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Bacteria ~3,500
Unicellular eukaryotes ~6-7,000
C. elegans-20,000

Homo: ~35,000

n.b.the original estimate for Homo was ~1,000,000
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Information flow

genome DNA
*transcription

A

Scriptome RNA

translation
Protein

l Non template-driven synthesis

log (chemical information content)



*Consists of molecular assemblies of proteins and
polysaccharides (glycosaminoglycans)

*Arises with metazoa

. BUT... ... unicellular life makes biofilms

[ J

» Extracellular matrix is a key regulator of cell-cel
communication and hence cell, organ and organism
function



Size (nm)
hyaluronic acid chain
~1000 nm
P Pericellular matrix
j/ | | e >~ 10-1000 nm
matrix protein ]
~4-20 nm

heparan sulfate chain
~40-160 nm

J

0-15 nm cell surface

cell surface protein
~4-15 nm

membrane

~3nm Cell interior
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Size (nm)
Macromolecular concentration:
~400 mg/mL
hyaluronic acid .matrix
"‘1000 nm protein growth factor
s \
yd . . link
matrix protelns and module
grOWth faCtorS proteoglycan proteoglycan
~4-20 nm

growth factor

heparan sulfate
chondroitin sulfate
~40-100 nm

cell surface protejns
~4-15 nm

Membrane ~3nm

-"‘x‘ cell surface
\

growth factor receptor  Hyaluronic acid Cell interior

receptor & receptors synthesase

: . active receptor assembl
active cell adhesion assembly P y
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Heparan sulfate and heparin
Chondroitin sulfate

Dermatan sulfate
Keratan sulfate

Hyaluronic acid
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(uronic acid b 1-4 N-substituted gluc:osaminc;n)n

(a) o-L-iduronic acid (¢) o-D-glucosamine derivatives
CH>OR4
O O--- O
COOCH
_I\, OH __I\ORs
O__
OR; NR;

(b) B-D-glucuronic acid

R1 =H or SOg_
S R:=H, COCHzor SO5
O 0 | Rs=HorS0s
Rs=H or SOs
-1y OH

OR4




transition transition transition
domain 5 domain 3 domain 1
transition transition
l doTain 4 l domeiin 2 l
Non reducing end _l\/\/—/\/\/ Reducing end (RE)
(NRE) T T T connected to core
protein
S domain 3 S domain 2 S domain 1
acetylated acetylated acetylated
domain 3 domain 2 domain 1
Key
_ Tetrasaccharide linker
N-acetylated domain
™ Transition domain
I\/\/ S-domain
[ |
Disaccharide length ~ 0.8 nm Proteins bind to S-domains

GAG chain length ~ 40 to 160 nm and transition domains

The potential HS chain sequences > potential proteiseguences



Fundamental role in cell-cell communication

«Specification and growth of every organ,
epithelium-mesenchyme signal relays

The cell microenvironment

Coordination of extracellular signals

Growth factors, enzymes: interactome >250 proteins
*Tissue and wound repair

eCancer (microenvironment)

*Degenerative diseases: Alzheimer's....
sInflammatory diseases: IBD, RA, OA...



Heparin the largest biotechnology product in weightand £££
Natural heparins

Processed heparin (e.g., Fragmin)
Synthetic anticoagulants (Arixtra - Organon/Sanofi)

GSK (Ralenza)
Provexis — nutraceuticals
IntelliHep (BACE inhibitors)

Each protein:glycosaminoglycan interaction =
major opportunity



Fibroblast growth factors

*FGFs are one part of the angiogenic switch (E££)
Activation of FGF-FGFR axis in most solid tumo(f££)
«Skeletal growth defects

*Phosphate and glucose homeostasis (E££)
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*Matrix encompasses a substantial research investmeim
science, biomedical science, medicine, engineering

sUnderstanding reduces risk
*Drugs
*Reprogram cells: from stem cells to cancer cells

*Rebuild tissues: bones, joints to skin
*The beneficiaries of the solution to this problem
* Pharma and biotechnology industries

 NHS (new treatments)

 Patients (improved disease outcome/management)
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How does the structure of glycosaminoglycans drivéheir
functional interactions with other molecules of the
extracellular matrix and the cell surface to regulde cell
activity?

New tools
Spectroscopy & dynamics of function

Single molecule
Glycochips
Sequencing & MS

Biological models: cells to worms



(

NMR

SRCD

VCD

THz
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Ruddet al (2007). Influence of substitution pattern andarabinding on conformation
and activity in heparin derivatives. Glycobiolofy: 983-993.

Rudd,et al. (2007). Site-specific interactions of copper (dhs with heparin revealed
with complementary (SRDC, NMR, FTIR and EPR) spesttopic techniques.
Carbohydrate Res. (doi:10.1016/j.carres.2007.12.019



S |

FTIR

Ruddet al, (2008). Selective detection of protein secondmuctural changes
In solution protein-polysaccharide complexes ustibgational circular
dichroism (VCD) J. Am. Chem. Soc. 130: 2138-2139
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VCD FTIR

Ruddet al, (2008). Selective detection of protein secondmuctural changes
In solution protein-polysaccharide complexes ustibgational circular
dichroism (VCD) J. Am. Chem. Soc. 130: 2138-2139
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Ruddet al, (2008). Selective detection of protein secondmuctural changes
In solution protein-polysaccharide complexes ustibgational circular
dichroism (VCD) J. Am. Chem. Soc. 130: 2138-2139



Crystalline saccharides give peaks: phonons ngjat unit cells

Amorphous forms: charged saccharides give somealsigdue to charge
separation, whereas uncharged saccharides do not

Courtesy of Axel Zeitler Cambridge



The features are broad -, with a gradient or veopad curve: THz
seems to excite all modes.

