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Rare Diseases Provide Rare Insights

¢¢People with rare genetic diseases give humanity

so much, scientifically and spiritually, that we owe
them a huge debt of gratitude. In fact, they make
us more human”

Dr. William Gahl
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Kids who don't cry: New genetic

disorder discovered
By Jacque Wilson, CNN Ji 0 O @

(® Updated 2:53 PM ET, Thu March 20, 2014

Grace Wilsey was born with NGLY'1 deficiency, which is caused by two mutations in the NGLY'1 gene.
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Glycoprotein Diseases: Glycoproteins, Allergy, and

Other Diseases
Glycoproteins in Physiology and Disease

Glycoprotein Biogenesis and CDGs
Nucleotide Sugars
PGM3 Deficiency

Carbohydrates and their recognition
systems involved in the immune system

Diffi

1. Involvement in innate and

antigen
presenting cells

adapti %ni! '
’ % phagocytes/

4. Antibody

lectin +
pathogens complement
% - [unctions

alody

3. Cell trafficking

extravasation of

immune cells
CIFRCITC I ICD
™ <

C=X=aXo ol ae)

(/)

(!

2. Activation of e W
¥ immunec@lls

septor

R

B

. blood
4 circulation
<4 ‘ Viral
tachment
entry/
tion
receptors
GlycoWord ition
L (G U-uICNACcylauon




Mammalian Glycoconjugates
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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 andViruses: 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.
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The Glycogenome represents a substantial target

Human Genome:
~5 % encodes carbohydrate active enzymes
~2 9% encodes glycosyltransferases
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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
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Clinical Features of CDG

Table 2 Clinical features seen in different types of CDG
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Features
Hypotonia, variable psychomotor retardation, seizures, peripheral neuropathy,
stroke-like episodes, strabismus, cardiomyopathy
Normal development, hypoglycemia, coagulopathy, protein-losing enteropathy,
hepatic fibrosis, cyclicvomiting
Hypotonia, psychomotor retardation, seizures, strabismus, feeding problem, coagulopathy
Hypotonia, severe psychomotor retardation, seizures, microcephaly, optic atrophy
Hypotonia, severe psychomotor retardation, seizures, delayed myelination, Blindness
Hypotonia, severe psychomotor retardation, seizures, blindness, dry skin,
low food intake, vomiting
Hypotonia, severe psychomotor retardation, seizures, feeding difficulties,
facial dysmorphy, coagulopathy
Hypotonia, severe psychomotor retardation, frequent infections, widely spaced nipples
Hypotonia, generalized edema, hypoventilation, apnea, hepatomegaly,
demyelinating polyneuropathy
Hypotonia, psychomotor retardation, elevated peripheral leukocytes, failure to thrives,
short arms and legs
Hypotonia, hydrocephalus, myopathy, coagulation abnormalities



Discovery of Congenital Disorders of Glycosylation

Table 1. Biochemical Markers for Various Glycosylation Pathways
Disorder Type Biomarker(s) Sample Type
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N-Glycan Biosynthetic Pathway: A System to Generate Diversity.
What do we know?
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Congenital Disorders of Glycosylation: N-linked

¢ Most common CDG
 Multiple steps
 Assembly of a common precursor
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N-Glycan Biosynthetic Pathway and ER Quality Control

Ribosome
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Glycoprotein Biogenesis and the Congenital Disorders of Glycosylation
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CDG Disorders by Compartment

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

ERGIC  \
(1)

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

Sugars Transporters
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Glycan diversity requires multiple sugar donors and
enzymes

* Glycans can be complex structures and dynamically altered

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



Multiple components are required for glycan synthesis
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V] Nucleotide sugar transporters

V] Glycan remodeling enzymes (e.g., glycosidases)




NDP-sugars are utilized in multiple cellular locations

O NDP-sugar Activated sugar
l donor
Osugar

Glycosyltransferase
substrate utilization

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



Glycan synthesis requires high-energy, activated donors
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Glycan synthesis requires high-energy, activated donors
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NDP-sugars are utilized in multiple cellular locations

Sugar —— Sugar-6-P

Donor substrate Y
biosynthesis Sugar-1-P

Y
NDP-sugar

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



Cellular sugar measurement requires multiple methods

Sugar —— Sugar-6-P

Monosaccharide and
donor substrate Sugar-1-P

measurement O

Y
i NDP-sugar
Osugar

Glycan identification
and measurement

v] Mass spectrometry
v] NMR
V] High Performance Anion Exchange Chromatography

V] Lectins (blotting and flow cytometry)

