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Four Classes of Biological Molecules

» Carbohydrates
» Proteins

» Nucleic Acids

» Lipids

Glycans are made up of individual
sugar units linked to one another
in a multitude of ways
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GLYCOCONJUGATES AS KEY MEDIATORS IN CELLULAR SOCIAL LIFE
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Glycans play critical functions in the areas of cell signaling, molecular recognition, immunity, and inflammation



Complexity of Glycans

4 L-aminoacids=—=> 256 tetra-peptides

4 D-aldohexoses =— 7.602.176 tetrasaccharides
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biopolymers are linear
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..sugar building blocks
can be linked together at
many different sites and

in different spatial
orientations

Endocyclic oxygen
OH /
0
H?-iO OH
OH \

Not always linear polymers
but frequently branched...
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..Not to speak about
conformation!
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FLEXIBILITY AND SHAPES OF 5-/6- MEMBERED SUGAR RINGS

Degree of puckering
of six-membered ring

Pseudo-rotational wheel of
five-membered ring
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Glycomics: the knowledge of the structure and function of glycans linked to proteins or lipids

complexity of biology

Complex glycans target and diagnostic for human, animal and plant health

Sulphotransferases Glycoproteins
Glycosyltransferases =———— m = (o) | [e)<—— Peptidoglycans
Gchosndases Proteoglcans
Sugar phosphates Llpopolysacchandes
Glucose—> Metabolomics m— GPI anchors
UDP/GDP/CMP Glycollplds
sugars

GLYCOMICS
Bioinformatics

\ Biomarkers and therapeutics Y,

Hart, G. W. and R. J. Copeland (2010). "Glycomics Hits the Big Time." Cell 143(5): 672-676.

No template to predict sugar sequences
from the genome



DATABASES and TOOLS USEFUL IN THE ANALYSIS OF
COMPLEX GLYCAN STRUCTURE

» Glycan nomenclature  » Carbohydrate databases » Glycan 3D Modeling

O Monosaccharide DB Q GlyTouCan O Glycosciences.de
0 CFG-Glycan database d Glyco3D
O UniCArbDB d Glycam
0 CSDB 0 GLYCAN
O KEGG GLYCAN O GlycanBuilder

U EPS database

» Glycan Binding
O SugarBindDB

» Glycan NMR tools

O MestreJ _

Q CASPER Q GlycoEpitope
» Glycan MS tools » Others..

d GlycoWorkBench d GlycoProtDB

Q Glycopedia O www.stenutz.eu

0 CCRC spectral database U GlycoGeneDatabase
d GlycoStore -~
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GLYCANS
STRUCTURE

®Chemical
structure

Which are the monosaccharides
constituting the glycan?

How the monosaccharides are
linked together?

Structure determination of a glycan chain:
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Main Steps

Quali-quantitative analysis (GC-MS)
Absolute configuration (GC-MS, NMR)

Size of the ring (GC-MS, NMR)

Anomeric configuration (NMR)

Linkage analysis (GC-MS, NMR)

Monosaccharides sequence (MALDI-MS", ESI-MS", 2D NMR)

Determination of non-carbohydrate appendages
(GC-MS, MALDI-MS", ESI-MS", 2D NMR)
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Representation format
condense
extended

LINUCS

CarbBank 2D notation

GlycoRDF Resource Description Framework
http://www.glycoinfo.org/GlycoRDF/

Common ontology for representing glycan structures
and their pertinent metadata

Pros

Cons

AC

Fairly human readable;
standardized by the IUPAC
commission

Somewhat human readable

Human readable

Somewhat computer readable,
but variations exist between

databases

Can only represent completely
defined structures (no

ambiguity allowed)

Difficult for computer to
process

BCSDB linear code

KCF

Can represent rare and
complex oligosaccharides
including those found in
bacteria and plants

Uses graph notation; can
represent ambiguous
structures

Difficult for humans to read

Monosaccharide

representation is ambiguous,
making integration with other
databases difficult

Linear code *

Compact representation

Not human readable

MonosaccharideDB

http://www.monosaccharidedb.org/

= Comprehensive resource of
monosaccharides

= Dynamic dictionary

= Translate residue names
from one notation to another

EE : MonosaccharideDB Home | Notation | Database

GlycoCT Uses graph notation: has strict | Uses a library to represent otatio
rules to represent substituents, which makes it H? p b
monosaccharides difficult to update and MonosaccharideDB | b-dglc-HEX-1:5]/(2d:1)n-acetyl
integrate with other databases CarbBank b-D-GlcpNAc
GLYDE-II Uses XML notation, making Not human readable Glycosciences.de | b-D-GlepNAc
database integration and GlycoCT b-dglc HEX 1:5 = (2d-1) n-acetyl
exchange easier CFG GNb
WURCS Can uniquely represent any Not human readable BCSDB bDGIepN = (21)Ac
sequence, including those GLYCAM 0YB
containing rare Protein Data Bank |NAG
monosaccharides and IUPAC 2-acetamido-2-deoxy-beta-D-Glucopyranose

ambiguous linkages

Ranzinger R. et al. Bioinformatics, 2015. 31(6):919-925.



