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Complex N-glycans

Reily, C., Stewart, T.J., Renfrow, M.B. & Novak, J., 2019, Nat Rev Nephrol 15:346-366.



- S
a-Glc | a-Gle Il a-Gle Il %%ﬁa-Man %58
_ — —
Lipid-glycan
| | N

precursor
N
ER N ‘ N
' 4
MmMRNA
Ribosome

COPIl transport vesicle

@® Dolichol-phosphate

cis

______




S

=

QL

=
- )
" 026SialylT * 02,3 Sialyl-T e 02,3 Sialyl-T 02,6 SORICITE

e 02,3 Sialyl-T e 02,6 Sialyl-T o 02,6 Sialyl-T e 2.3 Sialyl-T

2]

=

E

\ Complex N-glycans




(a)

PDB code 5FJI

High mannose,

GH3 enzyme from
Aspergillus fumigatus

(b)

PDB code 5A0G

Plant glycan,

peroxidase enzyme from
Sorghum bicolor

GIcNAc
(NAG, NDQG)

Man
(MAN, BMA)

N-glycan diversity

O

Gal
(GLA, GAL)

L 4

Neu5Ac
(SIA, SLB)

A

Fuc
(FUC, FUL)

(c)

PDB code 3SGK

Complex glycan,

antibody from Homo sapiens,
expressed in Cricetulus griseus

(d)

PDB code 4BYH
Sialylated complex glycan,
antibody from Homo sapiens

* Symbol Nomenclature For Glycans (SNFG)
SNFG: Symbol Nomenclature for Graphical

Xyl Representation of Glycans, Glycobiology 25:
(XYS, XYP) 1323-1324, 2015.
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Joshi, Narimatsu, Schjoldager, Tytgat, Aebi, Clausen
& Halim, 2018, Cell 172.
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But simulations will only make sense
If the atomic models used are correct

Are all atomic
models correct?



Number of Depositions
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X-ray Crystallography
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Protein Data Bank in Europe

Electron Cryo-Microscopy
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Adapted from Atanasova, Bagdonas & Agirre, 2020, Current Opinion in Structural Biology 62:70-78.



5 forms = 5 codes *°

FRU FUD \ BDF
CH,OH |
| ‘/ HO CH,OH
B-b-Fructofuranose C= B-p-Fructopyranose
(23%) | (72%)
HO-C-H
/ | \1 - (1)
cH,OH CH,OH ‘/ H-C-OH s
. H-(I:-OH HO :' - (2)
I (4) CH,OH
CH,OH
? HO OH ?
p-Fructose open chain (3)
a-D-Fructofuranose (trace amount) a-D-Fructopyranose
(5%) (trace amount)

Agirre, 2017, Acta Cryst D73(2):171-186



LINK Ot BBMA A 500B Cl MAN A 501
LINK Cl MAN A 501
LINK 06 MAN A 501 Cl MAN A 502

a-D-Manp (MANSOZ)
‘C, conformation -
Occupancy: 1.0

Reducing
end

a-D-Manp (MAN:501)
B, s conformation
Occupancy: 1.0

Adapted from Agirre, 2017, Acta Cryst D73(2):171-186



Ring conformation

a 4C1 chair

chairs are comfortable for sugars



Ring conformation

wavy lines indicate which atoms are roughly coplanar 4 O 4/

Furanose forms
- S-membered rings
- 2 ring puckers
- 20 conformations
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Pyranose forms
- e-membered rings

- 5 ring puckers
- 38 conformations
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Adapted from Agirre, 2017, Acta Crystallographica D73(2):171-186.



Ring conformation

The Cremer-Pople algorithm

© and ¢ tell us which atoms move away from the mean ring plane, describing the conformation

O H R tells us bg how

HO OH

“total pucleer'w\,g
OH awenlitucde”

R = 0.54A for an ideal glucose 4C, chatr CHEEN & (FOElE, RIS, RIS EE)



Ring conformation

The Cremer-Pople algorithm
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Agirre, 2017, Acta Cryst D73(2):171-186
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Ring conformation
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Adapted from Ardevol, Biarnes, Planas & Rovira, 2070, JACS 132(45).



Ring conformation in
protein glycosylation

Many more high-energy
conformations than expected.

Clear need for carbohydrate specific
methodology.

Man in 4C1

|
\
|
Man in 'S, \

CC. = 0.41

Nag in 2°B
CC..=0.73

Agirre, Davies, Wilson & Cowtan, 2015, Nature
Structural & Molecular Biology 22(11):833-834.
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Atanasova, Bagdonas & Agirre, 2020, Current Opinion in Structural Biology 62:70-78.



