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Congenital disorders of glycosylation (CDG), an increasingly recognized group of diseases that a�ect 
glycosylation, comprise the largest known subgroup of approximately 100 responsible genes related to N-
glycosylation. �is subgroup presents various molecular abnormalities, of either the CDG-I or the CDG-II 
type, attributable to a lack of glycans or abnormal glycoform pro�les, respectively. �e most e�ective ap-
proach to identifying these N-glycosylation disorders is mass spectrometry (MS) using either released gly-
cans, intact glycoproteins or proteolytic peptides as analytes. Among these, MS of tryptic peptides derived 
from transferrin can be used to reliably identify signature peptides that are characteristic of CDG-I and 
II. In the present study, matrix-assisted laser desorption/ionization (MALDI) MS was applied to various 
N-glycosylation disorders including ALG1-CDG, B4GALT1-CDG, SLC35A2-CDG, ATP6V0A2-CDG, 
TRAPPC11-CDG and MAN1B1-CDG. �is method does not require the prior enrichment of glycopep-
tides or chromatographic separation, and thus serves as a practical alternative to liquid chromatography-
electrospray ionization MS. �e signature peptides are biomarkers of CDG.

 Copyright © 2020 Yoshinao Wada. �is is an open access article distributed under the terms 
of Creative Commons Attribution License, which permits use, distribution, and reproduction 
in any medium, provided the original work is properly cited and is not used for commercial 
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INTRODUCTION
Congenital disorders of glycosylation (CDG) are an 

expanding group of disorders caused by defects in the gly-
cosylation of proteins, and include more than 125 known 
genetic diseases.1,2) Among the various forms of CDG, those 
a�ecting N-glycosylation constitute a major subgroup, 
which is characterized by two types of molecular defects, 
i.e., a lack of glycans (CDG-I) or an abnormal glycan pro-
�le (CDG-II)3) (Fig. 1). CDG-I is caused by a defect in the 
synthesis of a lipid-linked glycan and the subsequent en 
bloc transfer of glycans to nascent proteins in the endo-
plasmic reticulum (ER). �e defects of CDG-II occur in the 
subsequent trimming and decoration steps to form mature 
glycoforms in the ER and Golgi apparatus. In both types, 
patients also have una�ected glycoproteins, because the 
complete loss of mature glycans is incompatible with life.

In 1992, mass spectrometry (MS) revealed a molecular 
abnormality derived from a defect in the early step of the 
N-glycosylation of transferrin, and this observation con-
tributed to establishing CDG as an entity.4) In the last thirty 
years, nearly 100 di�erent disease types or genes respon-

sible for congenital disorders of N-glycosylation have been 
identi�ed.5) Since the symptoms and signs of CDG are quite 
diverse, making it impossible to establish a diagnosis using 
routine laboratory tests,6,7) MS is an essential approach for 
accurately diagnosing CDG.8)

MS can use either intact transferrin, glycans or glyco-
peptides as the analyte for detecting CDG,1,9,10) and each 
approach has its own advantages and disadvantages. An 
analysis of released glycans is well-established and applica-
ble not only to transferrin but also to whole serum proteins. 
�e method requires multiple sample preparation steps 
including the release of glycans from glycoproteins and sub-
sequent derivatization procedures such as permethylation. 
MS is performed with either electrospray ionization (ESI) 
or matrix-assisted laser desorption/ionization (MALDI).11) 
MS of glycans is unable to detect CDG-I, since there are 
no alterations in the glycoform. MS of intact transferrin 
(Mr 79,556),10) which is modi�ed by the attachment of two 
complex-type sialylated glycans with minimal microhetero-
geneity, can be rapidly analyzed, since only immunopuri�-
cation is needed before loading onto on-line liquid chroma-
tography (LC) MS. ESI of intact transferrin generates ions 
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with 25–45 charges, which requires a wide mass range up 
to m/z 3000. In addition, parameters must be carefully set 
for both the measurement and spectral deconvolution in 
order to identify low-intensity diagnostic signals that might 
be buried in the chemical noise or lost below the cut-o� 
threshold. Such problems and pitfalls associated with the 
analysis of intact transferrin have been discussed in detail 
in a previous report.12) On the other hand, MALDI-MS of 
intact transferrin is e�ective for identifying CDG-I,13) but 
the resolving power is not su�cient to detect the altered 
glycoform pro�les that are characteristic of CDG-II.