GLYCANS
STRUCTURE

‘ 3D structure &
Pynamics

.Sequence &
Conformation

®Chemical

structure Purifications

www.stenutz.eu

A practical guide to structural analysis of carbohydrates

Phenol-water extraction

[> Adchoices Extraction Water DI Water Purification ) C Density Water D]
Home :: A practical guide to structural analysis of carbohydrates :: Phenol-water extraction
Structural analysis Phenol-water extraction separates proteins from bacterial extracts. The principle for the separation is that a 50/50 mixture of phenol and water is heated to 65-68 *C at which temperature only one homogenous phase Is
= Introduction present. After cooling two phases are obtained and the polysaccharides and nucleic acids are in the water phase and the proteins in the phenol phase. A totally insoluble fraction, mostly cell remains, is obtained either at the

- Cﬂgpme"‘ E"I‘E')ff'is interface or at the bottom if centrifuged hard. Sometimes the polysaccharide, in particular rough LPS, goes to the phenol phase which should be analysed for carbohydrates before being discarded.
= Sugar analysis

= Using

morphelincborane Reaqents
= Using
lrfluoroacelates * Stirrer ca 300 rpm, propeller
. zﬂ:vo:vsfﬁ W!:: HF + 1L Duran bottle with wide neck.
. 0IVOIYSIS Wil . 0,
athenel 90% aqueous phenol
= Linkage analysis
= Methylation - Procedure
DMSO

* Methylation of LOS 1. Suspend 20 g bacteria in 350 mL of hot water (5-68 °C).
* Methyl iodide/NaOH 2. Add 350 mL of 90% phenol (65-68 °C) under vigorous stirring.
* Carboyl reduction 3. Stir for 1h at 6568 °C.
+ Carboxyl reduction 4. Cool in an ice bath te ca 10 °C, or leave overnight in refrigerator.
5. Separate in separatory funnel if possible, or centrifuge at 3000 rpm 30 for 45 min, or pour everything in dialysis bag.
«  Dimsyl sodium 8. The upper, water layer is saved (not the interphase).
u = Specific degradations 7. Treat the residual phenol phase and interphase, if any, with another volume of hot water and proceed as described
L] = Smith degradation 8. Dialyse the combined water extracts 2-4 days in first tap water and then distilled water.
- Uronic acid 9. Concentrate to a volume suitable for freeze-drying and freeze-dry
degradation
olute configuration
" i=ted buty Comments
butyl 1. Sodium salts of LPS do not dissolve in H20 but form micelles and give a colloidal mixture.
- 2. 90% aqueous phenol is a liquid and there much more convenient to handle than solid phenol. The separation of LPS from cell wall often requires stirring at high speed. If the stirnng is too efficient foam will be formec
and the total volume increase. In many cases loss of material will result.
e 3. Sometimes only 15-30 minutes is required for the extraction
= Phenal-water
extraction
. eferences

» Protease treatment

* Meth. Carbohydr. Chem. V (1965) 83-91




GLYCANS

:  Once extracted and purified

STRUCTURE . "2 the polysaccharide material,
@ it is necessary to define
® several items..
®Chemical e
structure Toward the determination of glycan structure..

. Monosaccharide composition: nature of each constituting
monosaccharide along with absolute configuration.

. Linkage patterns: monosaccharide positions involved in the
glycosidic linkages. Determination of possible branching points.

. Ring size: distinction between pyranose or furanose ring.

. Anomeric configuration: a- or B -configuration at the glycosidic
linkage.

. Sequences of monosaccharide residues and, if the glycan has a
regular structure, determination of the repeating unit.

i . ldentification, localization and distribution of possible substituents on
hydroxyl groups.

. Molecular size.



GLYCANS

The use of different analytical

STRUCTURE o techniques, complementing
them with bioinformatic tools,
O IS necessary!!
®Chemical
structure

Structure determination of a glycan chain:
Main Steps

Quali-quantitative analysis (GC-MS)
Absolute configuration (GC-MS, NMR)

Size of the ring (GC-MS, NMR)

Anomeric configuration (NMR)

Linkage analysis (GC-MS, NMR)

Monosaccharides sequence (MALDI-MS", ESI-MS", 2D NMR)

S ZEEEED AEEEEED EERE A e e

Determination of non-carbohydrate appendages
(GC-MS, MALDI-MS", ESI-MS", 2D NMR)



MS spectrometry MS TOOLS for GLYCANS

MALDI & ESI MS STRUCTURE DETERMINATION
methods O

® : HE
Ny Widespread open source software containing
£ an extensive library of fragmentation types
Chemical Compares each peak of a measured mass
structure spectrum with the calculated fragments of all
structures contained in the SweetDB database
Predicts the possible oligosaccharide E Partial de novo algorithm for sequencing glycan
structures that occur on proteins from ., GchoSearchMS structures based on MS/MS spectra
their experimentally determined masses
GchoMod G|ycofragﬁ]ent Chromatographic, electrophoretic and
Gl Peakfind | f mass-spectrometry composition
yCo-Feakrtinaer G yco orest database of N-, O-, glycosphingolipid

Collection of tandem mass = : .
.+**" and free oligosaccharides

(experimentally acquired5 """ NIST Glycan MS GWCOStOFG
L . Generates a theoretical peak list for
library (on line) GlycosidlQ " each structure in the database by

computing all its theoretical fragments

Generates only the N-linked glycans r ni | :
possibly synthesized by mammalian Ca toonist too MUItIGIyC,a:n _____ I-_lelps user to gather glycan profile
cells using a set of archetypal structures GS-ali STAT/ 0 information from LC-MS Spectra
-align scar

*

R Generate candidate structures from an

*

; Computational method for glycan structure 3 _ T
® «  alignment and similarity measurement ** GRITS _TOOIbOX estimated composition selected by the

user amongst those compatible with the
precursor mass

. Modular software suite for processing, annotating
and archiving of glycomics data

Campbell MP et al. Biochim Biophys Acta. 2014.1844:108-16.



