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Abstract
Protein glycosylation is an important post-translational modification. It enhances the functional diversity of proteins, 

half-life and influences their biological activity. Defective glycosylation often leads to multisystem disease and adds 
itself to the expanding group of ‘Congenital disorders or glycosylation’ which are predominantly disorders of N-linked 
glycosylation. Another rapidly growing group of disorders are defects in O-linked glycosylation, including a subset of 
dystroglycanopathies. Current diagnostic strategies for glycosylation disorders are compounded by the multivariate 
clinical phenotype of many of the diseases. Biochemical tests such as the isoelectric focusing of transferrin and 
apolipoprotein CIII are used to assess a patient’s glycoform profile before in depth enzyme and genetic analysis is 
initiated. Whilst the glycoform profiling has been instrumental in screening for many glycosylation disorders, there is 
a need for a more sensitive and informative test. This short review gives an overview of the recent methods used in 
glycobiology research that could be used to devise such a test, which alongside currently used diagnostic tests should 
further facilitate the delineation of CDG subtypes. It provides a view to a potential strategy using marker glycopeptides 
to develop a mass spectrometry based assay that could be implemented into clinical diagnostic laboratories.
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Introduction
The human genome sequencing project demonstrated 30-50,000 

genes, but the human ‘proteome’ shows we have > 500,000 proteins [1]. 
The reason for the discrepancy between genes and proteins encoded 
for is from a higher order of complexity of protein products due to 
‘post translational modifications’ (PTMs). PTMs of proteins occur after 
they have been synthesised and other molecules such as glycans and 
phosphate groups are attached to the protein. These are vital for its 
function or delivery to its site of action. Analysis of the genetic code 
of a protein cannot predict this; thus, several diseases require further 
characterisation by other means such as mass spectrometry to help 
understand the cause of the malfunction of a protein.

The most common and complex form of post translational 
modification is ’glycosylation’, the enzymatic addition of carbohydrates 
to proteins (or lipids). It is estimated that 1% of human genes are 
required for this specific process [2] and more than one half of 
all proteins are glycosylated, according to estimates based on the 
SwissProt database and >90% of plasma proteins [3]. In humans, 
protein-linked glycans can be divided into 4 main categories: N-linked 
(linkage to the amide group of Asparagine), O-linked (linkage to the 
hydroxyl group of Serine or Threonine), the very rare C-linked (linkage 
to a carboxyl group of Tryptophan) and formation of GPI anchors [4]. 
Protein glycosylation is an important post-translational modification: 
it enhances the functional diversity of proteins and influences 
their biological activity. A wide range of functions for glycans have 
been described, from structural roles to participation in molecular 
trafficking, self-recognition and clearance.

Disorders in glycosylation encompass a large spectrum of 
various inherited diseases which principally compose the group of 

‘Congenital Disorders of Glycosylation’ (CDG). The first molecular 
genetic defect was described in 1980. The typical clinical features 
of phosphomannomutase (PMM)-CDG, previously CDG-Ia, 
include dysmorphic features such as inverted nipples, elongated 
fingers, abnormal fat distribution, structural abnormalities such as 
cerebellar hypoplasia and predominantly neurological problems 
such as developmental delay and epilepsy. A broad range of organ 
systems might also be affected causing gastrointestinal symptoms, 
hypoglycaemia, hypogonadism and skeletal abnormalities [5]. CDGs 
are an expanding collection of mostly autosomal recessive inherited 
multisystemic disorders; a recent review on CDG [6] reports that there 
are now more than 45 distinct CDG disorders identified. These are 
nowadays sub grouped in defects of protein N –glycosylation, defects 
of protein O-glycosylation, defects of lipid glycosylation and of GDP 
anchor glycosylation and those of multiple glycosylation pathways and 
others [7].

N-glycosylation is known to occur at a particular sequon in the 
protein amino acid sequence ‘N/*/S/T’ where * can be any amino acid 
except proline, however this does not necessarily mean it will definitely 
be glycosylated. Abnormal glycosylation may be due to protein defects 
located in the early N-glycan pathway (in the cytoplasm or the ER) 
until the transfer of the glycan to the protein, or are linked to defects 
localized in the processing of N-glycans on the glycosylated protein, 
situated mainly in the Golgi compartment.

O-glycosylation biosynthesis is an even more complex process with 
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an enormous number of genes involved. There are seven different types 
of O-linked glycans known in humans and are classified according to 
the first sugar attached to a Serine, or Threonine residue of a protein [8]. 
Although there is a consensus sequon for determining N-glycosylation, 
there is no sequon for determining O-glycosylation, however there are 
some bioinformatics websites such as the NetOGlyc 3.1 server (http://
www.cbs.dtu.dk/services/NetOGlyc/) that predict sites of potential 
mucin type O-glycans, based on information of known and documented 
O-glycosylated proteins [9]. Some O-glycosylation disorders affect 
only a particular O-glycan type such as the dystroglycanopathies, 
where primarily the O-mannosylation of alpha-dystroglycan is affected 
[10]. Certain disorders affect several O-glycan types, and others also 
affect the biosynthesis of other glycoconjugates. The primary defect of 
many of these disorders may come from glycan-specific transferases, 
the biosynthesis of nucleotide sugars and / or their transport to the 
ER/Golgi. The discovery of defects in the conserved oligomeric Golgi 
complex (COG), resulting in a disruption of Golgi trafficking, led to 
a new distinctive group of several combined glycosylation defects, 
affecting N- and O-glycoslyation [11].