MS of glycopeptides is a standard proteomic method. 
�e tryptic digestion of transferrin followed by MS has 
been used to characterize the immature glycoforms of 
CDG-II,14,15) but this approach is not widely employed for 
CDG screening. Barroso et al. recently reported a capil-
lary LC-ESI-MS method to identify CDG and to discrimi-
nate between various CDG-II types based on the relative 
abundance of signature ions.16) We report herein that the 
MALDI-MS of tryptic peptides derived from transferrin is 
a viable alternative to LC-ESI-MS, and the peptide masses 
can be useful for diagnosing CDG-I and -II serving as reli-
able biomarkers of CDG.

MATERIALS AND METHODS
Patients

Anonymized serum samples were delivered to OWCH to 
screen patients for suspected CDG. �e genetic diagnosis 
was made before or a�er identifying the molecular abnor-
mality by MS.

Sample preparation and MALDI-MS
MS of glycopeptides for glycoform pro�ling was per-

formed according to a previously reported method, 
with minor modi�cations.12) Brie�y, an a�nity column 
was prepared using a rabbit polyclonal antibody against 
human transferrin (DAKO, Denmark) and a ligand-
coupling Sepharose column (HiTrap NHS-activated HP, GE 
Healthcare, Piscataway, NJ, USA), and the antibody-coupled 
Sepharose was recovered from the column. Ten µL of serum 
or plasma were mixed with a 20-µL slurry of Sepharose 

in 0.5 mL of phosphate-bu�ered saline and the resulting 
solution incubated at 4°C for 30 min. A�er washing the 
Sepharose, the transferrin was eluted in 0.1 M glycine–HCl 
bu�er at pH 2.5. �e puri�ed transferrin was dissolved in 
0.5 mL of 6 M guanidium hydrochloride, 0.25 M Tris–HCl, 
pH 8.5 and reduced by treatment with 5 mg of dithiothrei-
tol at 60°C for 30 min. A 10 mg portion of iodoacetamide 
was then added to achieve carbamidomethylation, and 
the resulting solution was incubated in the dark at room 
temperature for 30 min. �e reagents were removed by a 
NAP-5 gel �ltration column (GE Healthcare) equilibrated 
with 0.05 N HCl, and the recovered protein solution was ad-
justed to pH 8.5 with Tris. Digestion was performed using 
a mixture of trypsin (Sequencing Grade Modi�ed Trypsin, 
Promega, Madison, MI, USA) and Acromobacter lysylendo-
peptidase (Wako, Japan) at 37°C for 12 h. Neither enrich-
ment nor the puri�cation of glycopeptides was carried out. 
�e digest was desalted using a Millipore ZipTip C18 pi-
pette tip and analyzed with a MALDI time-of-�ight (TOF) 
mass spectrometer equipped with a 337-nm wavelength ni-
trogen laser (Voyager DE-Pro, SCIEX, Framingham, MAA). 
�e sample matrix was 20 mg/mL of 2,5-dihydroxybenzoic 
acid dissolved in 50% acetonitrile in water. Measurements 
were performed for positive ions, and both linear and re-
�ectron TOF modes were used.

RESULTS AND DISCUSSION
Transferrin is abundant (approximately 2 mg/mL) in 

serum. It contains two N-glycosylation sites at Asn413 and 
Asn611 (Fig. 2), which are alternatively named Asn432 
and Asn630, respectively, of the preproprotein. �e glyco-
form is comprised mainly of a sialylated biantennary form 
with little microheterogeneity, making transferrin suitable 
for screening for glycosylation disorders. �e molecular 
weights of these tryptic peptides of 13 and 21 amino acid 
residues exceed 3,000 when a sialylated biantennary glycan 
of 2,206 Da is attached. �ere are only a few other peptides 
larger than 3,000 Da in the tryptic digest of transferrin (see 
the legend of Fig. 3), thus allowing the MALDI-based ap-
proach to skip glycopeptide enrichment.