MS spectrometry

®Chemical
structure

In silico fragmentation engines

!

Computation of
theoretical fragments
(so glycosidic and cross-ring)

!

Matching with MS/MS data

!

i(i“alycan structure

J Workspace |

TOOLS for N-GLYCANS

STRUCTURE DETERMINATION

GlycoWorkBench

kA C e @0 H e O & O s

Environment in which structure models can
be assembled and their mass computed

: Annotation | Search | Profiler

© 587,23@1t14,73 [precursor m/z= 58 ~| . — J PeakdList Fragments
=t Structures '[]' oy Mass to Intensi Relative o
|Z Fragments a1 charge ntensity Intensity =i
Spectra —
183.9900 |1.7000 0.3916
Al PeakList (‘;)_“Diﬁ_.“_ﬁ_lj
1L Annotated Peaklist 150.0700 114000 03225
[ Notes m/z; 628.2571 [MONO,Und -H,0 redEnd] 1988700 10000  |0.2534
= 587,23@1t15,13 [precursor m/z= 5§ 2009600 11,3000 0.2995
" Struciures 2020600 707000 |16.2866
=% Fragments
e Spectra 203.0600 |4.5000 1.0366
Al Peaklist 204.0700 1191000 |4.3939
ﬂljl Annotated PeakList 206.9400 |D.9000 0.2073
(3 Notes 2085400 15000  |0.3455
= 628,25@rt14,33 [precursor m/z5
wt Structures I3 217.0800 244000 |5.6208
- « [218.0000 |2.8000 0.6450
£ | 3] Linkage - == Chirality Ring 2ndbond | | 2
L,.L_ @ - « (218.9900 |29000 0.6680
J Y R )
2195100 |5.6000 1.2900
Spectra | PeakList | Annotation | Notes ZMEXD WD) |G
) 2209800 |1.0000 0.2304
PeakLISt’ MS 221.9000 |9.7000 2.2345
ﬁz 2221800 |28.7000 |6.6114
e 22283800 16000  |0.3686
z 300 2231400 |1.6000 0.3686
2 2 2430000 13000  [0.2995
2 20n . : .
= 150 251.2100 |1.1000 0.2534
100 257.2700 |1.7000 0.3916
e ‘ ] | | 2620800 (4341000 |100.0000
[i] I 1 'l
200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 ZE2LA00 2HIMO 7T S22
miz ratio t‘—?l JJ l l' (-
[} o
@J& & O & & & M 1 m K O B 00 Ms

https://download.cnet.com/GlycoWorkbench-64-bit/3000-2383 4-75758804.html
Ceroni A. et al J. Proteome Res., 2008, 7 (4), pp 1650-1659.



MS spectrometry TOOLS for N-GLYCANS

MALDI & ESI MS STRUCTURE DETERMINATION
methods . 3D structure &
® Dynamics UNICARB DB
Sequence &
Conformation http://unicarb-db.expasy.org/

R | Archival database of open-access LC MS/MS library of
Chemical ] :
structure N- and O- linked glycans released from glycoproteins

Acquisition Deposition Quality Checks Release

Data UniCarb-DB UniCarb-DB

Annotation g GYVBFile Database

Metadata s :
I I Caotine I Private I Public
aGw
Data Curation Browsing and

GlycoWorkBench Submission Validation Querying

Annotation Tool

- !

o T v Glycosidic and cross-ring fragmentation ions
v' Retention times
v' Associated experimental metadata descriptions

Database

Hayes CA et al Bioinformatics. 2011 May. 27(9): 1343-4.



MS spectrometry TOOLS for N-GLYCANS
MALDI & ESI MS STRUCTURE DETERMINATION

methods . 3D structure & UNICARB DB

Dynamics

®scquence & http://unicarb-db.expasy.org
conformation Archival database of open-access LC MS/MS library of
N- and O- linked glycans released from glycoproteins

.Chemical
structure
Acquisition Deposition Quality Checks Release
MS Peak Dam UniCarb-DB UniCarb-DB
Metadata
Capture anate Publlc

aw ,
Data Curation Browsing and
GlycoWorkBench Submission Validation Querying

http://www.beilstein-institut.de/en/projects/mirage

MIRAGE: Minimum Information Required for A Glycomic Experiment
Guidelines for sample preparation, analysis and publication

GlyTouCan: International glycan structure repository
Central register & portal for search glycan-related publications

https://glytoucan.org/



MS spectrometry
GC-MS methods

®
°Chemical
structure
Toward the determination of glycan structure..
. Monosaccharide composition: nature of each constituting
monosaccharide along with absolute configuration.
. Linkage patterns: monosaccharide positions involved in the
glycosidic linkages. Determination of possible branching points.
. Ring size: distinction between pyranose or furanose ring.
. Anomeric configuration: a- or B -configuration at the glycosidic
linkage.
. Sequences of monosaccharide residues and, if the glycan has a
regular structure, determination of the repeating unit.
1 = . ldentification, localization and distribution of possible substituents on
1 hydroxyl groups.
HI L

. Molecular size.