Courtesy of Axel Zeitler Cambridge
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World class Centres for Glycobiology, Imperial, Liverpool,
Oxford (Manchester coming soon) plus many smallernits

World class centres for matrix research (Kennedy,
Manchesteret al)

A vibrant and coordinated UK and broader community:
Euro Glycosciences Forumyww.glycosciences.org.uk)PGsNoW

Strong International links: European networks &
Intercontinental grants (e.g., HFSP)

Industry from start up to multinational
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«Step-by-step incremental approach, includes:

swork with the prototype ERLP to establish THz speatoscopy of
glycosaminoglycans

straining of scientists to exploit NLS from commissoning time,
iIncluding FP7 EST/RTN.

«development of technologies for NLS.

Enable exploitation of NLS by the wider UK and
International glycosaminoglycan/glycobiology commuities
through different forums:

*Regional (PGsNoW)

*National & European (Euro Glycosciences Forum)

Intercontinental
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Macromolecular assemblies of glycosaminoglycans and
matrix proteins are local phenomena with global
consequences. To solve their structures requires:

Full spectral range at high intensity, which are umuely
available on NLS

*Multiple spectroscopic investigations and dynamicsef
correlations between different parts of the spectrm

Pumping molecular systems with electromagnetic radtion
to relate local molecular processes to global molelar and
macromolecular rearrangements andvice versa
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sLocalised structural perturbations by electromagneic pumping and
spectroscopic monitoring:

- TeraHertz: domains and solvent structure.
-Infrared: selective chemical bonds and protein iséany structure.
-UV and visible: electronic states.

-Far IR and THz: bound water.

- Chemical perturbations of biological function:
-amino acid mutations of proteins
-chemical modification of GAG chains
- selective labelling of complex components with flpghores
-mass labels, e.g.,,D to bandshift

- Biology is chiral: circularly polarised light = no bulk water sajn
(particularly in the IR and THz domains, but signal )

- Combine spectroscopies, including UV/THz absorptiom the fast time
domain

- Non-linear techniques:2D-spectroscopy, for coherently coupled interacion
providing 3D/dynamic information.
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Fundamental role in cell-cell communication

«Specification and growth of every organ,
. epithelium-mesenchyme signal relays

Coordination of extracellular signals

Growth factors, enzymes: interactome >250 proteins
*Tissue and wound repair

*Degenerative diseases: Alzheimer's....
sInflammatory diseases: IBD, RA, OA...



*GAGs by weight (tons) are the largest medical biotnology
product:

*heparin and derivatives are the “universal”
anticoagulants.

*OTC wound healing creams & cosmetics.
*Beyond heparin and cosmetics, industrially high rik
«Currently the realm of the start up.

sUnderstanding reduces risk



«Cancer,e.g., FGF, VEGF and angiogenesis in carcinomas.

Neurodegeneration.e.g, BACE in Alzheimer’s and PrP in
CJD.

sInflammation, e.g., cytokines in RA, asthma, skin.

*Congenital disorders,e.g., craniosynotoses, dwarfism, EXTSs,
SGB.

*Pathogense.g., HIV, herpes, malaria, chlamydia.



& 6 | 7

*FGF receptor ligand system consists of:

*FGF ligand (22 genes ~30 proteins)

*FGFR (4 genes >100 splice variants)

*Heparan sulfate co-receptor (HS interacts with
>250 human extracellular proteins and has more

structures than the entire proteome ¢ri et al., 2008
Frontiers Biosci. 13: 4309-4338)

*N-glycosylation of FGFR regulates its activity
(Duchesneet al, 2006 J. Biol. Chem. 281: 27178-27189)

*FGFR generates distinct signal outputs, e.qg.,
reads gradients of FGF ligand
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> 30 FGF proteins

> 48 FGFR isoforms

*Heparan sulfate (>250 partners)
Dermatan sulfate (CS) (>250 partners)
*Perlecan core protein

*Neuropilin

«Cadherins: non-FGF ligand

Integrins

*Matrix proteins (fibronectin, thrombospondin)
sLong pentraxin PTX3

FGFBP

*Anosmin

*E-selectin

... and more
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Size (nm) a growth factor

Macromg
~400 mg

ular concentration;

matrix
protein

hyaluronic acid
"‘1000 nm growth factor
-~
“| matrix proteins and
growth factors

~4-20 nm

link
module

proteoglycan

heparan sulfate
chondroitin sulfate
~40-100 nm

cell surface protejns
~4-15 nm

Membrane ~3nm

-'.‘x‘ cell surface
\

growth factor /  receptor  Hyaluronic acid Cell interior

receptor & receptors synthesase
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Are Individuals of a species equivalent?
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receptor

|

2"d messenger, e.g., CAMP

Specificity = 1 ligand (hormone):I"®messenger)



receptor

ligand ‘

Ligand-induced
receptor dimerisation

AN

Activation of multiple signalling pathways

Problem: where is the specificity?



receptor

ligand ‘

Ligand-induced
receptor dimerisation

AP\

Time-dependent activation of multiple signallinguwerks

Specificity is in the kinetics



