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Carbohydrates
Introduction, definition

» Lat. saccharum = sugar
» empirical formula C,,(H,0), (carbon, hydrogen, oxygen); also N and S
» polyhydroxyaldehydes (aldoses, CHO)
or polyhydroxyketones (ketoses, C=0)

» the most prolific natural compounds
» metabolic precursors of most other molecules
» chemical characteristics:

(1) Presence of at least one centre of asymmetry

(2) Both linear and cyclic forms

(3) Natural polymers via glycosidic bonds

(4) Hydrogen bonds with water or other molecules
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Introduction, definition

» macromolecular polysaccharides tasteless,

badly water soluble (starch, agar) or insoluble (cellulose)

» sugars = low-molecular soluble carbs, sweet

» relative sweetness scale: sucrose — 100 %

Not sweet

» honey — the first sweet substance known to humans\|

Saccharide Swetness (%)
Sucrose 100
Fructose 173
Glucose 74
Sorbitol 48
Maltose 32
Rhamnose 32
Galactose 32
Lactose 16

« originally ritual and medical substance, not food (only in Ancient World)

» work-up of blossom nectar:

1. reduction of water content to 15-19%

2. hydrolysis of most sucrose to Glc (31 %) and Fru (38 %) (invertase)

3. some Glc oxidized to gluconic acid (glucose oxidase)

» emulsion of microcrystals of hydrates of Glc and Fru in a thick syrup

» nowadays its importance beaten by sugar cane and sugar beet
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Carbohydrates

Function

» Plants and other autotrophs create them by photosynthesis X other organisms
dependent on nutrition (245-499 g/d — central Europeans ca 50% excess)
» Until 1960s recognized mainly as a structural element and energy source
» Functions in nature:
1. Energy source (glucose, fructose)
2. Energy storage (starch, glycogen, inulin)
3. Protective and building material (cellulose, chitin)
4. Information and recognition functions (blood groups, fertilization, immunity)
5. Components of complex compounds (nucleic acids, hormones, coenzymes)

» Industrial material (paper, textile fibers, ethanol, antibiotics, ...)

Carbohydrates
Information code

OH Two identical hexopyranoses = 11
o) different disaccharides
_» HO /
HO X
Y 4 OH

OH . . . .

t Two identical aas = 1 dipeptide
Oligomer Compound type Possible Possible

oligopeptides oligosaccharides

Dimer AA/AB 1/2 11/20
Trimer AAA/ABC 1/6 120/720
Tetramer AAAA/ABCD 1/24 1424/34560
Pentamer AAAAA/ABCDE 1/12 17872/2144640
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Carbohydrates
Classification

Monosaccharides: one sugar unit (aldoses, ketoses)

- contain asymmetric carbs (n isomeric centers = 2" stereoisomers)
Oligosaccharides: 2-10 carbohydrate units

- disaccharides - 2 units (sucrose, maltose, lactose, trisaccharides - 3 units

(raffinose), etc

Polysaccharides (glycans): > 10 carbohydrate units

- LMW: soluble starch

- HMW (polymers): starch, glycogen, celullulose, chitin), M = az 10©

- linear (starch) or branched (amylopectin) — the only branched biopolymers!

- homo- or heteropolysaccharides (chondroitin, hyaluronan)

Aldoses
CHO
HCOH aldotriosa
H (“n_,on
! Present in nature as derivatives D-glyceraldehyd
LunsnsnsnnannnnnssSipnnsesnesonnuntieovaie e Soe: B i =
/ \\
("H(I ("ll()
CO}
HCOH HCOH sldotetroey
(I'!l[()l( (I‘Hg()H
D-erythrosa D-threosa
> A
(i."“ (I'IIU ("II() l“"l)
H i 10CH
| | | |
HCOH HCOH HOCH HOCH aldopentosy
HL"UH HCOH HCOH H("()H
«"llpu (‘wum ("u}m (!'u_.uu
p-ribosa (Rib) p-arabinosa (Ara) n-xyl«sﬂ (Xyh) D-lyxosa (\L)\ )
/ N
WK X A cenkanans X SN
l"li(l ‘l.“” ("H() l"HH (“H() E (I‘H() ("HU ("H()
| | o ] I =
H("Ull HCOH HOCH HOCH HCOH =« HCOH HOCH HOCH aldohexosy
ll("UH HCOH ”l"“” HCOH ”U("H EH()("H ]||N“H H(H"H
H(T'HH HCOH HCOH HCOH HCOH E H("(?ll HCOH H1|‘(ll|
«‘u_mu “'ulnu ('-n‘.on ("upn ("u}m " CHOH CH,OH CH,OH
p-allosa p-altrosa p-glukosa p-mannosa § D-gulosa D-idosa D-galaktosa D-talosa
(All) (Alt) (Gle) (Man) (Gul) = (Ido) (Gal) (Tal)
Obr. 10-1

s tfemi az $esti uhlikovymi atomy. Konfigurace na druhém uhlikovém atomu

el vztahy mezi D-
(6ervené) rozlisuje parové sacharidy.