MS spectrometry %
GC methods

@ o siruciure & Giveo Mini DB of MS spectra of four

® Sequence & e e o types of derivatives:
Conformation |
Gas Chromatography - Acetylated alditols
O it Mass Spectrometry for Acetylated methyl glycosides \
structure Glycosciences Partially methylated and acetylated alditols
Cristina de Castro Acetylated octyl (or butyl) glycosides

Box 3: Acetylated Methyl Glycosides (AMG) \ A » o
* Advantages:
* Lessreactions’ step compared to Acetylated SlchAC ael
Alditols

* O.N.reactionyields to almost complete
methanolysis of the product
* No free aldehyde groupis produced during
methanolysis = monosaccharide degradation is
minimized
* Suitable for most type of sugars LB
* Hexoses
* Aminosugars
* Uronicacid
* Ulosonicacids

1 M HCI/CH;0H
80°C, O.N.

AC,0, Pyr

* Limits:
¢ One sugar = more peaks Al
* Respect anhydrous conditions during
methanolysis
* Ketose residues are lost

Figure 10 : Scheme of the reactions occurring during transformation of a
glycan in the corresponding Acetylated Methyl Glycosides (AMG)
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Glyco

MS spectrometry
GC methods

3D structure &

.Sequence & Dynamic

Conformation

Gas Chromatography -
Mass Spectrometry for

°Chemical

structure Glycosciences

Cristina de Castro

Box 4: AMG fragmentation rules

* The most stable ions will be observed in the EI-MS
spectrum

* |Isomeric sugars (as Glc and Gal) give the same EI-MS
spectrum

* The radical cation of the methylglycosides undergoes
several pathways:

* A,B,CD,E, F H,]J, and K (example given for an
hexose)

* Fragments gives a series of daughter ions by loss
of neutral molecules (AcOH, Ac,0, AcO*, Ac®,
CH,=C=0)

* Occurrence of acetamido, deoxy, methylester groups,
may direct the fragmentation pathway toa
preferential route.

* Along with the ions from the fragmentation pathways,

¢ triacetoxonium (m/z 145) and diacetoxonium (m/z
103) ions maybe observed.

N
= B

search

Acetylated alditols
Acetylated methyl glycosides ¢
Partially methylated and acetylated aldltols
Acetylated octyl (or butyl) glycosides

a0 e r_____.-)',: m/2289

i "'F\ | 31 102 60

H z : .

A W M(m/z362) ——s—> m/2331 " 5 m/2229 ——> m/1169

AcO N " A

O4c
H OCH,
’ | -120 -8 _ /200 .60 B,
Acetylated methylgalactopyranoside % . -0 . mir2es
Abundance 43

40000 145 = triacetoxonium
35000
30000
25000
20000 -
15000 $
<0080 ‘ i /\

5000 8 w9 s ws Ff

L T VN Dl 1820 215 29 23 289 331

0 r * - . 2 T . Y 4 T T T
mr> 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320

Figure 13 : EI-MS spectrum of a fully acetylated methylhexopyranose.



MS spectrometry

The CCRC Spectral Database for PMAA's

GC methods i
‘ o The University of Georgia -
o Complex Carbohydrate®™
Research Center
iy https://www.ccrc.uga.edu/specdb/ms/pmaa/pframe.html
Partially methylated and acetylated alditols
HDCOAc The CCRC Spectral Database for PMAA's
H--OMe _118,

205 MeO-+H
161 MeO-1H

H--O0Ac
H,COMe

- To see the Partially Methylated Alditol Acetate (PMAA) derived from a
glycosidically linked sugar residue, scroll down the PMAA table until you
find its entry and mouse over it.

- Click on the entry to see the electron-impact mass spectrum (EI-MS) of the
PMAA.

162,

| Help || View the PMAA Table |

Non-Branched Hexopyranosyl Residues

Linkage Galp Glcp Manp Fucp Rhap GalpNAc GlepNAc ManpNAc

T

[=2 N S VS (S ]

Singly Branched Hexopyranosyl Residues

Linkage Galp Glcp Manp Fucp Rhap GalpNAc GlepNAc ManpNAc

23
2.4
2,6
3.4
3.6



NMR spectroscopy

°Chemical
structure

’Sequence &
Conformation

F -
Non-destructive method!

. 3D structure & @?’f’
Dynamics Jéﬁ‘

L%
-

NMR parameters

Chemical Shifts

Monosaccharide composition, anomeric configuration,
identification, localization and distribution of possible
substituents on hydroxyl groups,

Area of peaks
Relative proportion of nuclei

Coupling constant (J) =» Hz
Structural and Conformational information

Nuclear Overhauser Effect

Distance between nuclei = monosaccharide sequence and
conformational information

Molecular Motion
Information is contained in relaxation, NOE and diffusion
experiments



NMR spectroscopy NMR ANALYSIS of COMPLEX

o & CARBOHYDRATES

= Assigning saccharides 3D
Sequence & B éi%‘ structure implies identifying
Conformation - |I i ’_g,@ and quantifying an ensemble
d ei= of conformations!
Chemical . H
structure WEbS'teS.
www.stenutz.eu Chemical Shifts & Coupling constants libraries

http://www.organ.su.se/gw/doku.php Calculation of NMR chemical shifts
Determining the primary structures from experimental NMR data

http://www.nmrdb.org/  prediction of 13C and *H NMR spectra

Databases:

BCSD Carbohydrate Structure Databases

Glyco3D

m_“ Glycoscience.de




NMR spectroscopy
chemical shift

°Chemical
structure

www.stenutz.eu

‘Sequence &
Conformation

[> AdChoices C Structural Analysis ) C 3 Water )

jome :: A practical guide 1o structural analysis of carbohydrates :: Chemical shifts of the aldoses

tructural analysis 1 2 3 4 5 6 CH; CO OCH;

