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Overview on major types of glycosylation in humans
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Overview on structural biology techniques

proteins and viruses and Procaryotic cells Eukaryotic cells
small molecules protein complexes vesicles and organelles
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Size range of object investigated

X-ray crystallography

«=Resolution attainable

Single Particle Cryo-

super resolution

Hutchings & Zanetti, 2018



Why using cryo-EM to study glycosyltransferases?

Advantages Disadvantages

Requires low amounts of proteins

Difficult to reach very high resolution (1-2A)
Large complexes

Minimum size of protein (>60-100 kDa)
Less sensitive to sample heterogeneity

Not possible for highly flexible proteins
Possible for flexible proteins (limits)

Large amounts of data to store/process
Information on sample quality

Access to electron microscopes limited
Intermediate resolution for most samples

Data processing more and more user-friendly



Workflow cryo-EM structure determination

Protein purification

v

EM grid preparation <+
¢ Blotting time, grid type,
protein concentration

Grid screening (200kV)




Workflow cryo-EM structure determination

Protein purification <+

L Protein aggregation, preferred
EM grid preparation orientation, protein concentration,
¢ sample heterogeneity

Grid screening (200kV)




Workflow cryo-EM structure determination

Protein purification <«

v

EM grid preparation

v

Grid screening (200kV)

v

Data collection (300kV) up-to 10.000 movies




Workflow cryo-EM structure determination

Protein purification DA

v

EM grid preparation

v

Grid screening (200kV)

v

Data collection (300kV)
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3D reconstruction Relion, cryoSPARC, ...




Protein purification

v

EM grid preparation

v

Grid screening (200kV)

Workflow cryo-EM structure determination

v

Data collection (300kV)

v

3D reconstruction

v

Model building

Coot, Phenix, ccpem, ..., AlphaFold!
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Cryo-EM grid preparation

Tiago et al., 2017
Koning et al., 2022

11



Cryo-EM grid preparation

Sample application Sample removal Vitrification
pipetting blotting plunging
AN
\
pipette tip filter \
paper |

\

sample

Tiago et al., 2017
Koning et al., 2022



Cryo-EM grid preparation

Sample application Sample removal Vitrification
pipetting blotting plunging
AN
\\\
pipette tip filtter
paper |

\

sample

Y
Embedded particles
| azgﬂ ®
“ﬂaiﬂ @ ﬂ ﬂ 19
o a.-a uoa o
o] 2 e
.. -a-q_] / Tiago et al., 2017
: : carbon thin super Koning et al., 2022
V' aum cooled vitreous
ice layer
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8656 movies

Motion
correction

EM data processing

8656 micrographs

Particle
picking

Ab initio
reconstruction

611911 particles

] >
. : E ; =.

Several rounds of
2D classification

261348 particles
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EM data processing - continued

5'828 micrographs
Template-based picking

2'703'248 particles
lz D classification

516'360 particles

AlphaFold2 F’*( ﬁlsD auto-refinement

i J
predicted model P

32A

3D classification

Vool L
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9% 12% 8% 26% 30% 15%
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286'390 particles 3D auto-refinement
using a soft mask

Particle polishing
& 3D refinement
using a soft mask




EM data processing - the reality...
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3D map interpretation & model building

Assess the quality of your map

5.0 A resolution, 2.50

De novo building in Coot (high resolution)
=L =R [

Docking/fitting of predicted model (lower resolution)

Phenix refinement, validation, deposition 2.0 A resolution, 8.5

3.0A resolution, 6.50

N, o

1.5 A resolution, 100

Kuster et al., 2015
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Cryo-EM study of the heparan sulfate polymerase complex

cell-cell GAG classes:
Y communication
 Heparan sulfate
glycosaminoglycan

Heparin

chemokine viral

tr%%?;t(i:grlll presentation infection

receptor

Chondroitin sulfate
S|gnallng

. En ’ . T &%,i%m Dermatan sulfate
» ' e !“’

Keratan sulfate

Hyaluronic acid

Annaval, Wild, et al., 2020
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Heparan sulfate biosynthesis takes place in the Golgi

pH 7.2 pH 6.7 pH 6.3 pH 6.0
(0]
. secretory

vesicle

| L1 L1 L1

nucleus ERGIC CGN CIS MEDIAL TRANS TGN
i /
Golgi Stack

B i cytosol

EXT1 EXT2

cytosol

cytosol

cytosol

Annaval, Wild, et al., 2020
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Heparan sulfate biosynthesis is a multi-step process

|
Ser
!