Ketoses
Ketasy CIHon
:CIO
CH,OH
dibrydrozoyacetan
CH.OH
CHOH o CH,OH
Co OH co
OH CH oH HO
CH [-enthrobs a OH
CH,OH CH_OH
) "bUbS A eeeersens D-WIUIDSE
CH.CH CH.OH] : CH,OH CH.OH
Co Co : cooo: Co
OH HO— OH:  HO
OH L OH | FHO ©HO
OH oH | : OH OH
CH,OH CHOH| § || cHOH: CH,OH
D-pskosa O-fruktosa [-zorbosa [r-tagatos a
Carbohydrates

Basic terms: ENANTIOMERS

- optical isomers (enantiomers) — mirror image, optically active

(rotate polarized light)

- dextrorotatory (+) — D+; levorotatory (-) L-

- racemic mixture indicated as DL- or ()

/3
>

4
{olar”

-D- or L-isomer ... according to the configuration on the last chiral carbon

L-glycerol D-glycerol

HO —

19.03.2020


http://www.jergym.hiedu.cz/~canovm/sacharid/2monosa/glukosa.htm

19.03.2020

Carbohydrates

Basic terms: ENANTIOMERS
Light

source A
Unpolarized

cle light
Ve~ Polarized light

Pl \% (,(bﬁ\\
Polarizer - $‘v‘;“\- T
. . / A
Optically active sample A ‘I

S

&
Analyzer
Viewer
Carbohydrates
Basic terms: EPIMERS
Epimer = differs by configuration at one chiral carbon
//O //O /O
H——OH H——OH HO>2H
HO——H HO——H HO——H
H——OH CHO>4-H H——OH
H——OH H——OH H——OH
“OH OH “OH
D-glucose D-galactose D-mannose

4-epimer of D-glucose 2-epimer of D-glucose
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Carbohydrates

Basic terms: ANOMERS
- Reaction of -CHO with -OH at C-4 (furanoses) or C-5 (pyranoses) affords cyclic
hemiacetals
- new asymmetric centre: alpha and beta anomer

- anomers differ by orientation of -OH on anomeric carbon (C-1)

z

P \,(I‘ &
. o °CH,OH H*"E—OH °CH,0H J
3n "
a 4 o H) O H HO=0—H H r
£ ) ‘

\\, = H—C—0H =—

4 o= = 4
M :
L HO y/ OH H-*C—OH HO f‘\{
¢ B :
H OH CH,0OH
a-D-glukopyranosa D-glukosa /f—u-gluknp_\ ranosa
(lincérni forma)

Obr. 10-5

Anomerni monosacharidy a-D-glukopyranosa a [-D-glukopyranosa v Haworthové projekci a zn&zornéné kulickovym

modelem. Tyto pyranosy se li§i pouze konfiguraci na anomernim uhlikovém atomu C;, @ mohou navzéjﬁr(r)\ pfechazet jedna
v druhou pres linearni formu HO.

- HO -0,
- Glycosidic bonds are a- or - &
- anomeric -OH blocked: non-reducing sugar HO 1o L0 oL
X 0 Hox\H20
- anomeric -OH free: reducing sugar Ho o @
H

Carbohydrates
Basic terms: (NON)REDUCING SUGAR

- reducing properties

Fehling reagent (Cu2* — Cu*) Tollens reagent (Ag* — Ag®)
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Carbohydrates
Basic terms: MUTAROTATION

- lineér form in a low cocentration in solution
- mutarotation: balance between linear form and cyclic structures
(a,B-pyranoses, a,B-furanoses)

- also in pentoses

HO—CH, H,OH

HO o
a-pyranose: 37% acycllc 0,002% i o-furanose: 0%
CHO / OH
oH -
on
OH
CH,0H
CH,OH
HO—CH, 8
0_oH / \ HO o. on
- - 639 OH
P-pyranose: 63% OH B-furanose: 0,1%
oH
oH
oH
Carbohydrates
FORMULAS

How to depict D-glucose?