The clinical variations within a disorder and among the different 
inborn errors of O-glycan metabolism are enormous and the disorders 
described so far may only be the beginning. One such class of O-linked 
disorder currently emerging as a novel form of CDG is a subset of the 
dystroglycanopathies [12]. Alpha dystroglycan is a large glycoprotein of 
approximately 156kDa in skeletal muscle and is heavily O- glycosylated. 
Many of the described mutations for muscular dystrophy affect the 
O-glycosylation pathways for the biosynthesis of α-dystroglycan and 
recently a new type of CDG has been described that results in a defect 
in the O-mannosyl pathway [13]. There is a lack of a good diagnostic 
test for defective O-mannosyl glycosylation, as to date there are no 
known easily available proteins with this form of O-glycosylation 
that can be tested. Clinicians have to rely on muscle biopsy material 
for diagnosis. However some forms of muscular dystrophy have 
been reported to have defects in the glycosylation pathway which 
affect not just O-mannosyl but also GlcNAc O-glycosylation. One 
such defect is related to LARGE mutations, which have recently been 
described to affect both of these forms of O-glycosylation [14]. This 
has been confirmed in our own laboratories, as LARGE patient serum 
demonstrated a reduced molecular weight form of the heavily N and 
O-glycosylated protein C1-inhibitor by western blotting [15]. This 
shows that investigation of N- and O-GlcNAc glycosylation should 
be performed for unknown causes of muscular dystrophy as this can 
significantly highlight and narrow down the step in the glycosylation 
pathway that is affected.

Current diagnostic strategies 

The clinical presentation of glycosylation defects is broad and 
commonly involves the central nervous system and/or presents as a 
multisystem disorder often with dysmorphic features. The differential 
diagnosis of a glycosylation defect is mainly discussed for patients with 
a range of clinical problems, affecting different organ systems, with 
yet unidentified underlying genetic cause. The suspicion of a distinct 
glycosylation defect will be raised, should the presenting list of clinical 
problems fit well to the common description of a certain CDG subtype. 
For several glycosylation defects, key clinical features have been 
identified, e.g. inverted nipples, fat pads, and cerebellar hypoplasia 
for PMM-CDG, protein-losing enteropathy, gastrointestinal bleeding, 

liver disease with normal or only minor neurological problems 
for PMI-CDG, or cutis laxa for ATP6VOA2. For some CDGs, 
distinguished clinical symptoms will pinpoint to a single or small 
subgroup of CDG eg multiple cartilaginous exostosis for EXT1/EXT2-
CDG, hyperphosphatemic familial tumoral calcinosis for GALNT3-
CDG, muscle-eye-brain disease for different dystroglycanopathies such 
as POMT1/POMT2 or POMTGNT1-CDG or FKRP-CDG. However, 
some of the key features might be typical for several glycosylation 
disorders, such as ichthyosis, which is commonly seen in MPDU1-
, DOLK- or SRD5A3-CDG - all defects of multiple glycosylation. A 
detailed review of clinical symptoms of CDG and the current accepted 
route to establish a diagnosis of CDG is given by Lefeber et al. [16]. 

The isoelectric focusing pattern of transferrin is typically used to 
confirm defective N-glycosylation and is usually the first port of call 
in the process towards the diagnosis of CDG. Transferrin is a 79kDa 
serum glycoprotein with two N-linked glycans and is highly abundant 
in plasma. Figure 1 shows the typical patterns seen in CDG type I 
(assembly defects) and II (defects of the glycan processing). False 
positive results, such as transferrin natural polymorphic variants and 
secondary glycosylation disorders (mainly galactosemia and hereditary 
fructose intolerance) must be excluded. This can be done by further IEF 
testing with pre-incubation with neuraminidase, which will remove the 
glycans so that the change can be attributed to a polymorphism and not 
glycosylation. A positive transferrin test leads onto further enzyme and 
genetic testing to identify the type of CDG that the patient may have. 

If the disease is suspected to be an O-linked disorder, then the 
isoelectric profile of another serum glycoprotein, apolipoprotein CIII 
is investigated. Apolipoprotein CIII (apo CIII) is a small glycoprotein 
of mass 8.7 kDa that has one mucin type O-linked glycosylation site 
and has been shown to be useful in detecting defective core 1 mucin 
type O-glycosylation [17]. 
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Figure 1: An IEF pattern of serum glycoprotein transferring. Lanes 1 and 
6 show normal serum transferrin, composed mostly of tetrasialotransferrin with 
small portions of mono, di, tri and pentasialotransferrin. Lanes 2 and 3 show IEF 
pattern from two CDG Ia patients. A reduction in tetrasialotransferrin is seen 
with a greater proportion of asialo and disialotransferrin, causing a cathodal 
shift in the IEF pattern. Lanes 4 and 5 show CDG IIx defects; the IEF pattern 
shows an increase in mono and trisialotransferrin fractions.  Lane 7 shows a 
polymorphic variant eliminated by neuraminidase treatment.

http://www.cbs.dtu.dk/services/NetOGlyc/
http://www.cbs.dtu.dk/services/NetOGlyc/
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An ideal test

Whilst transferrin has proven to be a useful marker of defective 
N-glycosylation, it can show a normal IEF profile in some cases of 
CDG [5]. Also IEF only shows changes in charge and lacks information 
on changes in molecular weight, thus making it difficult at times to 
distinguish between Type I and II defects. It is becoming apparent 
that additional and improved tests are needed for detecting and 
characterising various glycosylation disorders, streamlining the most 
appropriate subsequent tests at an early stage of diagnosis. 