Validation of structure, ring and link conformation of carbohydrate structures (MKIV) Dictionaries for model improvement (MKIV)

/ T

Privateer 15:52 28-Sep-2021

Results

The Cremer-Pople analysis (Cremer and Pople, 1975, JACS 97:1354-58) is used to determine sugar ring conformation. Below is a 2D plot of the conformational parameters (Q, Phi, Theta for
pyranoses; Q and Theta for furanoses) along with a depiction of the conformational sphere for pyranoses:

Conformational landscape for pyranoses ,

0 SRS W e

45

&

£

= 90
135

High-energy

180 :
360 330 300 270 240 210 180 150 120 90 60 30 O GOV"'("OVVW“tLOW

Phi
¥ N- and O-glycan structure 2D descriptions

Below are graphical plots of the detected glycan trees. Placing your mouse pointer over any of the sugars will display a tooltip containing its residue name and number from the PDB file. Ll n kage to rsion Val ldatlon (M KV)
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Bagdonas, Ungar & Agirre, 2020, Beilstein Journal of Organic Chemistry, 16(1):2523-2533.
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Privateer

Web server: http://privateer.york.ac.uk
Or build it yourself: https://github.com/glycojones/privateer



http://privateer.york.ac.uk

The Privateer software

- Has been useful in every relevant context where structural glycobiology has
played a role: biofuels, immunology, cancer, fecundation and, of course, viral
glycoproteins (HIV, Ebolavirus, Influenza, MERS, SARS-CoV-1 & 2).

» COVID-19 pandemic: used in constructs informing mRNA vaccine design,
structures of spike-antibody complexes and neutralising drugs. Integrated
In several analysis and validation pipelines.

» Released with main UK structural biology software suites: CCP4 and CCP-EM
as well as being available as a Web App (https://privateer.york.ac.uk/) and in
Moorhen.

» Open source available at https://github.com/glycojones/privateer



https://privateer.york.ac.uk/
https://github.com/glycojones/privateer

Glycomics powered validation
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Bagdonas, Ungar & Agirre, 2020, Beilstein Journal of Organic Chemistry, 16(1):2523-2533.



Running Privateer (CCP-EM Doppio)

& 1ah583@UOY24M013 Project: ~/ccpem-project  #° ' CCP-EM Doppio
PROJECT JOBS NODES NEW JOB RESULTS LOGS /0O OPTIONS Job 8 - Privateer Q

Q
Expandall v
Atomic Model Build v
Atomic Model Fit v
Atomic Model Refine v
Atomic Model Split v
Atomic Model Utilities v
Atomic Model Validation v
Automated Class Selection v
Create Ligand v
Deposition v
Difference Map v
External v
Fetch v
Import v

Map Utilities v R
Subset Selection v
Workflow v




Accessing Privateer via Web App
https://privateer.york.ac.uk/

Validate your carbohydrates online with 4

Privateer

The Swiss Army knife for carbohydrate structure validation, refinement and analysis

(o
o
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------------------------------------------------------------------------------------

Fetch from PDB
Choose afile

OR 5 ‘ i
PDB, mmCIF or MTZ. ;
. . A J
Files will never be sent . P .
externally. i E Fetch
. J
R

How does it work?

Carbohydrates, including O- and N-glycans attached to protein and lipid structures, are increasingly important in cellular biology. Crystallographic refinement of sugars is, however, very poorly



Accessing Privateer via Moorhen
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New carbohydrate dictionaries

HO

HO
HO

chemical description restraints & coordinates fitted model

$PATH_TO_EXECUTABLE/privateer —-pdbin filename.pdb —-external_restraints
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New carbohydrate dictionaries

AlL this information to restrain one GleNAc

Compound definition, with 3-letter code, full name, type and number of atoms, all and non-hydrogen
NAG NAG 'N-ACETYL-D-GLUCOSAMINE ' pyranose 30 15 .

Atom by atom definition of the conformer, with name, symbol, charge and cartesian coordinates
NAG o1 (o OH1 0.000 1.203 0.420 0.648

A bond between a pair of atoms, cardinality, expected distance and standard deviation
NAG ol Cl single 1.432 0.020

An angle between three atoms, with expected value and standard deviation
NAG Ol Cl C2 109.470 3.000

A torsion angle between four atoms, with expected value, standard deviation and periodicity
NAG var 7 C5 C4 C3 C2 60.000 20.000 3

A chiral volume, defined by four atoms in a tetrahedral arrangement, and a sign defining orientation
NAG chir 01 C1 C2 Ol 05 positiv

A series of atoms taking part of a planar arrangement, plus standard deviation

NAG plan-2 N2 0.020
NAG plan-2 C2 0.020
NAG plan-2 C7 0.020
NAG plan-2 HN2 0.020



What about ring conformation?