9

a-D-Galactopyranose
A practical guide to structural analysis of carbohydrates

Coupling constants of pyranoses

AdChoices ( Structural Analysis ) ( 3 Water ) C Beta 2 ]

jome :: A praclical guide 10 structural analysis of carbohydrales - Coupling constants of pyranoses

tructural analysis 1 3 ] 3 1 2 3
Jormn " “he s “hope “Jherses “Iarsa ks “hsve

a-xylopyranose 37 93 10.0

B-xylopyranose 77 92 104

a-galactopyranose 36 31 1.1

2-acelamido-2-deoxy-a-galactopyranose 37 32 09

a-fucopyranose 37 30

a-galacturonic acid 39 32

B-galactopyranose 78 33
2-acetamido-2-deoxy-B-D-galactopyrancse 160 85 105 33 12

B-fucopyranose - 7.7 100 33 12 6.4

a-glucopyranose 172 37 o8 93 97



NMR Spectroscopy www.stenutz.eu

coupling constants NMR J couplings help to define the glycan stereochemistry

06 H H
C4 05 C4 5 Cc4 5
‘Sequence & . 4
Conformation
H H ] 06 06 H
[ ) .
Chemical Hy Hs Hy

structure 22 (0=-60°) gt (©=60°) tg (0=180°)
. | rotameric conformers of the @dihedral angle |
Karplus equation
), 1= A+ Bcoso + Ccos2¢

, R
DGalp OH 12 ‘ pDXylp
OR HO
A: ¢y - O-glycoside linkage conformation
B: - hydroxymethyl group conformation 3
il | C: 6 - hydroxyl group conformation
4 Heq S Heq i D: pyranosyl ring pseudorotation . O

Hax Br 5 OH
JHax Hax = 10-13 Hz (~180°) JHeq Hax = 2-5 Hz (~60°)
Jhax Heq = 2-5 Hz (~60°) Jheq Heq = 2-5 Hz (~60°)
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coupling constants NMR J couplings help to define the glycan stereochemistry

.Sequence &
Conformation

°Chemical
structure

Karplus equation

A: ¢/y - O-glycoside linkage conformation

B: o - hydroxymethyl group conformation 3

C: 6- hydroxyl group conformation o

D: pyranosyl ring pseudorotation |
2:::0H

OCH,
Mestre J
http://mestrelab.com/software/freeware/

Prediction of vicinal proton-proton couplings
% Mestre-J E]|_ EI

! Hax et
o o S3fH

JHax,Hax =10-13 Hz ("'180 ) JHeq.ha:« = 2-5 Hz ("60 j S4=H T mp——

JHax Heq = 2-5 Hz (~60°) Jheq.rieq = 2-5 Hz (~60°) B A &

Navarro-Vazquez A. et al J. Chem. Inf. Comput. Sci. 44 (5), 2004.
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Website useful for the structural
and conformational analysis of
glycans by NMR @,

®,

~ ‘y-
ety
At

Conformation

http://www.organ.su.se/gw/doku.php

Bioorganic Chemistry

Stockholm The Widmalm Research Group

University

Home . . ” - a
Research in Bioorganic Chemistry

About ;

GrouP The research is focused on understanding structure-dynamics-interaction relationships of carbohydrates in general and glycan-protein interactions in particular. Three different avenues are chosen to this

Research end, viz., (i) organic synthesis; (ii) experimental biophysical techniques, especially spectroscopy; and (iii) molecular simulations, in particular molecular dynamics simulations. We carry out

d, Vi i i hesis; (ii i | biophysical hni ially NMR d (iii lecul imulati i icul lecular d i imulati W
- - investigations on the following subjects:

Publications
= Development of rapid and robust methodology for the determination of carbohydrate structure, i.e., toward fully automatic structure determination by NMR

Gallery 2 g . ) . o s s
= Chemical synthesis of oligosaccharides, glycoconjugates, and of protein inhibitors

Positions = In depth studies of conformational dynamics of glycoconjugates found in biologically and medically relevant systems

Photos = Interaction and docking studies of glycoconjugates and of small organic molecules with proteins in general and enzymes in particular with the aim of improving antibiotic uptake in gram-negative

Links bacteria
The research spans from Glycobiology to Biophysics.

Index p y gy phy:

Contact Welcome
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Sequences o
W - FEEEE



ECODAB

® Database containing structures of the repeating
® units that comprise the O-antigen from E. coli.

Information about glycosyltransferases involved
in the assembly of the O-antigen polysaccharide
are also included.
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http://nevyn.organ.su.se/ECODAB/

Main | Components | List | Summary | Search | Other Bacteria

This serogroup has been removed.

The numbers in the table (of each entry)
are interpreted as following:

* The first number is the number of GTs with known

function.

+ The second number is the number of GTs in this entry.
+ The third number is the anticipated number of GTs based

on the structure.
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chemical shift O http://www.casper.organ.su.se/casper/

‘ -
b CASPER: computer assisted spectrum

evaluation of regular polysaccharides

*Chemical i
structure _ _ _ I
v' Calculating NMR chemical shifts OO0l
SRR BN 2
v' Determining the structure of unknown | : \
glycans from experimental data s -
& S, . . .
Bioorganic Chemistry
A Lo
Stockholm I
T The Widmalm Research Group
:E:ui Research in Bioorganic Chemistry :
Group

The research is focused on understanding structure-dynamics-interaction relationships of carbohydrates in general and glycan-protein interactions in particular. Three different avenues are chosen to this
Research end, viz., (i) organic synthesis; (ii) experimental biophysical techniques, especially NMR spectroscopy; and (iii) molecular simulations, in particular molecular dynamics simulations. We carry out
investigations on the following subjects:

Publications
Galle = Development of rapid and robust methodology for the determination of carbohydrate structure, i.e., toward fully automatic structure determination by NMR
_ry = Chemical synthesis of oligosaccharides, glycoconjugates, and of protein inhibitors
Positions = In depth studies of conformational dynamics of glycoconjugates found in biologically and medically relevant systems
Photos = Interaction and docking studies of glycoconjugates and of small organic molecules with proteins in general and enzymes in particular with the aim of improving antibiotic uptake in gram-negative
Links bacteria
Index The research spans from Glycobiology to Biophysics.
T
. . ntact Welcome
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.Sequence &
Conformation

®Chemical

—

structure

)

Dropdown list of Glycan category

|Select V|

Collection of annotated
spectra of more than 150
bioactive oligosaccharides

]

Glycans were synthesized in
pure form and sufficient quantity
® to be investigated by NMR

Other Databases & Tools |

http://glyco3d.cermav.cnrs.fr/home.php

Portal for structural glycobiology of several
interlinked databases covering the 3D features
of glycans and proteins.

Glyco 3d Search |  Guide

L a

e

This data base contains the NMR spectra that have been recorded and interpreted
for more than 150 bioactive oligosaccharides (referred to as 'glycan determinants').
They can be searched by selecting among 'Trivial name, Sequence, Category (see
classification in Advanced search) and Type of constituents' (i.e; di-, tri-, tetra-,
oligo-, polysaccharides), as well as combining any of these criteria. Depending upon
the cases, interpreted 'H-NMR and "*C-NMR spectra and COSY, TOCSY, HMQC
and HMBC correlations are provided.

Quick instructions
1 : Simple search or Advanced search (multiple criteria)

ES)



NMR spectroscopy Glyco3D
http://glyco3d.cermav.cnrs.fr/home.php

® The detailed results are organized under two
.Sequence % different tabs: _
Conformation 1. Molecule Information
2. Display & Download
°Chemical B
R A AT A A A PO AT A RO PO AT AR O F A A H A AT H
Glyco 3d Search Guide
TriViaI name Sialyl Lewis X pentaose
Sequence NeuAc a2-3 Gal b1-4 (Fuc al-3) GIcNAc b1-3 Gal
Graphical representation
of the stereochemical
configuration
Tieh fepresentations
o3 i 4 BE 3
“ SNFG
Type of constituent pentasaccharide
: B Cate or Sialyl Lewis X
: ¥ o - gory 293K ) .
D20 Experimental conditions
L : 400 MHz used to record NMR spectra

20 ma/ml



NMR spectroscopy Glyco3D
http://glyco3d.cermav.cnrs.fr/home.php

® The detailed results are organized under two
‘Sequence 2 different tabs: _
Conformation 1. Molecule Information
2. Display & Download
°Chemical B
structure
Glyco 3d Search Guide
Sialyl Lewis X pentaose
Representation of the HNMR CNMR
chemical repeat e | o ewam lnoam o NeuAc*Gal"B-4(Fuca-3)GIcNAC'-3Gal
1 | Tar  Linaee
| M g
~ ‘
Interpreted NMR spectra . “ w N B o
NSl SR | 110 I
il aith (i |
NIEIA « *
| M il ‘

I |’|., ,',ll ,|.

1 e NS N Mot M ol N oo

3

2.3 ] ool 00900 B0 LA DRCAEM RS NS SRR o AL S0 S SRR YLl . S B A 11

P Download Image '
Download Image



NMR spectroscopy CARBOHYDRATE STRUCTURE BATABASE
PS http://csdb.glycoscience.ru/

QSequence & Database providing structural, bibliographic, taxonomic,

Conformation NMR spectroscopic information on published
carbohydrates.
[ J .
Chemical
structure
Carbohydrate Structure Database
Version 1.
Merged: Bacteria, Archaea, Protista, Plants, Fungi
Bacterial Carbohydrate Structure Database
Vel
(da
P IE It contains manually curated p-mkaryotic carbohydrate structures, laxn-nomy, bibliography, NMR data, etc.
— Coverage is close to complete up to: 2015 (bacteria and archaea).
Ve[ Dear scientists! Please cite CSDB properly: How to cite
(da
Database search
B Q% ) [ﬁ
& ] Structures Composition NMR S|gnals

G I‘ Additional operations are available from the left menu.

[ b ]

& Ver Useful tools

Predlct NMR Elucidate Fragments Cluster taxa GT activities Examples
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.Sequence
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°Chemical
structure

Bacterial
Carbohydrate
Structure DataBase

4969 publications (1941-2017):
12900 compounds from

7201 organisms
last update: 2016 Dec 28

Search
BCSDB IDs
(Sub)structure
Composition
Taxonomy
Bibliography
NMR signals

Help
About
Basic usage
Statistical tools
NMR tools
Usage examples
Advanced features
Structure encoding
Database docs

* I !R simulation

] Elucidation from NMR
Monomer namespace
W, i Fragment abundance
Coverage stats
Taxon clustering

Inp

Thi
interes
Linear

By
them,

Sel

Sol
select:
n wat
facilita
display

The
signals
extre

To¢

CSDB: BACTERIAL CARBOHYDRATE
STRUCTURE BATABASE

The database provides two NMR services:

1. NMR simulation tool

Predicts 13C and 'H NMR chemical
shifts for a specified compound.

Ability to process almost all structural features occurring in
natural glycans, including atypical and non-carbohydrate
moieties.

NMR-based structure ranking tool

Generates all possible structures matching the given constraints
and matches them against an experimental 13C NMR spectrum.