A prerequisite for a test for a clinical laboratory to use will be 
robust, simple, requiring minimum sample preparation and of course 
minimal cost, being highly specific and sensitive. As discussed in 
more detail further on, the majority of current strategies for in depth 
investigation of glycans and glycopeptides require specialised state of 
the art expensive equipment, which is not practical or economic for 
clinical diagnostic laboratories. An additional challenge for diagnostic 
strategies is to find a single method that can be used to detect aberrant 
glycosylation in both N- and O- linked disorders.

An ideal screening tool would be able to identify site occupancy 
(i.e present or not present in CDG I), changes in glycan structure 
which would give information on CDG II conditions and O-linked 
disorders. Glycosylation analysis can take three different routes i) 
characterisation of glycans on intact proteins ii) structural analysis of 
chemically or enzymatically released glycans and iii) characterisation 
of glycopeptides.

The first route of ‘glycoform profiling’ is currently the method 
used for transferrin and apo CIII analysis. This approach could be 
improved by the use of a better protein or biomarker that would have 
a larger number of glycans to understand the macroheterogeneity, 
and preferably be detectable in an easily procurable sample such as 
urine or plasma. Transferrin has only two N-linked glycans and apo 
CIII only one O-linked glycan; there is scope for the discovery and 
characterisation of a heavily N- and O- glycosylated protein that could 
be used to check if the defective glycosylation is N-linked, O-linked or 
both. Whilst the interpretation of a more heavily glycosylated protein 
maybe more cumbersome for IEF analysis only, a simple small 2D 
system that also shows changes in molecular weight may give additional 
information that can be used to analyse and interpret. Small IEF strips 
have recently been made available by various biotech companies and 
can be applied to a small mini-gel system, thereby creating a mini-2D 
gel system that can easily be subjected to western blotting. Currently 
in our laboratories we are testing one such potential maker using this 
simple system: the plasma C1-protease inhibitor has seven N and seven 
O-linked glycans that in effect double the molecular weight of the 
native protein [15].

The second route involving direct analysis of glycans does not 
necessarily require a specific protein. Typically whole plasma glycan 
analysis has been performed using Matrix Assisted Laser Desorption 
Ionisation Time of Flight Mass Spectrometry (MALDI TOF MS). Whilst 
this approach can give information on overall glycan composition it 
does not give information on site occupancy or microheterogeneity. 
The analysis of O-glycans in this way is more complex compared to 
N-linked glycan analyses.

The third route is the characterisation of glycopeptides. This 

type of analysis, on an ideal glycoprotein marker performed by mass 
spectrometry, could simultaneously provide information on glycan 
structure and glycan microheterogeneity. However, this latter method 
is notoriously difficult to perform due to the high molecular weight of 
glycopeptides. 

Strategies for a Potential Diagnostic Test
Glycoform profiling

Applying transferrin isoelectric focusing as a first line screening 
procedure for CDG might lead to inconclusive results: or, the findings 
might be difficult to interpret or are normal, although the patient’s 
presentation might be clinically highly suspicious for CDG. Those 
results can be taken further, by testing of another N-glycoprotein such 
as α1-anti-trypsin (A1AT). A1AT is another abundant serum protein 
with three known N-linked glycans [18]. Another approach is to 
perform a serum ‘proteome analysis’ using 2D gel based technology. 
Glycoforms of various serum proteins have been extensively studied 
in the past using 2D PAGE [18-22]. This approach is extremely 
useful in taking a detailed look at a patient’s serum glycoprotein IEF 
and molecular weight profiles (which cannot be observed in current 
transferrin Phast System IEF analysis).The additional ability to observe 
molecular weight changes means that CDG I patients can easily be 
distinguished from CDG II by the presence of lower molecular weight 
glycoforms. Previous 2D PAGE based studies however were hampered 
by the high abundance of albumin and availability of pH ranges 
that can be investigated. Advances in 2D PAGE technology include 
development of IEF strips with high resolution over narrow pI ranges 
and also the 2D Difference Gel Electrophoresis technique (DIGE), 
which we have optimised for the investigation of CDG patient serum 
in our laboratories. 2D DiGE is a widely used technique in proteomics 
to look for differential protein expression. It involves the labelling of up 
to three different samples with fluorescent Cy dyes, which can then be 
run on one single gel (Figure 2). This approach is very good for looking 
at glycoproteins as patient samples can be directly ‘overlaid’ with a 
normal profile to look for small subtle changes in charge and mass that 
would not be detected by comparing separate gels. Further optimisation 
can be achieved by depleting serum for albumin and IgG using easily 
available immunoaffinity columns. This increases the detection of 
lower abundant proteins and also reveals proteins of similar mass and 
PI to albumin and IgG that would otherwise be obscured. Through our 
own investigations we have found that this technique can be optimised 
to detect glycoproteins by using narrow pH range IEF strips. As heavily 
glycosylated proteins carry a more negative charge due to the terminal 
sialic acid residues on the glycans making the protein more acidic, 
we have found a pH range of 3-5.6 can pick up most of the important 
glycoproteins such as A1AT and caeruloplasmin. The narrowed range 
also amplifies the subtle shift changes that would be harder to see using 
broad pH ranges such as 3-10. This technique also can detect changes 
in some O-linked disorders as Apo CIII can be studied as well as other 
O- and N-linked proteins such as α-2-HS-glycoprotein and C1 plasma 
inhibitor. The drawbacks of this technique are that its labour intensive 
and expensive and therefore although superior can only act as a second 
tier test of an inconclusive transferrin result. 