With weak/tncomplete density, a ring’s lowest-energy

conformation may have to be explicitly restrained:
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Our new restraint dictionaries understand ring conformation

Patched chem_ comp_tor section of a restraint dictionary separating ring torsion angles from the rest, as
specified by four atoms, target value, uncertainty and periodicity

NAG ring 1 C5 05 C1l C2 -59.675385 3.0 1 (B)
NAG ring 2 05 Cl1 C2 C3 53.650513 3.0 1 k
NAG ring 3 Cl C2 C3 C4 -52.014420 3.0 1

NAG ring 4 C2 C3 C4 C5 54.096725 3.0 1

NAG ring 5 C3 c4 C5 05 -56.921230 3.0 1

NAG ring 6 C4 C5 05 Cl 61.200516 3.0 1

NAG tors 1 C8 C7 N2 C2 -175.114227 10.0 2

NAG tors 2 N2 C7 C8 HS81 -13.703261 10.0 6

NAG tors 3 C5 C6 06 HO6 -177.520996 10.0 3 °Hs

- GLC KDB

NAG tors 4 C4 C5 Cé6 06 61.135471 10.0 3

NAG tors 5 €6 €5 05 Cl  -175.561295 10.0 3 () (D)
NAG tors 6 04 C4 C5 Cé 63.707928 10.0 3

NAG tors 7 C3 c4 O4 HO4 -61.268230 10.0 3

NAG tors 8 03 C3 C4 04 -63.830528 10.0 3

NAG tors 9 C2 C3 O3 HO3 -169.485916 10.0 3

NAG tors 10 C7 N2 C2 Cl 124.894669 10.0 6

NAG tors 11 N2 C2 C3 03 61.918137 10.0 3

NAG tors 12 C2 Cl Ol HO1l 163.115189 10.0 3

NAG tors 13 01 Cl1 05 C5 179.557251 10.0 3 1Ca 1Cs
NAG tors 14 01 Cl C2 N2 -62.214077 10.0 3 FUC SIA

Atanasova, Joosten, Nicholls & Agirre, 2022, Acta Crystallographica D(78):455-465
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Conformational restraints
Ligands

6HGO (SIA-A-522) in “E @
1.30 A resolution, RSCC=0.94

Atanasova, Joosten, Nicholls & Agirre, 2022,
Acta Crystallographica D(78):455-465
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Conformational restraints
Ligands

5JUG (BMA-B-3) in 1C4
0.95 A resolution, RSCC=0.95

Atanasova, Joosten, Nicholls & Agirre, 2022,
Acta Crystallographica D(78):455-465
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Low resolution
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Improving restraint consistency across software: getting in touch with developers
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Restraints for C-mannosylation (MKYV)
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Restraints for C-mannosylation (MKYV)
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Cold Spring Harbor (NY): Cold Spring Harbor Laboratory Press; 2015-2017.



Restraints for C-mannosylation (MKYV)
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Restraints for C-mannosylation (MKYV)
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New Support for C-mannosylation

 Next version of Privateer will (already available in Web App)
* checks that mannopyranose ring is 1C4

 makes sure linkage Is alpha, shouts if it isn’t

* For refinement at low resolution with servalcat, next version
of Privateer will

e External torsion restraints for link and 'C4 conformation

* Creates modified linkage dictionary to impose torsions for 1C4
conformation on the mannose



Analysis of linkage torsions (MKYV)
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Detection of XH-PI interactions




Conclusions

 Glycan composition
* Always make sure your glycans match biosynthetic pathways

* Privateer will check your glycans against glycomics data and suggest alternatives if
there are inconsistencies

* Ring conformation
* High-energy puckers are almost never true

* These are usually the result of modelling errors or refinement against poor density,
and need to be corrected

e Glycosidic link torsions
* Modelling errors may force links into surprising conformations

* Not all standout conformations are wrong — check interactions!



ari °F | 054 Lucy Schofield |
! ﬂ A & " . . —

- ' Thao Pham
| — e—

3

T — ———

-
..‘ o
Q
Ye =y

Dr. Manal Alzahrani Dr. Haroldas Bagdonas

:

T — ——



& (0P4

EPSRC

Pioneering research
and skills

ROYAL
SOCIETY

(*)CCP-EM

Acknowledgements

f‘ UNIVERSITY
&
Collaborators
Garib Murshudov (MRC-LMB, Cambridge) UNIVERSITY

Robbie Joosten (NKI, The Netherlands)

Robert Nicholls (MRC-LMB, Cambridge)
Elisa Fadda (Maynooth University, Ireland)

Elena Seiradake (University of Oxford) .’.

Martin Frank (Biognos, Sweden)

Frédérique Lisacek (SIB, Switzerland) E I U CEd a

Sameer Velankar & Gerard Kleywegt (PDBe & AFDB) Protection by Detection

CCP4 & CCP-EM core teams
@5 BBSRC

b|0$C|ence for the future

Stock figures: Wikimedia Commons