Fig. 1. Simpli�ed depiction of the pathway for N-glycosylation biosynthesis. Abnormal molecules and glycoforms produced in CDG are illus-
trated below the pathway.
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Characteristics of MALDI MS of glycopeptides
A MALDI linear TOF mass spectrum of transferrin from 

a healthy individual is shown in Fig. 3. Attachment of gly-
cans is generally thought to impair ionization e�ciency and 
thus, the signal intensity of the peptides. Interestingly, how-
ever, the intensities of glycopeptides in this mass spectrum 
are not smaller than those of other unglycosylated peptides. 
�is is probably due to the acidity of the latter peptides (see 
the sequences shown in the �gure legend). In the mass spec-
trum, the relative intensities of glycopeptide ions bearing 
one or two sialic acids (N-acetylneuraminic acids) do not 
actually re�ect the true molar ratio, and the peak for the 
mono-sialylated species is enhanced as compared with that 
of the di-sialylated form.11) �is phenomenon is o�en more 
evident for the glycopeptide of site-1 than that of site-2. A 
small signal at m/z 4868.9 corresponds to a fucosylated gly-
coform at site-2, which is barely detectable at site-1.

CDG-I
�e molecular phenotype of CDG-I is characterized 

by the incomplete occupancy at the N-glycosylation sites. 

MALDI re�ectron TOF mass spectra from a CDG-I patient 
(ALG1-CDG17)) and a healthy individual are shown in Figs. 
4a and 4b, respectively. In the patient, the unglycosylated 
ions at m/z 1476.8 and m/z 2515.1 indicate the absence of 
glycosylation at site-1 and site-2, respectively (Fig. 4a). A 
small signal corresponding to the missing glycosylation at 
site-2 is observed in some healthy individuals (Fig. 4b). �is 
is not derived from an artifact during sample preparation or 
the MALDI process and is reproducible for the same serum 
sample. �e glycoform pro�le is una�ected in CDG-I (data 
not shown).

CDG-II
CDG-II is caused by a defect in the processing or matura-

tion of glycans. �e trimming of terminal sugars occurs in 
the ER and monosaccharides such as N-acetylglucosamine, 
galactose, N-acetylneuraminic acid and fucose are then se-
quentially added to produce mature glycoforms in the Golgi 
apparatus. A defect in this process generates immature or 
abnormal glycoforms (Fig. 1). �e genes responsible for 
CDG-II are not only the enzymes directly catalyzing the re-
moval or addition of sugars but also the molecules that are 
involved in vesicular transport or organellar homeostasis, 
which expands the CDG category.

�e MALDI mass spectra of various types of CDG-II 
are presented in Fig. 5. B4GALT1-CDG is a typical CDG-II 
involving a Golgi enzyme de�ciency.18) An impaired activity 
of β-1,4-galactosyl transferase results in the appearance of 
the glycoform lacking galactose (Fig. 5a). For unknown rea-
sons, the monosialylated, but not the galactosylated ions at 
m/z 3392 and m/z 4432, were also increased in this patient.

SLC35A2 is the Golgi-localized UDP-galactose trans-
porter. A mutation in SLC35A2 results in the genera-
tion of galactose-de�cient glycoforms (Fig. 5b), similar 
to B4GALT1-CDG. �e diagnostic mono-galactosylated 
ions at m/z 3230 and m/z 4269 were present at low levels 
but were clearly detected, while they were not observed in 
healthy individuals (Fig. 3). In reported cases with severe 
molecular phenotypes, glycopeptide ions without galactose, 

Fig. 2. Sequences of the tryptic glycopeptide and the major glyco-
forms of transferrin.

Fig. 3. MALDI linear TOF mass spectrum of tryptic peptides of transferrin obtained from a healthy individual. �e peaks indicated by sequence 
numbers in parentheses are ions without glycosylation sites. �eir sequences are AIAANEADAVTLDAGLVYDAYLAPNNLKPVVAEFYGSK 
(51–88) and AVANFFSGSCAPCADGTDFPQLCQLCPGCGCSTLNQYFGYSGAFK (149–193). Glycoforms at site-1 and site-2 are displayed in 
the lower and higher mass regions, respectively.
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which should be observed at m/z 3068 and m/z 4107, were 
present as well.19,20) In contrast to B4GALT1-CDG, the 
glycoforms lacking a single sialic acid at m/z 3392 and m/z 
4432 were not increased.

ATP6V0A2-CDG is caused by mutations in the gene 
encoding the a2 subunit of the vacuolar H+-ATPase 
(V-ATPase).21) Although the precise mechanism underly-
ing the e�ects of mutations of this gene on glycosylation 
remains unclear, alterations of the localization of glycos-
yltransferases in the Golgi apparatus and changes in their 
enzymatic activity have been suggested to be involved.22) As 
shown in Fig. 5c, decreased sialylation (m/z 3392, m/z 4140 
and m/z 4432) was more evident than decreased galactosyl-
ation (m/z 3230 and m/z 4269).