Glycomics

Glycan analysis is informative for elucidating the partial glycan 
structures that occur in CDG II [23] however it is limited for CDG I 
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as glycans are absent or present (in whole). In depth analysis of the 
glycans from CDG patients has conventionally been performed using 
Matrix Assisted Laser Desorption Ionisation Time of Flight Mass 
Spectrometry (MALDI ToF MS). This established method involves the 
removal of the N-linked glycans from glycoproteins either chemically 
or enzymatically. Glycans are then purified and desalted prior to 
analysis by MALDI ToF. Analysis can be on whole tissue, plasma or 
serum or it can be performed on purified protein such as transferrin 
or A1AT. Unlike protein and peptide analyses, glycan masses alone are 
often sufficient to allow identification of the type of glycan attached 
to the asparagine (i.e. complex, high-mannose or hybrid). In addition, 
the masses of the peptides covering the sequon are +1Da due to the 
conversion of an asparagine to an aspartic acid by PNGase F and 
allowing the identification of which glycosylation sequons are occupied 
[24]. Recent further technical advances in mass spectrometry such as 
MALDI ion trap profiling have allowed sequencing of glycans that 
reveal detailed information on glycan structures thereby distinguishing 
between primary genetic defects in the N-glycosylation process, Golgi-
trafficking disorders, and secondary causes of underglycosylation [25].

Analysis of O-glycans by mass spectrometry is more difficult, 
as O-glycans are more complex and heterogeneous and hence, 
so far the majority of O-linked disorders are found by targeted 
genetic approaches. O-glycans cannot be removed from their sites 

enzymatically but have to be removed through alkaline b-elimination 
or hydrazinolysis, which in-turn denatures the peptide or proteins 
and thus does not allow any further site occupancy analyses to 
be undertaken. Technological advances in mass spectrometry are 
promising for improved N- and O-glycan analysis [26]. The ability of 
Quadrupole Time of Flight (QToF) instrumentation to facilitate MS 
experiments, especially on glycans which have been derivatised by 
permethylation, is allowing clear structural assignment of isomeric 
glycans [27]. Detection of glycans can be improved by using labelling 
techniques such as the tagging the glycans with fluorophores which 
increase spectral absorption of glycans, thus improving their detection 
by high performance anion exchange chromatography –HPLC and 
ESI-MS methods [28]. 

Glycopeptidomics

Another strategy of analysing glycans is to analyse glycopeptides 
by mass spectrometry. It does not require a step to remove the glycans 
as they are in effect analysed whilst on the peptide. However they 
do require an enrichment step as the presence of non-glycosylated 
peptides reduces sensitivity of subsequent MS analysis. Advances in 
mass spectrometry are improving glycopeptidomic analysis as better 
fragmentation technologies have been applied such as electron capture 
dissociation (ECD) and electron transfer dissociation (ETD), allowing 
the direct mapping of any sites of N- and O-glycosylation [29]. 
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Figure 2: Panel A shows the methodology for the 2D DiGE technique. Individual samples are labelled with fluorescent Cy dyes that can be combined and resolved 
on a single 2D gel. The gel is then scanned for the three dyes creating overlaid images which give us a look at the serum proteome highlighting changes in subtle charge 
and mass in glycoproteins from patients with CDG that have an inconclusive transferrin results. Panel B shows overlaid 2D DiGE images of glycoforms of α-1-antitrypsin 
and caeruloplasmin showing typical charge and mass change profiles seen in CDG-I and CDG-II. In CDG-I, the abnormally glycosylated proteins have unusual mass 
and charge and, compared to the normal proteins, are “shifted” to the right and down; in CDG-II, the abnormally glycosylated proteins are “shifted” to the right.
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Enrichment strategies include the use of lectins which are a diverse 
group of carbohydrate-binding proteins. Each lectin has its own 
specificity profile and many have been used extensively in biochemical 
fields including proteomics, due to their usefulness as detection 
and enrichment tools for specific glycans. Lectins can be applied to 
enrich either whole glycoproteins or glycopeptides. Many techniques 
have been devised using lectins to investigate altered patterns of 
glycosylation in disease [30,31]. However, lectins have not been used 
extensively in CDG research; one article describes the reduced binding 
of CDG-I patient transferrin to ricin [32]. Lectins have proven a useful 
tool in studying intact glycans, their usefulness for the investigation 
of partial glycans observed in disorders of glycosylation is limited. A 
better approach to glycopeptide or protein enrichment may be the 
application of hydrophobic interaction chromatography (HILIC). 
HILIC has proven to be a convenient method for analysing highly polar 
molecules such as metabolites and it has been adapted to be efficient 
in the extraction of glycopeptides [33]. Many glycobiology studies are 
using HILIC and one recent study has applied the HILIC method to 
the glyco-profiling of a therapeutic monoclonal antibody and proteins 
with several N-linked and O-linked glycosylation sites. Using a data-
independent MS acquisition (MSE) function that can quantitate 
individual ions, unsuspected glycopeptides and site-specific glycan 
microheterogeneity can be detected [34].