Generatlon According to the fit between the simulated
Ranking and experimental NMR spectra, the tool ranks
Assignment structural hypotheses. To do that, it iterates
Saccharide through all possible carbohydrates and their

Structures derivatives limited by specified constraints.
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‘Sequence &
Conformation

CSDB: BACTERIAL CARBOHYDRATE
STRUCTURE BATABASE

Rank Structural Hypotheses
Generation, Ranking and Assignment of
Saccharide Structures algorithm

() .
Chemical
structure Complete residue list - Microsoft Edge — [l X1
Bacterial — . L
Carbohydrate (@  csdb.glycoscience.ru
Structure DataBase
H H Fal
4969 publications (1941-2017) C om p Iete resi d ue I ISt
12900 compounds from
7201 organisms
last update: 2016 Dec 28 The structure contains § residue(,d v Hide
Search ~eip oot e ] Selected residue: DQuiN4N-o0l | Retrieve & close I.L—”-!——m-m
1 ? galacturonic acyd ' ' o any X|
BCSDB IDs E A
(Sub)structure 22 ? bacillosammne demanded - any x|
Composition @ )
3 sine Absolute: |D v forbygdde any )
" ©d = b @ @
Bibliography 4 -3
NMR signals . ug b
Help Fast navigation:
About — w
: Glucose denvatives Threose derivatives
B Ao, ARCTIVALIVAS SR ATIIVAlIVLY
aSI,C gsage —— Mannose derivatives Erythrose derivatives
Siailsfitl teals Widespre: Galactose derivatives Glycerol derivatives no furanoses
NMR tools Allose derivatives Higher sugars
Usage examples Altrose derivatives Amino acids 21
T EEe (s gallose (‘jjeri_vatti_ves glipht_latic_ cela-:ids ]
Exclude rarely-o4 TEErn i gt - Other possible
Database docs 0 - A (T 5
Xylose derivatives Inositol derivatives
Stru Ctu ral fea Ribose derivatives Other monovalent residues StrUCtu ra-l SCOpe
Arabinose derivatives Other residues b H H
1 Lyxose derivatives r I Im Itatl ons
Input signals ¢ ?
d u
Fragment abundance | nte nS|ty m I
Coverage stats F
; Taxon clustering A Glucose derivatives v E
» < >

The more constraints
you specify

: The more reliable
the result

The”higher the deviation
between them

The lower number o
structures is iterated
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Info on spectrum
similarity
Structure rank in the top-list

of structural hypotheses

* Average deviation

 Linear correlation factor

Root-mean-square
deviation in ppm

Color-coded spectrum
simulation trustworthiness
level from 0% (red) to
100% (green)

CSDB: BACTERIAL CARBOHYDRATE
STRUCTURE BATABASE

Table of structural hypotheses sorted by similarity between
the simulated and the experimental NMR spectra

Top 10 matches:
It runs a simulation and returns

ot Suchire signal assignment tables and 2D
Mean deviation = Expenmental spectrum

oo Simutated spectrum NMR spectra \

ANS devaton Comments

Trustworthiness

;’_ 70 oy « Predicted structure in SNFG or R

Corr = 1.000

SweetDB format

AMS dev = 1.31 ppm @ UNwctere as lex -4;
@ It passes the structure to @
. Loty glycosciences.de

ol | MH I W,h,!

Slm L1 184 " L) " L 1] ” L 1) L1 - » i

:2. 0.84 ppm . e i ) Sim assignment

Corr « 1.000 - . . <> - e

toriouaullll ARSI Simulated spectrum S A

Sim
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‘ 3D structure&
.Sequence & LyiEintys
Conformation

°Chemical
structure

Errors within the carbohydrate moiety in pdb
Tools for 3D structure validation:
1. pdb-care PDB CArbohydrate REsidue

2. CARP CArbohydrate Ramachandran Plot

Glycosciences_de Home || Databases || Tools || Help

GLYCOSCIENCES.de

http://www.glycosciences.de/

Web portal that combines several tools and
databases related to glycobiology and glycomics

> It provides access to glycan 3D structures via cross-links
to PDB entries that feature specific carbohydrates.

T

Glycosciences.de - glycoinformatics databases and tools

The Glycosciences.de web portal provides databases and tools to support glycobiology and glycomics research. Its

main focus is on 3D structures, including 3D structure models as well as references to PDB entries that feature

. carbohydrates. These PDB references enable a targeted search for PDB structures with specific glycans. Such a
search cannot be performed easily at the PDB itself.

NMR spectra, notation related tools, and further resources are also available.

¥ Frequently Used

¥ News

13. May 2018: New layout of Glycosciences.de, new features

The Glycosciences.de web layout was completely refurbished to allow easier navigation for users along with a clear presentation of
resources. A set of new features has been introduced as well. These include:

=  acontent overview bar summarizing the information available for a glycan structure entry
L =  keyword search in Glycosciences.DB
=  connecting bibliographic entries and glycan structure entries via PDB entries

See the description of new features page for a complete list.

12. Dec 2017: More than 10,000 PDB entries on Glycosciences.de
With last weeks PDB update Glycosciences.de reached the number of 10,000 references to PDB entries that feature carbohydrates.

v-\ (Sub-)

SWEET Sweet-I|

Structure Search

GlyProt

pdb-care

" GlycoMapsDB

5 g
g

= CARP

1H OC

L ..I‘.Lu NMR Shift Estimation

% MonosaccharideDB




GLYCOSCIENCES.de

http://www.glycosciences.de/
® 30 structures » It offers tools for 3D structure modeling of glycans

Molecular Modeling

®sequence & N A > It provides tools and databases to analyze
Conformation the adopted conformations
[ J L
Chemical gt Glycosciences.de Home | Databases | Tools |Help
structure

[ home ] [ search database ] [ difference map ] [ create maps ] [ submit data ]

Analysis of the
conformational space
adopted by a glycan

H? This database currently contains 2585 conformational maps.