Mutations in TRAPPC11, a subunit of the TRAPPIII 
complex, resulted in a delay of vesicular transport in 
the Golgi apparatus.23) �e MALDI mass spectrum of 
TRAPPC11-CDG showed a signi�cant decrease in the ex-
tent of sialylation (m/z 3392, m/z 4140 and m/z 4432) as well 
as low-intensity signals indicating decreased galactosylation 
(m/z 3230 and m/z 4269) (Fig. 5d), which was consistent 
with observations of an earlier report.23)

Regarding sialylation, the level of sialylation to be judged 
“abnormal” are statistically de�ned, because the mono-sialo 
and even asialo species are present in healthy individuals 
and are enhanced in the MALDI mass spectrum.11) In this 
study, the ratio of the intensities for site-2 glycopeptide 

ions at m/z 4432 and m/z 4723 was 0.16±0.02 (mean±S.D., 
n=5) in una�ected individuals. �e ratio was signi�cantly 
elevated for B4GALT1-CDG (0.45), ATP6V0A2-CDG (0.67) 
and TRAPPC11-CDG (0.46), the only exception being 
SLC35A2-CDG (0.16), in these mass spectra. It should be 
noted that the ratio depends on the instrumental param-
eters involved in the analysis.

As shown by the cases described above, most CDG-II 
types have a decrease in sialylation and/or galactosylation 
in common as a molecular feature, although a lack of 
N-acetylglucosamine caused by a de�ciency in GlcNAc 
transferase II (MGATII-CDG) has also been reported.24) An 
exception is MAN1B1-CDG caused by an α-mannosidase 
I de�ciency,25) which removes α-1,2 mannose units in 
the Golgi apparatus and is necessary for the formation of 
complex-type glycans. �e hybrid-type glycoforms observed 
at m/z 3189 and m/z 3351 might be speci�c biomarkers for 
MAN1B1-CDG (Fig. 5e). Interestingly, these glycoforms 
were not observed at site-2 in the mass spectrum, probably 
due to the poor accessibility of this enzyme to the site-2 
glycan.

Finally, it should be kept in mind that these molecular 
abnormalities may diminish depending on non-genetic 
factors such as age, nutrition and treatment. Furthermore, 
the qualitative or quantitative approach described herein 
does not allow identi�cation of some types of CDG such 
as MOGS-CDG26) and SLC35C1-CDG,27) which have an 

Fig. 4. MALDI re�ectron TOF mass spectra of tryptic peptides of transferrin. (a) CDG-I patient. Arrows indicate diagnostic ions. �is patient is a 
compound heterozygote for ALG1 mutations and has a mutation in the SSR4 gene which is also among the candidate causes of CDG-I type 
abnormalities. (b) Healthy individual. Broken arrows indicate the positions of diagnostic ions; it is noteworthy that a small peak at m/z 
2525.1 is observed in this una�ected subject.
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apparently normal transferrin pro�le. Fucosylation levels 
in the latter case are e�ectively evaluated by the MS of 
immunoglobulin-G,11) and the MS-based method to detect 
MOGS-CDG will be described elsewhere. Nevertheless, 
determining the signature ions of tryptic peptides of trans-
ferrin, as shown in Table 1, is useful as an initial labora-
tory approach for patients who are suspected to have CDG. 
�ese diagnostic markers will allow technicians, even those 

without expertise in glycobiology, to e�ectively screen pa-
tients for CDG in the clinical laboratories.

CONCLUSION
MALDI-MS of tryptic digests of transferrin o�ers an 

easy and reliable method for �rst-line screening for CDG. 
Although the N-glycan structure is complicated, the num-

Fig. 5. MALDI linear TOF mass spectrum of tryptic peptides of transferrin from patients with various types of CDG-II.

(a) B4GALT1-CDG. (b) SLC35A2-CDG. (c) ATP6V0A2-CDG. (d) TRAPPC11-CDG. (e) MAN1B1-CDG.
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ber of key ions are limited, thus facilitating the detection 
of CDG. Each laboratory should determine its own normal 
range for these biomarkers especially for the sialylation 
levels.