Further improvement of glycopeptide analysis could be achieved 
by controlling the size of the glycopeptides. Most MS instruments 

have an upper detection limit of 2000-2500 Da. Many glycopeptides 
are above this range therefore it may be better to analyse smaller 
glycopeptides by optimising digestion methods with multiple 
proteases. However the challenge to this approach is that glycosylation 
sites are not always located close to the cleavage sites of the standard 
proteolytic enzymes, potentially resulting in glycopeptides that are 
still too large for effective tandem MS. One study has addressed this 
issue by the use of non-specific proteases such as Pronase [35]. These 
proteases digest the amino acid backbone of a glycoprotein to small 
(<4 amino acid) peptides and amino acids, except in regions where 
glycosylation is present to inhibit digestion. Using this approach they 
were able to identify multiple glycan compositions at each individual 
glycosylation site and thereby improve the determination of glycan 
microheterogeneity by mass spectrometry.

Conclusion
The compendium of glycosylation disorders is ever increasing and 

with the development of better biochemical and genetic investigative 
techniques, such as next-generation sequencing, the potential for many 
new disorders of glycosylation to be discovered, is very real. Although 
emerging rapidly, these methods still take considerable time and are 
expensive, therefore there is a need for more improved biochemical 
testing that can give comprehensive information on the effect on 
several glycoprotein or glycolipids, channelling the subsequent research 
into the definition of the exact step of the biosynthetic pathway of 
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glycosylation being affected. To date, IEF of transferrin and apo CIII are 
the only broadly available clinical laboratory tests available in clinical 
practise, used as a first step in diagnosing a disorder of glycosylation. 

Biomarker discovery research is a growing field particularly in 
glycobiology, mostly due to the discovery that many cancers have altered 
glycosylation profiles [36,37]. However there is a lack of translation 
of markers into clinical laboratory tests. This is clearly apparent and 
of great importance in the field of glycosylation disorders. The study 
of protein glycosylation is accepted as problematic and complex and 
there is still not an established accepted method for the definitive 
analysis of glycans. However, with recent technological advances in 
mass spectrometry, many groups are publishing various promising 
methods in N- and O-linked glycan and glycopeptide analysis [38]. 
These methods can be used to determine defects in glycosylation in 
a patient but they are too complex and expensive for translation to 
a clinical laboratory test (Figure 3). Glycopeptide analysis seems the 
most promising for a potential translational test. Peptides are emerging 
as a method of accurate protein quantitation using simple tandem LC-
MS/MS and have an economic advantage over antibody based testing 
[39,40].

Marker glycopeptides that have been detected and characterised 
to specific glycosylation defects using more complex technology could 
subsequently be adapted to a simple tandem LC-MS/MS test. The 
adaptation of this methodology leading to a high throughput specific 
test to investigate glycosylation disorders is an exciting possibility.

References

1.	 Venter JC, Adams MD, Myers EW, Li PW, Mural RJ, et al. (2001) The sequence 
of the human genome. Science 291: 1304-1351.

2.	 Lowe JB, Marth JD (2003) A genetic approach to Mammalian glycan function. 
Annu Rev Biochem 72: 643-691.

3.	 Apweiler R, Hermjakob H, Sharon N (1999) On the frequency of protein 
glycosylation, as deduced from analysis of the SWISS-PROT database. 
BiochimBiophysActa 1473: 4-8.

4.	 Spiro RG (2002) Protein glycosylation: nature, distribution, enzymatic formation, 
and disease implications of glycopeptide bonds. Glycobiology 12: 43-56.

5.	 Jaeken J (2010) Congenital disorders of glycosylation. Ann N Y AcadSci 1214: 
190-198.

6.	 Theodore M, Morava E (2011) Congenital disorders of glycosylation: sweet 
news. CurrOpinPediatr 23: 581-587.

7.	 Jaeken J, Hennet T, Matthijs G, Freeze HH (2009) CDG nomenclature: time for 
a change! BiochimBiophysActa 1792: 825-826.

8.	 Wopereis S, Lefeber DJ, Morava E, Wevers RA (2006) Mechanisms in protein 
O-glycan biosynthesis and clinical and molecular aspects of protein O-glycan 
biosynthesis defects: a review. ClinChem 52: 574-600.

9.	 Julenius K, Molgaard A, Gupta R, Brunak S (2005) Prediction, conservation 
analysis, and structural characterization of mammalian mucin-type 
O-glycosylation sites. Glycobiology 15: 153-164.

10.	Hewitt JE (2009) Abnormal glycosylation of dystroglycan in human genetic 
disease. BiochimBiophysActa 1792: 853-861.

11.	Foulquier F (2009) COG defects, birth and rise! BiochimBiophysActa 1792: 
896-902.

12.	Godfrey C, Foley AR, Clement E, Muntoni F (2011) Dystroglycanopathies: 
coming into focus. CurrOpin Genet Dev 21: 278-285.