5 i
A
g Glycosciences_de Home | | Databases || Tools | | Help

[ home ] [ search database ] [ difference map ] [ create maps ] [ submit data ]

Please enter the disaccharide fragment you are searching for:

b-D-Galp v [14 V] _ Select monosaccharide units and linkage from the pull down menus or enter directly in the fields below.
-D- - . - |a-D-Man
B-D-GALP ] ([ ] ) a—L-Fucpp Wildcards:
show map previews b-D-Galp ? matches any single character
* } Results per page: |10 Vl b-D-Manp matches any run of text
» [ submit | a-D-Glep
d b-D-Glcp2NAc
' a-D-Neup5Ac

© 2017-2018 The Glycosciences.de crew
© 2010-2016 Justus-Liebig University Giessen, Institute of Veterinary Physiology and Biochemistry, Frankfurter Str. 100, 35392 Giessen, Germany

© 1997-2009 German Cancer Research Center Heidelberg, Central Spectroscopic Division, Im Neuenheimer Feld 280, 69120 Heidelberg, Germany



Molecular Modelling GLYCOSCIENCES.de

OET— http://www.glycosciences.de/
® Dynamics List of the conformational maps, plotting ¢/ torsional
angles, indicating the energy landscape of the input
. glycosidic linkage

GIYCOSCienCES.de Home || Databases || Tools || Help

[ home ] [ search database ] [ difference map ] [ create maps ] [ submit data ]

Calculate Difference Map: Enter MapIDs of Maps to Compare: Map 1:[ |- Map 2:| || calculate |

Maps 1-10 of 76 (click on a MapID to view map details)

m Disaccaride Fragment Complete Structure m

7761 b-D-Galp-(1-4)-b-D-GlcpNAc b-D-Galp- (1-4)-b-D-GlcpNAc
MM3(1996)
J Tinker 4
8167 b-D-Galp-(1-4)-b-D-GlcpNAc a-D-Galp-(1-3)+ MD
! MM3(1996)
A b—D—GT.lp— (1-4) -b-D-GlcpNAcC Tinker 4
a-L-Fucp-(1-2)+
8173 b-D-Galp-(1-4)-b-D-GlcpNAc bk-D-Galp- (1-4)-b-D-GlcpNAc- (1-3)-a-D-GalpNAc MD
MM3(1996)
. Tinker 4
. i 8179 b-D-Galp-(1-4)-b-D-GlcpNAc a-D-NeupSNAc-(2-6) + MD
e | MM3(1996)
@ - b—D—GTlp— {1-4) -b-D-GlcpNAc Tinker 4
L L a-L-Fucp-(1-2}+
W 8181 b-D-Galp-(1-4)-b-D-GlcpNAc ~ b-D-GalpNAc-(1-4)+ MD

\ MM3(1996)
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GLYCOSCIENCES.de

http://www.glycosciences.de/

Further residues that are added to the disaccharide
often result in limitations of the possible conformations

of an individual glycosidic linkage

'Chemical
structure

E Glycosciences_de Home || Databases | Tools | Help

!

Calculate difference map

phi
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+ —t 30 240 240
+—1 20 Runnn Jme T
....... 180 . 4 180
+ : 120 10 e
ol T 00 e 120 TO TR 120
$—— = -10 LR L
B ] 60 20 & [T e Tl g @R &«
afl | [ o | | | | | /W diae | | .. s ' 1
..30 | 'AEEEEEEN| N = S . S ‘ ]
i ..w IAmERw f,':',:'.,"w -
= [ .-50 MRLLUPL ™ [Ty
‘-‘0-“ I-J.’_D -120
5 & 8 B B g 8 8 B B B
-60

-120
ra

The global minimum of the
linkage is slightly shifted toward
higher psi values in the case of

the additional fucose residue

Disaccaride Fragment. [SXCHATINNSRVR

b-D-Galp- (1-4) ~b-D-Glophc

Complete Structure:

Linkage Path: 4

Calculation Method: MD

Forcerent o oo LVCRCE)

HTMD, 1000K, 10ns

8432
b-D-Galp-(1-4)-b-D-GlcpNAc
b-D-Galp- (1-4)+
|
b-D-GlepNAc
|

a-L-Fucp- (1-3)+

4
MD
MM3(1996)

HTMD, 1000K, 30ns
Tinkar A

kealimole

0.00
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.100
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The energy difference of two
individual maps is plotted,
allowing so to evaluate the
shifts in the values of the
torsional angles due to the
presence of additional residues
in the neighbourhood of the
glycosidic linkage.



DATABASES and TOOLS USEFUL IN THE ANALYSIS OF
COMPLEX GLYCAN STRUCTURE

» Glycan nomenclature  » Carbohydrate databases » Glycan 3D Modeling

O Monosaccharide DB Q GlyTouCan O Glycosciences.de
0 CFG-Glycan database d Glyco3D
O UniCArbDB d Glycam
0 CSDB 0 GLYCAN
O KEGG GLYCAN O GlycanBuilder

U EPS database

» Glycan Binding
O SugarBindDB

» Glycan NMR tools

O MestreJ _

Q CASPER Q GlycoEpitope
» Glycan MS tools » Others..

d GlycoWorkBench d GlycoProtDB

Q Glycopedia O www.stenutz.eu

0 CCRC spectral database U GlycoGeneDatabase
d GlycoStore