Acknowledgements
Special thanks are extended to Dr. Okamoto (OWCH) for 

his invaluable collaboration in our CDG screening project. 
�is work was supported by a Grant-in-Aid from AMED 
(JP19ek0109418).

REFERENCES
 1) N. Abu Bakar, D. J. Lefeber, M. van Scherpenzeel. Clinical gly-

comics for the diagnosis of congenital disorders of glycosylation. 
J. Inherit. Metab. Dis. 41: 499–513, 2018.

 2) R. Péanne, P. de Lonlay, F. Foulquier, U. Kornak, D. J. Lefeber, 
E. Morava, B. Pérez, N. Seta, C. �iel, E. Van Scha�ingen, G. 
Matthijs, J. Jaeken. Congenital disorders of glycosylation (CDG): 
Quo vadis? Eur. J. Med. Genet. 61: 643–663, 2018.

 3) H. H. Freeze. Congenital disorders of glycosylation: CDG-I, 
CDG-II, and beyond. Curr. Mol. Med. 7: 389–396, 2007.

 4) Y. Wada, A. Nishikawa, N. Okamoto, K. Inui, H. Tsukamoto, S. 
Okada, N. Taniguchi. Structure of serum transferrin in carbo-
hydrate-de�cient glycoprotein syndrome. Biochem. Biophys. Res. 
Commun. 189: 832–836, 1992.

 5) B. G. Ng, H. H. Freeze. Perspectives on glycosylation and its con-
genital disorders. Trends Genet.: TIG 34: 466–476, 2018.

 6) I. J. Chang, M. He, C. T. Lam. Congenital disorders of glycosyl-
ation. Ann. Transl. Med. 6: 477, 2018.

 7) R. Francisco, D. Marques-da-Silva, S. Brasil, C. Pascoal, V. Dos 
Reis Ferreira, E. Morava, J. Jaeken. �e challenge of CDG diag-
nosis. Mol. Genet. Metab. 126: 1–5, 2019.

 8) L. Sturiale, R. Barone, D. Garozzo. �e impact of mass spectrom-
etry in the diagnosis of congenital disorders of glycosylation. J. 
Inherit. Metab. Dis. 34: 891–899, 2011.

 9) R. Barone, L. Sturiale, D. Garozzo. Mass spectrometry in the 

characterization of human genetic N-glycosylation defects. Mass 
Spectrom. Rev. 28: 517–542, 2009.

10) M. van Scherpenzeel, G. Steenbergen, E. Morava, R. A. Wevers, 
D. J. Lefeber. High-resolution mass spectrometry glycopro�ling 
of intact transferrin for diagnosis and subtype identi�cation 
in the congenital disorders of glycosylation. Transl. Res. 166: 
639–649.e1, 2015.

11) Y. Wada, P. Azadi, C. E. Costello, A. Dell, R. A. Dwek, H. Geyer, 
R. Geyer, K. Kakehi, N. G. Karlsson, K. Kato, N. Kawasaki, K. 
H. Khoo, S. Kim, A. Kondo, E. Lattova, Y. Mechref, E. Miyoshi, 
K. Nakamura, H. Narimatsu, M. V. Novotny, N. H. Packer, 
H. Perreault, J. Peter-Katalinic, G. Pohlentz, V. N. Reinhold, 
P. M. Rudd, A. Suzuki, N. Taniguchi. Comparison of the 
methods for pro�ling glycoprotein glycans—HUPO Human 
Disease Glycomics/Proteome Initiative multi-institutional study. 
Glycobiology 17: 411–422, 2007.

12) Y. Wada. Mass spectrometry of transferrin glycoforms to detect 
congenital disorders of glycosylation: Site-speci�c pro�les and 
pitfalls. Proteomics 16: 3105–3110, 2016.

13) Y. Wada, J. Gu, N. Okamoto, K. Inui. Diagnosis of carbohydrate-
de�cient glycoprotein syndrome by matrix-assisted laser desorp-
tion time-of-�ight mass spectrometry. Biol. Mass Spectrom. 23: 
108–109, 1994.

14) W. E. Heywood, P. Mills, S. Grunewald, V. Worthington, J. 
Jaeken, G. Carreno, H. Lemonde, P. T. Clayton, K. Mills. A new 
method for the rapid diagnosis of protein N-linked congenital 
disorders of glycosylation. J. Proteome Res. 12: 3471–3479, 2013.