0 CHO CHO

[ OH He, f I
b
. HO™ | aH H=G=OH H-C-OH
HOW_ Hy[YoH  HO=GH

. HO—C—H
:[ OH o™\ .oH  H-C-OH

HO™ ™ ! H H-C—-0H
HOH,C I
OH CH,0H CH,OH CHQOH
CH,OH O AOH
J—aoH Lo
OH HOY T’ “'OH
HO —~CH OH
OH

configuration prefix ,gluco® expresses stereochemistry
(2S,3R,4S,5S,6R)-6-(hydroxymethyl)tetrahydro-2H-pyran-2,3,4,5-tetr(a)ol

10
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Carbohydrates
FORMULAS

Conformation formulas

the most stable is pyranose form ,,chair”:  4C; —9 and!C, /=7

CHy-OH
i) eenoké (b) osa OH ! O\\Cl)H
,/nuh]oufcni\\ symetrie o H (|3
¢ \ ¢ H H
\§§;;::::::::;§\ . H  OH
¢ 1 f-D-galactopyranose
H . RO ch,-oH
H
boat chair H 'O\
HO-- Ny -—OH
H  oH]
H H

- the most stable of hexoses: B-D-glucopyranose

H CHOH

Ly
o 5l =~ OH =

Enzymatic synthesis of
glycosidic bond:
glycosyltransferases

11
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Enzymatic synthesis in carbohydrate chemistry

Cons of chemical synthesis

» Many (de)protection steps — groups of the same reactivity

* Organic solvents, silikagel, toxic catalysts (Hg, Cd, Ag; strong acids/
bases, cancerogens).

* Low overall yield despite almost-quantitative individual steps — many steps

needing purifications

step 90 % overall yield 90 %
steps 90 % overall yield 60 %

steps 90 % overall yield 35 %
steps 90 % overall yield 12 %

Enzymatic synthesis in carbohydrate chemistry

Cons of chemical synthesis

HO ,OBn

BnO .OBn BnO _OBn
ﬁ,\/ o N
Bn;éVA/ S gp-\— &ﬁ, gﬁy
o
TrocHN o C:)Bn OBn
BnO _OBn OBn BnO ) o 0N
O sTol B o°3“ 0BnBNOT S
HO ol /mnopar 0 &t
Ph BnO X
BnO ,OBn %0 HO _OoH HO _oH OH OH
o [o} o o O
i o STol HO o o
on  TrocHN I [) AcHN HOo o i
F\ZBB-] o O o o
OH HO 0._~_NH,
BnoO OBn OH HO
HO OH HO

Hexasaccharide Globo H

(m) p-TolSCI, AgOTf, TMSOTTf, 78 °C; (n) TTBP, 78 to 20 °C; (0) p-TolSClI,
AgOTf, 78 °C; (p) TTBP, 78-20 °C; (q) p-TolSCI, AgOTf, 78 °C; (r) TTBP, 78-20
°C; (s) NaOH, THF; Ac,0, py, DMAP; (t) trimethylphosphine (PMe;), THF,
NaOH; H,, Pd(OH).
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Enzymatic synthesis in carbohydrate chemistry

Why enzymatic synthesis?

High selectivity, low number of steps (1 —2)
Sensitive substrates (natural compounds...)
Deprotected reagents and product

Water medium

Recyclable separation materials (GPC)
Libraries of products (glycorandomisation)

Green chemistry, SuSy, cell factories

Enzymova syntéza v cukerné chemi

What are the bottlenecks of enzymatic synthesis?

 Availability, price and stability of required enzymes

» Multidisciplinary approach (microbiology, biochemistry, chemistry,
molecular biology)

+ Difficult separation of regioisomers

* Risk of low yields

19.03.2020
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Important terms of enzymatic synthesis

stereoselectivity

regioselectivity

O-glycosidic bond /‘
retaining
substrate specificity (D,A) (retains anomeric
configuration) x
inverting

Main Carbohydrate Active enZYmes
Glycosyltransferases (EC 2.4)

- carbohydrate synthesis under physiological conditions
- strict stereoselectivity and regioselectivity; lower stability
- donors — sugar nucleotides (in situ generation by multienzymatic systems)

OH_OH o

0
HO o o EL NH
&Ecﬁl i3 : N0 o OH_oH
~h~ HO
& o 6,‘“0 0. . = o—@—m, Galactosyltransferases o o o oH
. R \ OH n&i,o—Qi}—m2
Glycosyl uopP NHAe

Glycosyl acceptor

donor MO

Glycosidases (glycoside hydrolases; EC 3.2.1)

- carbohydrate hydrolysis in vivo, necessary modification of reaction conditions
- stereoselectivity, low regioselectivity and substrate specificity, robustness
- lower yields (shift of reaction equilibrium in favor of synthesis)

OH
OH H,0
o) \ _0 O oW + HOR
-0 OR \ HO A
HO o
HO

14



Glycosyltransferases

Leloir glycosyltransferases
— use sugar nucleotide donors

Non-Leloir glycosyltransferases

— use other substrates than nucleotides (phosphates)

