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➢ Basics of saccharides chemistry, nomenclature

➢ Saccharides related open databanks

➢ Saccharides in the PDB

➢ Challenges in computational analysis of saccharides

➢ Tools for saccharides analysis: MD, docking

➢ Case study: docking glycosaminoglycans with Dynamic Molecular Docking



  

CARBOHYDRATES: GLYCERALDEHYDE

● Saccharides/carbohydrates:  C
n
(H

2
O)

m
; polyhydroxy aldehydes/ketones

D-glyceraldehyde (R, +) L-glyceraldehyde (S, - ) 



  

CARBOHYDRATES: ALDOSES AND KETOSES

Aldose: D-glucose Ketose: D-fructose 
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CARBOHYDRATES: ALDOSE TREE

Triose

Tetrose

Pentose

Hexose



  

CARBOHYDRATES: KETOSE TREE

Triose

Tetrose

Pentose

Hexose



  

CARBOHYDRATES: DIASTEREOMERS

D-glucose D-mannose 
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CARBOHYDRATES: D/L-ISOMERS
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CARBOHYDRATES: CYCLIC FORMS

● Furanose is a 5-membered ring

● Pyranose is a 6-membered ring



  

CYCLIC FORMS: PYRANOSE RING 
CONFORMATIONS



  

CARBOHYDRATES: α/β- FORMS

α-D-glucopyranose β-D-glucopyranose 

● C1- anomeric center

● α-form: CH
2
OH

 
and OH

c1
 are on the opposite sides of the ring

● β-form: CH
2
OH

 
and OH

c1
 are on the same sides of the ring



  

GLYCOSIDIC LINKAGE

● Glycosidic linkage: covalent bond between 2 sugars

➢ Maps for glycosidic linkages:

- 2D

- 3D (1-6 linkages)



  

GLYCOSYLATION

➢ Lipids

➢ Proteins:

- N-glycosylation (Asn)

- O-glycosylation (Thr, Ser, Tyr, HO-Lys, HO-Pro)

● Glycosylation: reaction between saccharide and saccharide acceptor 

A + sugar = A-sugar + H
2
O



  

CARBOHYDRATES SYMBOLIC REPRESENTATION

Representation of monosaccharides with geometric shapes as described in the notations used by 
the Consortium for Functional Glycomics (CFG) and the Oxford Glycobiology Institute (UOXF).



  

SACCHARIDES DATABASES

➢ Structure:

- Primary (MS, enzymatic reactions)

- 3D (X-ray, NMR)

➢ Interactions:

- Microarrays

- FRET

- Enzymatic reactions

- ...



  

UniCarbDB
http://www.unicarbkb.org/

➢ Mass-spectroscopy data

➢ Substructure search

➢ Equivalent structures

➢ Stereochemical equivalents

➢ Superstuctures



  

UniCarbDB: QUERY



  

UniCarbDB: QUERY => RESULTS



  

GLYCOSCIENCES.DE

http://www.glycosciences.de

➢ Glycomics related databases

➢ Glycomics analysis and modelling tools

➢ Links to other databases and tools



  

GLYCOSCIENCES.DE: DATABASES
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GLYCOSCIENCES.DE: DATABASES



  

GLYCOSCIENCES.DE: TOOLS

➢ Translation of sequence to 3D (SWEET)

➢ Conformational maps and profiles (GlycoMaps DB)

➢ Preparation of MD inputs

➢ Animated Gif from PDB (PDB2MultiGif)

➢ In silico glycosylation of proteins (GlyProt)

➢ NMR parameters relation to structures (Distance Mapping)



  

GLYCOSCIENCES.DE: TOOLS
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GLYCOSCIENCES.DE: TOOLS



➢1987 extracellular matrix interactions including 1706 protein-protein 
➢111 protein-glycosaminoglycan interactions 

MatrixDBhttp://matrixdb.ibcp.fr



MatrixDB: BROWSING



Laminin-1

Collagen-I

Collagen-VI

Endostatin

Amiloidbeta-pept. 1-42Collagen-IV

Apolipoprotein_E

Antileukoproteinase

Tenascin

SPARC

Dermatan sulfate

Dermatan sulfate

Heparan sulfate

Bone morphogenetic protein 1

TGF beta1

Collagen alpha1

Byglycan

Heparin

Bone morphogenetic protein 4

MatrixDB: INTERACTOME



  

SACCHARIDES IN THE PDB: SCOWLP

www.scowlp.org

➢ PDB: 110790 structures (4.08.2015)

➢ ~2000 protein-saccharide interfaces

Interactions definition: 

➢ H-bond: 3.2 Å  

➢ Salt bridge: 4.0 Å

➢ VDW: R
1 VDW

+R
2 VDW



  

SACCHARIDES IN THE PDB: HYDRATION

Hexose/Hexuronic acid:

➢GlcU

➢IdoU

➢Gal

➢Sulfated derivatives

Hexosamine:

➢GlcNAc

➢GalNAc

➢Sulfated derivatives

GAGs:

Interfaces dataset Number of interfaces Water molecules/interface area (1/1000 Å2)

GAGs-protein 57 10.8

Sugar-protein (not GAGs) 1910 9.5

Protein-protein 176 3



  

THEORETICAL AND EXPERIMENTAL METHODS 
FOR SACCHARIDES ANALYSIS

De Marco, Woods; Glycobiology 2008.