15) Y. Wada. Mass spectrometry of transferrin and apolipoprotein 
C-III for diagnosis and screening of congenital disorder of glyco-
sylation. Glycoconj. J. 33: 297–307, 2016.

16) A. Barroso, E. Gimenez, F. Benavente, J. Barbosa, V. Sanz-Nebot. 
Classi�cation of congenital disorders of glycosylation based on 
analysis of transferrin glycopeptides by capillary liquid chroma-
tography-mass spectrometry. Talanta 160: 614–623, 2016.

17) C. E. Grubenmann, C. G. Frank, A. J. Hulsmeier, E. Schollen, 
G. Matthijs, E. Mayatepek, E. G. Berger, M. Aebi, T. Hennet. 
De�ciency of the �rst mannosylation step in the N-glycosylation 
pathway causes congenital disorder of glycosylation type Ik. 
Hum. Mol. Genet. 13: 535–542, 2004.

Table 1. Diagnostic peptides and m/z values.

http://dx.doi.org/10.1007/s10545-018-0144-9
http://dx.doi.org/10.1007/s10545-018-0144-9
http://dx.doi.org/10.1007/s10545-018-0144-9
http://dx.doi.org/10.1016/j.ejmg.2017.10.012
http://dx.doi.org/10.1016/j.ejmg.2017.10.012
http://dx.doi.org/10.1016/j.ejmg.2017.10.012
http://dx.doi.org/10.1016/j.ejmg.2017.10.012
http://dx.doi.org/10.2174/156652407780831548
http://dx.doi.org/10.2174/156652407780831548
http://dx.doi.org/10.1016/0006-291X(92)92278-6
http://dx.doi.org/10.1016/0006-291X(92)92278-6
http://dx.doi.org/10.1016/0006-291X(92)92278-6
http://dx.doi.org/10.1016/0006-291X(92)92278-6
http://dx.doi.org/10.1016/j.tig.2018.03.002
http://dx.doi.org/10.1016/j.tig.2018.03.002
http://dx.doi.org/10.21037/atm.2018.10.45
http://dx.doi.org/10.21037/atm.2018.10.45
http://dx.doi.org/10.1016/j.ymgme.2018.11.003
http://dx.doi.org/10.1016/j.ymgme.2018.11.003
http://dx.doi.org/10.1016/j.ymgme.2018.11.003
http://dx.doi.org/10.1007/s10545-011-9306-8
http://dx.doi.org/10.1007/s10545-011-9306-8
http://dx.doi.org/10.1007/s10545-011-9306-8
http://dx.doi.org/10.1002/mas.20201
http://dx.doi.org/10.1002/mas.20201
http://dx.doi.org/10.1002/mas.20201
http://dx.doi.org/10.1016/j.trsl.2015.07.005
http://dx.doi.org/10.1016/j.trsl.2015.07.005
http://dx.doi.org/10.1016/j.trsl.2015.07.005
http://dx.doi.org/10.1016/j.trsl.2015.07.005
http://dx.doi.org/10.1016/j.trsl.2015.07.005
http://dx.doi.org/10.1093/glycob/cwl086
http://dx.doi.org/10.1093/glycob/cwl086
http://dx.doi.org/10.1093/glycob/cwl086
http://dx.doi.org/10.1093/glycob/cwl086
http://dx.doi.org/10.1093/glycob/cwl086
http://dx.doi.org/10.1093/glycob/cwl086
http://dx.doi.org/10.1093/glycob/cwl086
http://dx.doi.org/10.1093/glycob/cwl086
http://dx.doi.org/10.1093/glycob/cwl086
http://dx.doi.org/10.1002/pmic.201500551
http://dx.doi.org/10.1002/pmic.201500551
http://dx.doi.org/10.1002/pmic.201500551
http://dx.doi.org/10.1002/bms.1200230211
http://dx.doi.org/10.1002/bms.1200230211
http://dx.doi.org/10.1002/bms.1200230211
http://dx.doi.org/10.1002/bms.1200230211
http://dx.doi.org/10.1021/pr400328g
http://dx.doi.org/10.1021/pr400328g
http://dx.doi.org/10.1021/pr400328g
http://dx.doi.org/10.1021/pr400328g
http://dx.doi.org/10.1007/s10719-015-9636-0
http://dx.doi.org/10.1007/s10719-015-9636-0
http://dx.doi.org/10.1007/s10719-015-9636-0
http://dx.doi.org/10.1016/j.talanta.2016.07.055
http://dx.doi.org/10.1016/j.talanta.2016.07.055
http://dx.doi.org/10.1016/j.talanta.2016.07.055
http://dx.doi.org/10.1016/j.talanta.2016.07.055
http://dx.doi.org/10.1093/hmg/ddh050
http://dx.doi.org/10.1093/hmg/ddh050
http://dx.doi.org/10.1093/hmg/ddh050
http://dx.doi.org/10.1093/hmg/ddh050
http://dx.doi.org/10.1093/hmg/ddh050