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



NDP-sugar synthesis integrates multiple metabolites

(G ) ( Man)
ATP ATP
ADPq ADPJ
6-Phospho- Glc-6-POy ¢————» Fruc-6-P0, ¢——» Man-6-PO,+—> Man-1-PO,
gluconate + Glutamine Phosphoenol-
nappH VADP l NH3 pyruvate (PEP) G1P
Glutamate P; PP,
[UDP*] Glc-1-PO, Glucosamine-6-PO,, KDN-9-PO »
$ [GDP‘] Dol-P

utp AcetylCoA x& O
PP, il NADP*

CoA ; . P;
[UDPQ]% [UDP’ . GIcNAC-6-PO, (Gucosamine)) KON paDPH J

ADP Dol-P-Q)
NADH —_— I cily GDP—4-keto-6-[ ]
ATP PP, deoxymannose

[UDP O [Do' ‘] Glchi -1-PO, (GlcNAC) [CMP <>] l

o P04j rPP GDP-4-keto-6-
A deoxygalactose
P @ [UDP-.] N-Acetylmannosamine NADPH
Gal-1-PO ATP
= )Aﬁ ¢ I ‘1 NADP* *
T AE [GDPA]
UTP i
ManNAc-6-PO
GalNAG-1-PO, LA‘»[UDP-E]] I 4 ke
e pyruvate (PEP)
P. GTP
|
A.E!;.’GaINAc) + N-Acetylneuraminic-9-PO AD:UC-1-PO4
NADP
i Z ATP - )
[ove ] E:MP’] <&—L(NeuSAc) (Fuc)
Pyruvate + ManNAc 4)

Essentials of Glycobiology, Second
Edition, Chapter 4

@ Glucose (Glc)

[l N-Acetylglucosamine (GIcNAc)
N Glucosamine (GIcN)

. Mannose (Man)

W Xylose (Xyl)
& N-Acetylneuraminic acid (NeuSAc)

A Fucose (Fuc)



NDP-sugar synthesis integrates multiple metabolites

Pathway control points *

V] Rate-limiting enzymes
V] Feedback inhibition
| Sugar transport

Enzyme Inhibitor
UDP-Glc dehydrogenase UDP-XylI
GDP-Man 4,6-dehydratase GDP-Fuc
Glutamine:fructose-6-P
amidotransferase UDP-GIcNAc
UDP-GIcNAc epimerase/kinase CMP-Sia

Essentials of Glycobiology, Second
Edition, Chapter 4



Mutations in enzymes required for NDP-sugar
synthesis are associated with disease
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Diversity requires many sugar donors and enzymes
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NDP-sugars are utilized in multiple cellular locations

Sugar —— Sugar-6-P

Donor substrate Y
biosynthesis Sugar-1-P

NMP
Donor substrate

O transport
sugar

NDP-sugar NMP

e O M

N

NDP

Osugar

Y
NDP-sugar

Pi

GlycoT substrate
utilization

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



NDP-sugar transport requires active process

Leishmania
Mammals Mammals
Yeast
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UDP-GIcNAc resides at the nexus of protein and lipid
glycosylation

Endosomes/lysosomes/
peroxisomes = 3% Mitochondria = 22%
(impermeable) (outer membrane permeable)

Nucleus = 6%

Cytosol = 54% (permeable)

(free diffusion)

Release

'/ Membrane & Secretory
' Glycoproteins
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_G!ycolipids
= Golgi = 3% Lipid Anchors
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Endomembrane
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ER=12%
(concentrated)

Hexosamine biosynthetic pathway
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O-GIcNAc is a dynamic post translational modification

(Enzyme availability) -

Glucose fAcetyI-CoA\ ATP

Glutamine

(Nutrient availability)

Bond and Hanover, Annual Review of Nutrition 2013



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

Pathological

O-GlcNAc deregulation is associated with disease

Normal function

O-GIcNAc levels are inappropriately high or low.

Cellular signaling affected: ROS
generation, protein folding,
and localization problems result.

DMiIl-associated hyperglycemia
worsens if nutritional load is
not controlled.

Problem onset: recovery possible
if nutrient status regulates

Disease state permanent
and/or lethality results

Nutrient deficit Nutrient excess

Bond and Hanover, Annual Review of Nutrition 2013



UDP-G

Endomembrane
Utilization =

IcNACc is at nexus of protein/lipid glycosylation

Endosomes/lysosomes/
peroxisomes = 3% Mitochondria = 22%
(impermeable) (outer membrane permeable)

Nucleus = 6%

Cytosol = 54% (permeable)

(free diffusion)

Membrane & Secretory
Glycoproteins
Glycosaminoglycans
_G!ycolipids
= Golgi = 3% Lipid Anchors
(concentrated)

ER=12%
(concentrated)

Gin
Nutrients — PGMS3

Hexosamine biosynthetic pathway

Glc—= G-6-P—= F-6-P—= GICcN-6-P—= GIcNAc-6-P —= GIcNAc-1-P —= UDP-GIcNAc . UDP-GalNAc
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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



