 
protein for studying mucin-type glycan addition and has 
been analyzed by IEF, similar to transferrin.34) ApoCIII is 
a relatively small glycoprotein (less than 10,000 Da) that 
contains a single mucin-type O-glycan and lacks N-linked 
glycans. The O-glycan consists of up to 4 sugar units, 
which may include 0, 1, or 2 NeuAc residues (Fig. 9A). 
Of particular note, MALDI-MS can obtain glycan profiles 
directly from serum with a simple desalting procedure. 
In contrast to IEF, which requires the use of anti-apoCIII 
antibodies for detection, this MALDI-MS method elimi-
nates the need for antibody purification. It requires only 
a few microliters of serum, is significantly faster, simpler, 
and more sensitive, and provides a distinct advantage over 
IEF in distinguishing molecular species without NeuAc 
attachment (Fig. 9B).35)

The primary focus in detecting abnormalities in apoCIII 
glycans is the reduced levels of NeuAc addition. Defects in 
the addition of NeuAc to the O-glycans of apoCIII are often 
accompanied by impairments in the addition of NeuAc to 
N-glycans. These abnormalities can arise from defects in the 
cytidine monophosphate NeuAc (CMP-NeuAc) transporter 
(SLC35A1-CDG), disruption of Golgi homeostasis, or defects 
in vesicular trafficking. Figure 9C illustrates an example 
of the absence of O-glycans and impaired terminal NeuAc 

addition in ATP6V0A2-CDG, a disorder affecting the proton 
pump involved in intracellular pH regulation.

There are several isozymes of polypeptide GalNAc- 
transferase (GALNT) that catalyze the addition of GalNAc 
to protein backbones in mucin-type glycans. Due to redun-
dancy in their substrate specificity, the deficiency of any 
single GALNT isoform does not typically result in a glycan 
addition defect. However, the mucin-type glycosylation of 
apoCIII uniquely depends on GALNT2,36) and a lack of 
GALNT2 leads to a notable increase in apoCIII without gly-
cosylation in GALNT2-CDG.

ApoCIII can also be analyzed by ESI-MS if purified using 
an anti-apoCIII antibody, with the same mass spectrometer 
employed for transferrin analysis.35)

PROMOTING MOLECULAR DIAGNOSIS 
USING MS
Use of widely available triple-quadrupole mass 
spectrometers

The multiply charged ions of transferrin generated by ESI 
span a broad mass range, as shown in Fig. 4A, necessitating 
a high m/z range to cover all ions. As a result, quadrupole 
(Q) TOF (QTOF) mass spectrometers are often preferred for 
these analyses, leading to the misconception that such analy-
ses can only be performed with QTOF instruments.37) How-
ever, ESI triple-Q mass spectrometers, which are commonly 
used in the analysis of metabolites and drugs and thus by 
far the most popular, have a more limited upper mass range. 
Figure 10A presents a mass spectrum obtained using a  
triple-Q mass spectrometer designed for neonatal screening 
of inborn errors of metabolism. Despite a measurable m/z 
limit of 2000, ions with a charge state higher than 40 cannot 
be detected; nonetheless, a deconvolution spectrum compa-
rable to that obtained with a TOF instrument (Fig. 4B) can 
still be generated. Furthermore, valuable diagnostic informa-
tion can be derived by closely examining ions with specific 
charge states, even in the absence of deconvolution. For 
example, Fig. 10B illustrates the mass spectrum of PGM1-
CDG, where ions characteristic of both CDG-I and CDG-II 
can be identified in a narrow m/z range between m/z 1950 
and m/z 2000.24) The same instrument can also be used to 
analyze ApoCIII.

Use of dried blood spots for mass screening
In the context of receiving analysis requests from external 

institutions, serum typically needs to be transported under 
frozen conditions. However, if dried blood spots (DBSs) 
could be utilized, as in the neonatal mass screening pro-
gram, they could be sent at ambient temperature, offering 
a more efficient and cost-effective method of sample trans-
portation. Consequently, DBSs are used as samples in the 
current mass screening methodology. In standard neonatal 
mass screening, low-molecular-weight metabolites, such 
as amino acids, organic acids, fatty acids, and monosac-
charides, are analyzed, whereas CDG diagnoses focus on 
protein analysis. This presents concerns regarding potential 
protein denaturation during the drying process. Never-
theless, as demonstrated by the successful measurement 
of galactose-1-phosphate uridyltransferase in the classical 
neonatal mass screening for galactosemia, protein structure 
and function remain, to some extent, intact in dried blood 
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samples. In the case of transferrin, the recovery from DBS 
is relatively high, approximately 75%, when compared to 
serum. A simple elution of serum from 3 mm diameter DBS 
with phosphate-buffered saline followed by immunopurifica-
tion can achieve a glycan profile comparable to that obtained 
from serum.38) Figure 10C provides an example of PGM1-
CDG analysis.

While the CDG analysis methodology appears sufficiently 
refined for mass screening, it cannot be directly incorporated 
into the current standard neonatal mass screening process. 
Current neonatal mass screening employs LC-MS, but the 
first LC step does not serve to separate components; rather, 
it functions merely as an introduction, with separation 
and identification occurring in tandem MS. By contrast, 
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CDG analysis using transferrin (or apoCIII) requires  
antibody-based purification and reversed-phase LC prior to 
MS for desalting. Although these steps can be automated, 
the specialized pretreatment equipment required for CDG 
analysis presents a challenge in integrating it into the existing 
neonatal mass screening framework.

CONCLUSION
Diagnosing CDG based solely on clinical symptoms is 

extremely difficult, which underscores the importance of 
genetic and molecular analyses in identifying and diagnos-
ing affected cases. Transferrin is the second most abundant 
glycoprotein, characterized by a simple N-glycan structure, 
making it a standard diagnostic marker for CDG using MS 
or IEF. However, transferrin has certain limitations as a 
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Fig. 10. � ESI mass spectra of transferrin acquired using a triple Q mass 
spectrometer. (A) Control, (B) PGM1-CDG, and (C) PGM1-
CDG from dried blood spots. Samples for B and C were 
derived from different PGM1-CDG patients. The instrument 
(Sciex API 4500) used for these analyses was previously 
employed in neonatal screening for inborn errors of metabo-
lism. CDG, congenital disorders of glycosylation. ESI, electro-
spray ionization. 

biomarker. For example, its N-glycan does not contain struc-
tures such as bisecting GlcNAc, high mannose, or hybrid 
types, which contribute to more complex microheterogene-
ity. Additionally, in cases where molecular abnormalities in 
CDG do not manifest in secretory glycoproteins, the analysis 
of glycans derived from whole cells, typically fibroblasts, 
becomes necessary. ApoCIII, an exceptionally small glyco-
protein with a single mucin-type O-glycan, provides valuable 
supplemental information, particularly regarding sialylation. 
The molecular diagnostic methods using MS for transferrin 
and ApoCIII have become well established as first-line diag-
nostic tools for CDG. It is essential to further advance their 
accessibility and integration into clinical practice to enhance 
our understanding of this emerging group of inherited meta-
bolic disorders.
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