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Rare Diseases Provide Rare Insights



Grace Wilsey was born with NGLY1 deficiency, which is caused by two mutations in the NGLY1 gene. 





Glycoprotein Diseases:  Glycoproteins, Allergy, and 
Other Diseases
• Glycoproteins in Physiology and Disease
• Glycoprotein Biogenesis and CDGs
• Nucleotide Sugars
• PGM3 Deficiency



Mammalian Glycoconjugates



Glycans play a major role in human disease:

• Rarity/Severity (~1/20,000) of genetic diseases highlight importance of glycans

• Some Examples of Glycans and Disease:

• Defective O-glycosylation in Muscular Dystrophy

• O-GlcNAcylation: Diabetes, Alzheimer’s, Cancer, Heart Disease.

• Notch Signaling by Glycans

• Selectins and Inflammation

• Siglecs and Regulation of Immunity

• Galectins role in immunity

• Proteoglycans: growth factors, microbe binding, morphogenesis

• Microbes and Viruses:  Glycans role in entry and defense

• Heparin – this ‘drug’ is a GAG.

• Monoclonal Therapeutics – Glycoforms

• Cell Surface Glycans in Tumor Metastasis – Cancer Biomarkers.

• Vaccines to Infectious Organisms – Many (Most) are glycans.



Human Genome:
~5 % encodes carbohydrate active enzymes
~2 % encodes glycosyltransferases

The Glycogenome represents a substantial target 



Exome and Genome Sequencing has accelerated CDG 
identification

• Genome Project fueled growth in CAZy database (Microbiome)
• Exome sequencing costs have plummeted
• CDGs are rare (~1/20,000) 
• Estimates suggests that ~20 % of the population have a CDG allele



Clinical Features of CDG



Discovery of Congenital Disorders of Glycosylation



N-Glycan Biosynthetic Pathway: A System to Generate Diversity.
What do we know?

1. Biochemistry
2. Inhibitors
3. Yeast and Somatic Cell genetics
4. Congenital Disorders of Glycosylation

How did we learn it?

tunicamycin castanopermine
1-deoxynojirimycin

N-methyldeoxynojirimycin
1-deoxymannojirimycin

swainsonine



Congenital Disorders of Glycosylation:  N-linked

• Most common CDG
• Multiple steps
• Assembly of a common precursor



MOGS 
deficiency

NGLY1
deficiency

N-Glycan Biosynthetic Pathway and ER Quality Control



Glycoprotein Biogenesis and the Congenital Disorders of Glycosylation



CDG Disorders by Compartment

Mannose
Pathway

(3)

Dolichol	
Pathway	

(6)

ER
(20+)

ERGIC
(1)

GOLGI
(20+)Cytosol

Adapted from J Inherit Metab Dis (2011) 34:853–858
Thanks to Lynne Wolfe NP and Donna Krasnewich, MD, NGMS

Sterol	
synthesis

Substrate	and	
intermediate	

carrier

• Roughly corresponds to CDG allele frequency
• Probably a gross underestimate of disease burden



The Nucleotide sugar precursors



• Glycans can	be	complex	structures	and	dynamically	altered

• Focusing	on	chemical	details	of	biological	sugars	is	informative	
for	defining	details	of	disease

Glycan diversity requires multiple sugar donors and 
enzymes
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Multiple components are required for glycan synthesis

Glycosyltranferases
Glycoconjugate acceptors
Activated	sugar	donors
Nucleotide	sugar	transporters
Glycan	remodeling	enzymes	(e.g.,	glycosidases)
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NDP-sugars are utilized in multiple cellular locations

Adapted	from	Trends	in	Biochem.	Sci (2015)	40,	p377–384

Sugar Sugar-6-P

Sugar-1-P

NDP-sugar NMP

NMP

Pi

-sugar
NDP

NDP-sugar

H+

Mn2+

-sugar

Glycosyltransferase
substrate utilization

Activated sugar 
donor



Glycan synthesis requires high-energy, activated donors

nucleotidesugar
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Glycan synthesis requires high-energy, activated donors

nucleotidesugar
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NDP-sugars are utilized in multiple cellular locations