  

COMPUTATIONAL CHALLENGES
➢ Experimental data quality

➢ Variety of carbohydrates (f.i. tetramer):

- DNA: 44 = 256~102

- Proteins: 204 ~105

- Carbohydrates: ~1012

➢ Huge conformational space/flexibility

- size challenge

- time challenge

➢ “Average parameters” problem

➢ Induced fit while binding other molecules

➢ The role of solvent, entropic component:

- high solubility (-OH groups)

- anisotropic solvent properties near saccharides

- min ASA algorithms challenges



  

SACCHARIDE-PROTEIN INTERACTIONS

➢ Bind to receptor proteins, antibodies, lectins, enzymes

➢ Relatively low affinities (up to ~μM)

➢ Importance of polyvalence

➢ Contributions to free energy:

- Hydrophobic effect: classical and non-classical, ~25-100% of enthalpy

- CH/ interactions

- Hydrogen bonds (also water-mediated)

- Electrostatics+vdW

- Solvation/Desolvation

➢ Not biased to cavities binding

Kerzmann et al; J Chem Inf Model 2006.



  

 COMPUTATIONAL METHODS FOR 
SACCHARIDES ANALYSIS

➢ QM methods

➢ MD

 

➢ Docking



  

QM OF SACCHARIDES

➢ Maximum size of system: di-,trisaccharides

➢ Limitations of explicit solvent introduction

➢ Counterions are needed but it is challenge

➢ Conformational analysis with HF or DFT

➢ NMR parameters

➢ Reactions studies (ONIOM, MM/QM)

➢ Need for specific functionals for saccharides



  

 MD OF SACCHARIDES
➢ Relatively large systems

➢ Force fields for saccharides: compatibility with proteinic force fields

➢ Time-scales challenge for flexibility challenge: f.i. rings conformations

➢ Complementary to 

NMR-studies: 

- Chemical shifts

- Karplus equation

➢ Glycosylation issue

➢ Free energy:

- MM-PBSA

- FEP

- Steered dynamics

Fadda, Woods; Drug Discovery Today 2010.



  

DOCKING OF SACCHARIDES

➢ Most of programs are not tuned for saccharides, docking alone fails

➢ Size limitations: tetrasaccharides is often the border 

➢ Incremental reconstruction algorithms fail in general (DOCK, FlexX)

➢ Addition of explicit solvent helps

➢ BALLDock SLICK:

- 2 scoring functions

- CH/ plays crucial role

- Electrostatics+vdW from GLYCAM ff

- Desolvation is explicitly taken into account



  

CASE STUDY

Dynamic Molecular Docking (DMD): a new approach 

to treat flexibility and explicit solvent in docking of 

protein-glycosaminoglycan systems



  

GLYCOSAMINOGLYCANS (GAGs)

Hexose/Hexuronic acid:

➢GlcU

➢IdoU

➢Gal

➢Sulfated derivatives

Hexosamine:

➢GlcNAc

➢GalNAc

➢Sulfated derivatives

GAGs:

➢Hyaluronan

➢Chondroitin sulfate

➢Heparin

➢Heparan sulfate

➢Keratan sulfate

➢Dermatan sulfate



  

GAGs: COMPUTATIONAL CHALLENGES 

( )
n

➢Sulfation pattern

➢Symmetry

➢Electrostatics and solvent

➢Flexibility

➢Binding not in cavities



  

GAGs: COMPUTATIONAL CHALLENGES 

➢ Sulfation pattern

➢ Symmetry

➢ Electrostatics and solvent

➢ Flexibility

➢ Binding not in cavities

Reducing 
terminus

Non-reducing 
terminus



  

➢ Sulfation pattern

➢ Symmetry

➢ Electrostatics and solvent

➢ Flexibility

➢ Binding not in cavities

GAGs: COMPUTATIONAL CHALLENGES 



  

➢ Sulfation pattern

➢ Symmetry

➢ Electrostatics and solvent

➢ Flexibility

➢ Binding not in cavities

GAGs: COMPUTATIONAL CHALLENGES 



  

➢ Sulfation pattern

➢ Symmetry

➢ Electrostatics and solvent

➢ Flexibility

➢ Binding not in cavities but to positively charged protein patches

GAGs: COMPUTATIONAL CHALLENGES 



  

MOTIVATION AND GOAL

There are no specialized docking tools for highly

flexible electrostatics-driven molecular systems such

as protein-GAG systems.

The goal is to develop a docking approach, which considers:

➢ Receptor and ligand flexibility

➢ Explicit solvent



  

THE CONCEPT OF DMD



  

THE CONCEPT OF DMD

➢ Local docking

➢ MD-based

➢ Predicting anchoring residues



  

DMD PROTOCOL



  

➢ 5 protein-GAG

➢ 1 protein-peptide

➢ 1 protein-small molecule

TEST DATASET



  

LIGAND'S DEGREE OF FREEDOM IN DMD

Fair sampling of ligand’s degrees of freedom.



  

GLYCOSIDIC LINKAGE SAMPLING

Fair sampling of glycosidic linkage conformational space.



  

MEP FOR BINDING SITE DEFINITION



  

EVOLUATION OF DMD



  

COMPARISON WITH AUTODOCK



  

COMPARISON WITH AUTODOCK



  

INCREASING GAG'S LENGTH IN DOCKING

Calculated free energies decrease with GAG's length



  

DEFINING ANCHORING RESIDUES

DMD correctly indentifies anchoring resides 

for the systems dominated by electrostatics.



  

We have developed and characterized DMD, an

MD-based protocol for local docking for highly

flexible electrostatics-driven systems.

CASE STUDY CONCLUSIONS
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