MALDI MS oF CDG PePtIDe BIomarKer Vol. 9 (2020), A0084 

 Page 7 of 7

18) V. Peters, J. M. Penzien, G. Reiter, C. Korner, R. Hackler, 
B. Assmann, J. Fang, J. R. Schaefer, G. F. Ho�mann, 
P. H. Heidemann. Congenital disorder of glycosylation IId 
(CDG-IId)—A new entity: clinical presentation with Dandy-
Walker malformation and myopathy. Neuropediatrics 33: 27–32, 
2002.

19) B. G. Ng, K. J. Buckingham, K. Raymond, M. Kircher, E. H. 
Turner, M. He, J. D. Smith, A. Eroshkin, M. Szybowska, M. E. 
Losfeld, J. X. Chong, M. Kozenko, C. Li, M. C. Patterson, R. 
D. Gilbert, D. A. Nickerson, J. Shendure, M. J. Bamshad, H. 
H. Freeze; University of Washington Center for Mendelian 
Genomics. Mosaicism of the UDP-galactose transporter 
SLC35A2 causes a congenital disorder of glycosylation. Am. J. 
Hum. Genet. 92: 632–636, 2013.

20) K. Dörre, M. Olczak, Y. Wada, P. Sosicka, M. Grüneberg, J. 
Reunert, G. Kurlemann, B. Fiedler, S. Biskup, K. Hörtnagel, S. 
Rust, T. Marquardt. A new case of UDP-galactose transporter 
de�ciency (SLC35A2-CDG): Molecular basis, clinical phenotype, 
and therapeutic approach. J. Inherit. Metab. Dis. 38: 931–940, 
2015.

21) U. Kornak, E. Reynders, A. Dimopoulou, J. van Reeuwijk, 
B. Fischer, A. Rajab, B. Budde, P. Nürnberg, F. Foulquier, D. 
Lefeber, Z. Urban, S. Gruenewald, W. Annaert, H. G. Brunner, 
H. van Bokhoven, R. Wevers, E. Morava, G. Matthijs, L. Van 
Maldergem, S. Mundlos; ARCL Debré-type Study Group. 
Impaired glycosylation and cutis laxa caused by mutations in the 
vesicular H+-ATPase subunit ATP6V0A2. Nat. Genet. 40: 32–34, 
2008.

22) M. Guillard, A. Dimopoulou, B. Fischer, E. Morava, D. J. Lefeber, 
U. Kornak, R. A. Wevers. Vacuolar H+-ATPase meets glycosyl-
ation in patients with cutis laxa. Biochim. Biophys. Acta 1792: 
903–914, 2009.

23) L. Matalonga, M. Bravo, C. Serra-Peinado, E. Garcia-Pelegri, 
O. Ugarteburu, S. Vidal, M. Llambrich, E. Quintana, P. 
Fuster-Jorge, M. N. Gonzalez-Bravo, S. Beltran, J. Dopazo, F. 
Garcia-Garcia, F. Foulquier, G. Matthijs, P. Mills, A. Ribes, G. 
Egea, P. Briones, F. Tort, M. Giros. Mutations in TRAPPC11 
are associated with a congenital disorder of glycosylation. Hum. 
Mutat. 38: 148–151, 2017.

24) B. Coddeville, H. Carchon, J. Jaeken, G. Briand, G. Spik. 
Determination of glycan structures and molecular masses of the 
glycovariants of serum transferrin from a patient with carbohy-
drate de�cient syndrome type II. Glycoconj. J. 15: 265–273, 1998.