Adapted	from	Trends	in	Biochem.	Sci (2015)	40,	p377–384

Donor substrate 
biosynthesis

Sugar Sugar-6-P

Sugar-1-P

NDP-sugar NMP

NMP

Pi

-sugar
NDP

NDP-sugar

H+

Mn2+



Cellular sugar measurement requires multiple methods

Adapted	from	Trends	in	Biochem.	Sci (2015)	40,	p377–384

Monosaccharide and 
donor substrate 
measurement

Sugar Sugar-6-P

Sugar-1-P

NDP-sugar NMP

NMP

Pi

-sugar
NDP

NDP-sugar

H+

Mn2+

-sugar

Mass	spectrometry
NMR
High	Performance	Anion	Exchange	Chromatography
Lectins (blotting	and	flow	cytometry)

þ
þ
þ
þ

Glycan identification 
and measurement



NDP-sugar synthesis integrates multiple metabolites

Essentials of Glycobiology, Second 
Edition, Chapter 4 



NDP-sugar synthesis integrates multiple metabolites

Essentials of Glycobiology, Second 
Edition, Chapter 4 

Pathway control points 

Rate-limiting enzymes 
Feedback inhibition
Sugar transport

*

Enzyme Inhibitor

UDP-Glc dehydrogenase UDP-Xyl

GDP-Man 4,6-dehydratase GDP-Fuc
Glutamine:fructose-6-P 

amidotransferase UDP-GlcNAc

UDP-GlcNAc epimerase/kinase CMP-Sia

þ
þ
þ



PGM3

Mutations in enzymes required for NDP-sugar 
synthesis are associated with disease

https://www.physiol.uzh.ch/en/Glycosylation/Donorsubstrates/Nucleotideactivatedsugars.html

Disease associated
Rate-limiting enzymes



Diversity requires many sugar donors and enzymes

N-linked Mucin-type
O-linked

hyaluronan

glycolipids GPI-anchor

O-Man O-Fuc

O-GlcNAc

heparan keratan
Essentials of Glycobiology, Second 

Edition, Chapter 4 

Sugar Activated	form
Glc

UDP-sugar

Gal
GlcNAc
GalNAc
GlcA
Xyl
Man

GDP-sugar
Fuc
Sia CMP-Sia



NDP-sugars are utilized in multiple cellular locations

Adapted	from	Trends	in	Biochem.	Sci (2015)	40,	p377–384

Donor substrate 
biosynthesis

GlycoT substrate 
utilization

Sugar Sugar-6-P

Sugar-1-P

NDP-sugar NMP

NMP

Pi

-sugar
NDP

NDP-sugar

H+

Mn2+

-sugar

Donor substrate 
transport



NDP-sugar transport requires active process

Essentials of Glycobiology, Second 
Edition, Chapter 4 

Nucleotide ER Golgi
CMP-Sia – +++
GDP-Fuc + ++++
UDP-Gal – ++++

PAPS – ++++
GDP-Man – ++++

UDP-
GlcNAc ++ ++++

UDP-
GalNAc ++ ++++
UDP-Xyl ++ ++++

ATP +++ ++++
UDP-GlcA ++++ ++++
UDP-Glc ++++ +



UDP-GlcNAc resides at the nexus of protein and lipid 
glycosylation



O-GlcNAc is a dynamic post translational modification

Bond	and	Hanover,	Annual	Review	of	Nutrition	2013



O-GlcNAc is implicated in protein stability, localization, 
activity, etc. 

Bond	and	Hanover,	Annual	Review	
of	Nutrition	2013



Bond	and	Hanover,	Annual	Review	of	Nutrition	2013

O-GlcNAc deregulation is associated with disease 



UDP-GlcNAc is at nexus of protein/lipid glycosylation

PGM3



Rare diseases can provide extraordinary insight into 
human biology – Patrick Maxwell, Cambridge University

• Glycans can	be	complex	structures	and	dynamically	altered

• Focusing	on	chemical	details	of	biological	sugars	is	informative	
for	defining	details	of	disease