13.	Lefeber DJ, Schonberger J, Morava E, Guillard M, Huyben KM, et al. (2009) 
Deficiency of Dol-P-Man synthase subunit DPM3 bridges the congenital 

disorders of glycosylation with the dystroglycanopathies. Am J Hum Genet 85: 
76-86.

14.	Hu Y, Li ZF, Wu X, Lu Q (2011) Large induces functional glycans in an 
O-mannosylation dependent manner and targets GlcNAc terminals on alpha-
dystroglycan. PLoS One 6: 16866.

15.	Heywood W, Mills K, Carreno G, Worthington V, Clayton PT, et al. (2011) 
Annual Symposium of the Society for the Study of Inborn Errors of Metabolism. 
J Inherit Metab Dis 34:49-286.

16.	Lefeber DJ, Morava E, Jaeken J (2011) How to find and diagnose a CDG due 
to defective N-glycosylation. J Inherit Metab Dis 34: 849-852.

17.	Wopereis S, Grunewald S, Morava E, Penzien JM, Briones P, et al. (2003) 
Apolipoprotein C-III isofocusing in the diagnosis of genetic defects in O-glycan 
biosynthesis. ClinChem 49: 1839-1845.

18.	Mills K, Mills PB, Clayton PT, Mian N, Johnson AW, et al. (2003) The 
underglycosylation of plasma alpha 1-antitrypsin in congenital disorders of 
glycosylation type I is not random. Glycobiology 13: 73-85.

19.	Yuasa I, Ohno K, Hashimoto K, Iijima K, Yamashita K, et al. (1995) 
Carbohydrate-deficient glycoprotein syndrome: electrophoretic study of 
multiple serum glycoproteins. Brain Dev 17: 13-19.

20.	Kleinert P, Kuster T, Arnold D, Jaeken J, Heizmann CW, et al. (2007) Effect 
of glycosylation on the protein pattern in 2-D-gel electrophoresis. Proteomics 
7: 15-22.

21.	Richard E, Vega AI, Perez B, Roche C, Velazquez R, et al. (2009) Congenital 
disorder of glycosylation Ia: new differentially expressed proteins identified by 
2-DE. BiochemBiophys Res Commun 379: 267-271.

22.	Mills PB, Mills K, Johnson AW, Clayton PT, Winchester BG (2001) Analysis by 
matrix assisted laser desorption/ionisation-time of flight mass spectrometry of 
the post-translational modifications of alpha 1-antitrypsin isoforms separated 
by two-dimensional polyacrylamide gel electrophoresis. Proteomics 1:778-786.

23.	Butler M, Quelhas D, Critchley AJ, Carchon H, Hebestreit HF, et al. (2003) 
Detailed glycan analysis of serum glycoproteins of patients with congenital 
disorders of glycosylation indicates the specific defective glycan processing 
step and provides an insight into pathogenesis. Glycobiology 13: 601-622.

24.	Mills PB, Mills K, Mian N, Winchester BG, Clayton PT (2003) Mass spectrometric 
analysis of glycans in elucidating the pathogenesis of CDG type IIx . J Inherit 
Metab Dis 26: 119-134.

25.	Guillard M, Morava E, van Delft FL, Hague R, Korner C, et al. (2011) 
Plasma N-glycan profiling by mass spectrometry for congenital disorders of 
glycosylation type II. ClinChem 57: 593-602.

26.	North SJ, Hitchen PG, Haslam SM, Dell A (2009) Mass spectrometry in the 
analysis of N-linked and O-linked glycans. CurrOpinStructBiol 19: 498-506.

27.	Devakumar A, Mechref Y, Kang P, Novotny MV, Reilly JP (2008) Identification 
of isomeric N-glycan structures by mass spectrometry with 157 nm laser-
induced photofragmentation. J Am Soc Mass Spectrom 19: 1027-1040.

28.	Townsend RR, Lipniunas PH, Bigge C, Ventom A, Parekh R (1996) 
Multimode high-performance liquid chromatography of fluorescently labeled 
oligosaccharides from glycoproteins. Anal Biochem 239: 200-207.

29.	Perdivara I, Petrovich R, Allinquant B, Deterding LJ, Tomer KB, et al. (2009) 
Elucidation of O-glycosylation structures of the beta-amyloid precursor 
protein by liquid chromatography-mass spectrometry using electron transfer 
dissociation and collision induced dissociation. J Proteome Res 8: 631-642.

30.	Li Y, Tao SC, Bova GS, Liu AY, Chan DW, et al. (2011) Detection and 
verification of glycosylation patterns of glycoproteins from clinical specimens 
using lectin microarrays and lectin-based immunosorbent assays. Anal Chem 
83: 8509-8516.