25) D. Rymen, R. Peanne, M. B. Millon, V. Race, L. Sturiale, D. 
Garozzo, P. Mills, P. Clayton, C. G. Asteggiano, D. Quelhas, A. 
Cansu, E. Martins, M. C. Nassogne, M. Goncalves-Rocha, H. 
Topaloglu, J. Jaeken, F. Foulquier, G. Matthijs. MAN1B1 de�-
ciency: An unexpected CDG-II. PLoS Genet. 9: e1003989, 2013.

26) C. Volker, C. M. De Praeter, B. Hardt, W. Breuer, B. Kalz-Fuller, 
R. N. Van Coster, E. Bause. Processing of N-linked carbohydrate 
chains in a patient with glucosidase I de�ciency (CDG type IIb). 
Glycobiology 12: 473–483, 2002.

27) T. Lubke, T. Marquardt, A. Etzioni, E. Hartmann, K. von Figura, 
C. Korner. Complementation cloning identi�es CDG-IIc, a new 
type of congenital disorders of glycosylation, as a GDP-fucose 
transporter de�ciency. Nat. Genet. 28: 73–76, 2001.

http://dx.doi.org/10.1055/s-2002-23597
http://dx.doi.org/10.1055/s-2002-23597
http://dx.doi.org/10.1055/s-2002-23597
http://dx.doi.org/10.1055/s-2002-23597
http://dx.doi.org/10.1055/s-2002-23597
http://dx.doi.org/10.1055/s-2002-23597
http://dx.doi.org/10.1016/j.ajhg.2013.03.012
http://dx.doi.org/10.1016/j.ajhg.2013.03.012
http://dx.doi.org/10.1016/j.ajhg.2013.03.012
http://dx.doi.org/10.1016/j.ajhg.2013.03.012
http://dx.doi.org/10.1016/j.ajhg.2013.03.012
http://dx.doi.org/10.1016/j.ajhg.2013.03.012
http://dx.doi.org/10.1016/j.ajhg.2013.03.012
http://dx.doi.org/10.1016/j.ajhg.2013.03.012
http://dx.doi.org/10.1007/s10545-015-9828-6
http://dx.doi.org/10.1007/s10545-015-9828-6
http://dx.doi.org/10.1007/s10545-015-9828-6
http://dx.doi.org/10.1007/s10545-015-9828-6
http://dx.doi.org/10.1007/s10545-015-9828-6
http://dx.doi.org/10.1007/s10545-015-9828-6
http://dx.doi.org/10.1038/ng.2007.45
http://dx.doi.org/10.1038/ng.2007.45
http://dx.doi.org/10.1038/ng.2007.45
http://dx.doi.org/10.1038/ng.2007.45
http://dx.doi.org/10.1038/ng.2007.45
http://dx.doi.org/10.1038/ng.2007.45
http://dx.doi.org/10.1038/ng.2007.45
http://dx.doi.org/10.1038/ng.2007.45
http://dx.doi.org/10.1016/j.bbadis.2008.12.009
http://dx.doi.org/10.1016/j.bbadis.2008.12.009
http://dx.doi.org/10.1016/j.bbadis.2008.12.009
http://dx.doi.org/10.1016/j.bbadis.2008.12.009
http://dx.doi.org/10.1002/humu.23145
http://dx.doi.org/10.1002/humu.23145
http://dx.doi.org/10.1002/humu.23145
http://dx.doi.org/10.1002/humu.23145
http://dx.doi.org/10.1002/humu.23145
http://dx.doi.org/10.1002/humu.23145
http://dx.doi.org/10.1002/humu.23145
http://dx.doi.org/10.1023/A:1006997012617
http://dx.doi.org/10.1023/A:1006997012617
http://dx.doi.org/10.1023/A:1006997012617
http://dx.doi.org/10.1023/A:1006997012617
http://dx.doi.org/10.1371/journal.pgen.1003989
http://dx.doi.org/10.1371/journal.pgen.1003989
http://dx.doi.org/10.1371/journal.pgen.1003989
http://dx.doi.org/10.1371/journal.pgen.1003989
http://dx.doi.org/10.1371/journal.pgen.1003989
http://dx.doi.org/10.1093/glycob/cwf050
http://dx.doi.org/10.1093/glycob/cwf050
http://dx.doi.org/10.1093/glycob/cwf050
http://dx.doi.org/10.1093/glycob/cwf050
http://dx.doi.org/10.1038/ng0501-73
http://dx.doi.org/10.1038/ng0501-73
http://dx.doi.org/10.1038/ng0501-73
http://dx.doi.org/10.1038/ng0501-73