Initiation

FO0s

Yexyl Oca Mcica < idua [l GleNAc
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Heparan sulfate biosynthesis is a multi-step process

Initiation Elongation

§er FOO- B B B B B B N

Yexyl Oca Mcica < idua [l GleNAc
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Heparan sulfate biosynthesis is a multi-step process

Initiation Elongation Modification
2S NS 2s NS

Ser *OQOIOIOIOIOIOIOI

Yexyl Oca Mcica < idua [l GleNAc
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Heparan sulfate biosynthesis is a multi-step process

Initiation Elongation Modification
2S NS 2s NS

Ser *QQOIOIOIOIOIOIOI

Yexyl Oca Mcica < idua [l GleNAc
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Heparan sulfate chain polymerization is carried out by EXT1 & EXT?2

EXT1 EXT2

GIcNACT-II Exostosin-1 and 2

4nnnsp Mutations lead to HME

-di ' ?
GICAT-Il Hetero-dimeric complex-

Mechanism of chain polymerization?

cytosol
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Heparan sulfate chain polymerization is carried out by EXT1 & EXT?2

EXT1 EXT2

GIcNACT-II  Exostosin-1 and 2
4nnnsp  Mutations lead to HME
. di i ?
AT Hetero-dimeric complex:

Mechanism of chain polymerization?

cytosol

Aim: Functional and structural characterization
of the EXT1-EXT2 complex
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Hetero-dimeric EXT1-EXT2 complex can be expressed and purified

Construct design Co-expression SDS-Page

<

EXT1 <~ G- GioNAc-T oo
o 180 | ===
EXT2 - —NGEAS- cioNAc-T 130 | =
: 100 | -
55 | -

R 4

SR, SR> .
35 [
25 :

HEK 293F cells
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EXT1-EXT2 complex activity is highly specific

Fluorophore-assisted gel electrophoresis

dp8 (S dp9 MHS M)k
- - + + - - + + UDP-H(GIcNAC)
- + - + - + - + UDP— (GIcA)
dp>10 — dp>10

dp9~— — -— -’1 1_dp9

" dpl0
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EXT1-EXT2 cryo-EM structure reveals a tightly packed complex

~100 A

Golgi lumen

Cytoplasm
y }[ SI N N

N N
EXT1 EXT2

Leisico, Omeiri, ..., Wild, Nature Communications (2022)
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Characterization of the putative GlcA-transferase catalytic sites

EXT1 GIcA-T EXT2 pseudo GICA-T

« UDP bound in EXT1
« EXT2 catalytic site blocked by B-hairpin
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Characterization of the putative GlcA-transferase catalytic sites

EXT1 GIcA-T EXT2 pseudo GIcA-T

Ford 26 3

/J j"

_v330(

dp9 + UDP— (GIcA)

dp9 EDTA Mg* Mn*" Ca?*

~_,dp9 w
_\dplo@l)g*
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Only mutations in the EXT1 GIcA-T site affect activity /n vitro

EXT1 GIcA-T

dp9 I(Ol}a**+
UDP— (GIcA)
dp9 _
dp10” | N——

WT

no enzyme

<
o
@
I
o
—
I.._
x
L

EXT1 D162N/D164N
EXT2 R266A
EXT1 R346A
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Studying importance of EXT1-EXT2 activity /in cellulo

FACS analysis
2001 =on
Transient HS L5 A =nn
CRISPR/Cas transfection . ~quantification 5 '| \
el _— ! : : —_— 8 100 4 1 /
PRsid sof | \ :
AN Y
Ay ey
Hela cell EXT1 or EXT2 KO Complemented 10° 100 10° 10° 10°
HelLa cell HeLa cell Intensity

« EXT1 and EXT2 KO cells have no heparan sulfate

 Complementation using wt and mutant EXT1/EXT2 genes

« Cell surface HS detected using specific antibodies
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Only mutations in the EXT1 GIcA-T site affect activity /n cellulo

EXT1 GIcA-T

*k

[1EXT1 KO
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Characterization of the putative GIcNAc-T active sites
EXT1 GIcNAc-T _ EXTL2 |

dp8 + UDP-ll(GIcNAC)
dp8 EDTA Mg? Mn** Ca?" dp9




Mutations in the both GIcNAc-T sites affect activity /n vitro

EXT1 GIcNAc-T EXT2 GlcNAc-T

dp8W+

UDP-I(GIcNAC)

o
©
I

Q
§e]
oo
I

WT

no enzyme

EXT1 D565N/D567N
EXT2 D538N/D540N




Mutations in the both GIcNAc-T sites affect activity /n cellulo

EXT1 GIcNAc-T

[CJEXT1 KO
. CEXT2 KO

B
*%*

=
o
o

Normalized abundance [%)]




Mutations in the extl or ext2 gene can lead to HME

Hereditary multiple exostoses

 Benign bone tumors
* Incidence of 1 in 50,0000

« Autosomal dominant disorder

Funk et al., Consultant (2021)

37




Mutations in HME patients locate to EXT1 GIcA-T active site




Proposed mechansim for heparan sulfate chain elongation

GIcA transfer is catalyzed by EXT1

‘\.
m
X
—
N

GIcNAc transfer assured by both proteins
* Active sites are far from each other
pseudo- S . .
GlcA-T « Reaction is disruptive rather than processive
Golgi lumen
Cytoplasm
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Proposed mechansim for heparan sulfate chain elongation

Golgi lumen

Cytoplasm

dp8 (*M)¥ + UDP-M(GICNAC) + UDP— (GlcA)

0 10 20 30 45 60 90 [min]
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Take home messages

* Cryo-EM is a powerful technique to study difficult protein targets
« However, better sample will result in a better reconstruction

« EXT1-EXT2 structure reveals mechanism for heparan sulfate chain elongation
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