31.	Hirabayashi J (2008) Concept, strategy and realization of lectin-based glycan 
profiling. J Biochem 144: 139-147.

32.	Ferrari MC, Parini R, Di Rocco MD, Radetti G, Beck-Peccoz P, et al. (2001) 
Lectin analyses of glycoprotein hormones in patients with congenital disorders 
of glycosylation. Eur J Endocrinol 144: 409-416.

http://www.ncbi.nlm.nih.gov/pubmed/11181995
http://www.ncbi.nlm.nih.gov/pubmed/11181995
http://www.ncbi.nlm.nih.gov/pubmed/12676797
http://www.ncbi.nlm.nih.gov/pubmed/12676797
http://www.ncbi.nlm.nih.gov/pubmed/10580125
http://www.ncbi.nlm.nih.gov/pubmed/10580125
http://www.ncbi.nlm.nih.gov/pubmed/10580125
http://www.ncbi.nlm.nih.gov/pubmed/12042244
http://www.ncbi.nlm.nih.gov/pubmed/12042244
http://www.ncbi.nlm.nih.gov/pubmed/21175687
http://www.ncbi.nlm.nih.gov/pubmed/21175687
http://www.ncbi.nlm.nih.gov/pubmed/21970833
http://www.ncbi.nlm.nih.gov/pubmed/21970833
http://www.ncbi.nlm.nih.gov/pubmed/19765534
http://www.ncbi.nlm.nih.gov/pubmed/19765534
http://www.ncbi.nlm.nih.gov/pubmed/16497938
http://www.ncbi.nlm.nih.gov/pubmed/16497938
http://www.ncbi.nlm.nih.gov/pubmed/16497938
http://www.ncbi.nlm.nih.gov/pubmed/15385431
http://www.ncbi.nlm.nih.gov/pubmed/15385431
http://www.ncbi.nlm.nih.gov/pubmed/15385431
http://www.ncbi.nlm.nih.gov/pubmed/19539754
http://www.ncbi.nlm.nih.gov/pubmed/19539754
http://www.ncbi.nlm.nih.gov/pubmed/19028570
http://www.ncbi.nlm.nih.gov/pubmed/19028570
http://www.ncbi.nlm.nih.gov/pubmed/21397493
http://www.ncbi.nlm.nih.gov/pubmed/21397493
http://www.ncbi.nlm.nih.gov/pubmed/19576565
http://www.ncbi.nlm.nih.gov/pubmed/19576565
http://www.ncbi.nlm.nih.gov/pubmed/19576565
http://www.ncbi.nlm.nih.gov/pubmed/19576565
http://www.ncbi.nlm.nih.gov/pubmed/21347376
http://www.ncbi.nlm.nih.gov/pubmed/21347376
http://www.ncbi.nlm.nih.gov/pubmed/21347376
http://www.springerlink.com/content/l263w55710008074/
http://www.springerlink.com/content/l263w55710008074/
http://www.springerlink.com/content/l263w55710008074/
http://www.ncbi.nlm.nih.gov/pubmed/21739167
http://www.ncbi.nlm.nih.gov/pubmed/21739167
http://www.ncbi.nlm.nih.gov/pubmed/14578315
http://www.ncbi.nlm.nih.gov/pubmed/14578315
http://www.ncbi.nlm.nih.gov/pubmed/14578315
http://www.ncbi.nlm.nih.gov/pubmed/12626422
http://www.ncbi.nlm.nih.gov/pubmed/12626422
http://www.ncbi.nlm.nih.gov/pubmed/12626422
http://www.ncbi.nlm.nih.gov/pubmed/7762756
http://www.ncbi.nlm.nih.gov/pubmed/7762756
http://www.ncbi.nlm.nih.gov/pubmed/7762756
http://www.ncbi.nlm.nih.gov/pubmed/17152094
http://www.ncbi.nlm.nih.gov/pubmed/17152094
http://www.ncbi.nlm.nih.gov/pubmed/17152094
http://www.ncbi.nlm.nih.gov/pubmed/19101518
http://www.ncbi.nlm.nih.gov/pubmed/19101518
http://www.ncbi.nlm.nih.gov/pubmed/19101518
http://www.ncbi.nlm.nih.gov/pubmed/11677785
http://www.ncbi.nlm.nih.gov/pubmed/11677785
http://www.ncbi.nlm.nih.gov/pubmed/11677785
http://www.ncbi.nlm.nih.gov/pubmed/11677785
http://www.ncbi.nlm.nih.gov/pubmed/12773475
http://www.ncbi.nlm.nih.gov/pubmed/12773475
http://www.ncbi.nlm.nih.gov/pubmed/12773475
http://www.ncbi.nlm.nih.gov/pubmed/12773475
http://www.ncbi.nlm.nih.gov/pubmed/12889655
http://www.ncbi.nlm.nih.gov/pubmed/12889655
http://www.ncbi.nlm.nih.gov/pubmed/12889655
http://www.ncbi.nlm.nih.gov/pubmed/21273509
http://www.ncbi.nlm.nih.gov/pubmed/21273509
http://www.ncbi.nlm.nih.gov/pubmed/21273509
http://www.ncbi.nlm.nih.gov/pubmed/19577919
http://www.ncbi.nlm.nih.gov/pubmed/19577919
http://www.ncbi.nlm.nih.gov/pubmed/18487060
http://www.ncbi.nlm.nih.gov/pubmed/18487060
http://www.ncbi.nlm.nih.gov/pubmed/18487060
http://www.ncbi.nlm.nih.gov/pubmed/8811908
http://www.ncbi.nlm.nih.gov/pubmed/8811908
http://www.ncbi.nlm.nih.gov/pubmed/8811908
http://www.ncbi.nlm.nih.gov/pubmed/19093876
http://www.ncbi.nlm.nih.gov/pubmed/19093876
http://www.ncbi.nlm.nih.gov/pubmed/19093876
http://www.ncbi.nlm.nih.gov/pubmed/19093876
http://www.ncbi.nlm.nih.gov/pubmed/21975078
http://www.ncbi.nlm.nih.gov/pubmed/21975078
http://www.ncbi.nlm.nih.gov/pubmed/21975078
http://www.ncbi.nlm.nih.gov/pubmed/21975078
http://www.ncbi.nlm.nih.gov/pubmed/18390573
http://www.ncbi.nlm.nih.gov/pubmed/18390573
http://www.ncbi.nlm.nih.gov/pubmed/11275952
http://www.ncbi.nlm.nih.gov/pubmed/11275952
http://www.ncbi.nlm.nih.gov/pubmed/11275952


Citation: Heywood W, Clayton P, Mills K, Grunewald S (2012) The Emerging Field of Diagnostics in Glycosylation Disorders. Pediatr Therapeut 
S3:003. doi:10.4172/2161-0665.S3-003

Page  7  of 7

Pediatr Therapeut                           ISSN: 2161-0665 Pediatrics, an open access journal
Abnormal Glycosylation 

in Children

33.	Takegawa Y, Deguchi K, Ito H, Keira T, Nakagawa H, et al. (2006) Simple
separation of isomeric sialylated N-glycopeptides by a zwitterionic type of 
hydrophilic interaction chromatography. J Sep Sci 29: 2533-2540.

34.	Gilar M, Yu YQ, Ahn J, Xie H, Han H, et al. (2011) Characterization of 
glycoprotein digests with hydrophilic interaction chromatography and mass 
spectrometry. Anal Biochem 417: 80-88.

35.	Froehlich JW, Barboza M, Chu C, Lerno LA Jr, Clowers BH, et al. (2011) Nano-
LC-MS/MS of glycopeptides produced by nonspecific proteolysis enables rapid 
and extensive site-specific glycosylation determination. Anal Chem 83: 5541-
5547.

36.	Leeming DJ, Bay-Jensen AC, Vassiliadis E, Larsen MR, Henriksen K, et al. 
(2011) Post-translational modifications of the extracellular matrix are key events 
in cancer progression: opportunities for biochemical marker development. 
Biomarkers 16: 193-205.

37.	Kim EH, Misek DE (2011) Glycoproteomics-based identification of cancer 
biomarkers. Int J Proteomics.

38.	Marino K, Bones J, Kattla JJ, Rudd PM (2010) A systematic approach to protein 
glycosylation analysis: a path through the maze. Nat ChemBiol 6: 713-723.

39.	van den Broek I, Sparidans RW, Schellens JH, Beijnen JH (2010) Quantitative 
assay for six potential breast cancer biomarker peptides in human serum by 
liquid chromatography coupled to tandem mass spectrometry. J Chromatogr B 
Analyt Technol Biomed Life Sci 878: 590-602.

40.	Babic N, Larson TS, Grebe SK, Turner ST, Kumar R, et al. (2006) Application 
of liquid chromatography-mass spectrometry technology for early detection of 
microalbuminuria in patients with kidney disease. ClinChem 52: 2155-2157.

This article was originally published in a special issue, Abnormal 
Glycosylation in Children handled by Editor(s). Dr. Eva Morava, Radboud 
University Center, Netherlands

http://www.ncbi.nlm.nih.gov/pubmed/17154134
http://www.ncbi.nlm.nih.gov/pubmed/17154134
http://www.ncbi.nlm.nih.gov/pubmed/17154134
http://www.ncbi.nlm.nih.gov/pubmed/21689629
http://www.ncbi.nlm.nih.gov/pubmed/21689629
http://www.ncbi.nlm.nih.gov/pubmed/21689629
http://www.ncbi.nlm.nih.gov/pubmed/21661761
http://www.ncbi.nlm.nih.gov/pubmed/21661761
http://www.ncbi.nlm.nih.gov/pubmed/21661761
http://www.ncbi.nlm.nih.gov/pubmed/21661761
http://www.ncbi.nlm.nih.gov/pubmed/21506694
http://www.ncbi.nlm.nih.gov/pubmed/21506694
http://www.ncbi.nlm.nih.gov/pubmed/21506694
http://www.ncbi.nlm.nih.gov/pubmed/21506694
http://www.ncbi.nlm.nih.gov/pubmed/22084691
http://www.ncbi.nlm.nih.gov/pubmed/22084691
http://www.ncbi.nlm.nih.gov/pubmed/20852609
http://www.ncbi.nlm.nih.gov/pubmed/20852609
http://www.ncbi.nlm.nih.gov/pubmed/20116351
http://www.ncbi.nlm.nih.gov/pubmed/20116351
http://www.ncbi.nlm.nih.gov/pubmed/20116351
http://www.ncbi.nlm.nih.gov/pubmed/20116351
http://www.ncbi.nlm.nih.gov/pubmed/18050524
http://www.ncbi.nlm.nih.gov/pubmed/18050524
http://www.ncbi.nlm.nih.gov/pubmed/18050524

	Title
	Corresponding author
	Abstract
	Keywords
	Abbreviations
	Introduction
	Current diagnostic strategies 
	An ideal test

	Strategies for a Potential Diagnostic Test
	Glycoform profiling
	Glycomics
	Glycopeptidomics

	Conclusion
	References
	Figure 1
	Figure 2
	Figure 3