Luis Federico Leloir (1906 — 1987)

- Argentinian medical doctor and biochemist
- 1970 Nobel prize for chemistry

- discovered sugar nucleotides (1948)

CAZy database; http://www.cazy.org/

= Carbohydrate-Active enZYmes Database, gathers enzymes processing
glycosidic bond and proteins binding sugars
- http://www.cazypedia.org/ ... public encyklopaedia of CAZymes

@ Sr=x =

Welcome to the Carbohydrate-Active enZYmes Database

that degra

S 3

e families of structurally-related catalytic and carbohydrate-binding modules (or functional domains) of enzymes

19.03.2020
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Classification and characteristic of CAZy

= Henrissat, B.: A classification of glycosyl hydrolases based on amino acid sequence
similarities. Biochem. J. (1991) 280, 309-316.

- 1991: 35 GH families — 2017: 145 GH families

- 2017: 490,000 GHs, 360,000 GTs

- classification based on primary sequence — evolutionary relations

- reflects on 3D-architecture of the enzyme molecule

- information on mechanism; substrate specificity is rather not defined

Present state in glycosidases
- GH1 - GH145
- crystal structure - 75% families

Present state in glycosyltransferases
- 2017: 105 GT families

- ca 100 X-ray structures in total

- high chemical diversity

CAZy: 3D models of enzymes of GH families

W 3 T S8

Famiy 1 Famiy 2 Femily 5 Fearly 6 Fowily 6 Foniy 7
(ceNcitokydrolse]  |endoglucamase]  |callobickyrdralesa)

Fumily 11 Fowily 12 Fomly 14

Faniy 1S Faniky 16 Fanuly 17 Fanlly 18 Furily 13 Family 22
g 3 {
, ' -
{ - !
\ Ly
N\
Familp 13 Family 24 Faniy 33 Family 34 Fammily (S

16



Glycosyltransferases (EC 2.4) | —ocor
ycosy ( ) | e

Mammalian glycosyltransferases Ho
. HO OCMP
- over 200 GTs use only 9 sugar nucleotides Ho "y HO
AcHN 97 ™cook

) E) B

P F 0

bood Enzyme o /&Lﬁ

HO OH %o HO
Donor oH Y
o] UDP
Ho Regiospecific
HO Acceptor Stereospecific

02
oH
/%QL" HE’%D@W : D:%Déu
HD HD% HO
W =T HO o oM HO o OH wo o oM
oH

Glucoge (Gle) Galactose (Gal) Kylose (XyD Glucuronic acid HO OH -
GlcA
UDP (Gled) m o
o oH HO coo
OH g OH o OH| g Hat oH -4 cetylneuraminic acid,
% % ” o Sialic acid (NANA)
"o NHao O HO HHAs HO OH HDHD oH

S v o Mt p Cop CMP
Glycosyltransferases (EC 2.4)
Recycling of nucleotide donors
o] 4]
OH NH HO <—OH fl\NH
0 | 0 \
HoHO o Q N N’lﬁo o0 o NAO
HCO
Moo o . o O/T\O/P\\Ow
o. O- o. 0-
HO Hio OH

UDP-Gal epimerase

UDP-Glc UDP-Gal

OH
fructose /é/‘:/cm
H%0 MNHAG

sucrose synthase (SuSy)

galactosyltransferase

OH o
1,3, 1,4
oH O
HT o o »
| N oH
S oo Ho —OH /%OR
P _F 0
o g‘o’ \S?/\g_j %0 Ho MHAC
’ HG  OH on § OH
HO
UDP 0 6mg
Hokke C. H. et al. Glyconjugate J. (1996) 13:687 OH oM

19.03.2020
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Glycosyltransferases (EC 2.4)

Acceptors

- Glycosides, oligo- and polysaccharides

- Protein residues Tyr, Ser, Thr - O-gp / Asn — N-gps
- Lipids — glycolipids

- DNA, natural and non-natural compounds

o
P S T
HH

—Y o< OH N
'y 0. HO—_ :
- - 0 i 7\0/' \/\,,--\v.».,__,.«\_,\v,_vp%_,f
NHAC %v; L~
23 OH /o HO
L / —
OH

Glycolipid GM1

5 glycosyltransferases
A typical surface oligosaccharide of mammalian cells

Glycosyltransferases (EC 2.4)

Glycosyltransferase reactions HO <O
T
- regiospecific HO ] o "
e 0""-J-/7\‘i/v'“’o+<
- stereospecific <o
OH
- one enzyme — one bond .retaining” — Ho
y retains anomer | O/%OH

/

al,4-galactosyltransferase |

Starting
o-anomer
OH
Jnverting* — | o 107~
B1,4-galactosyltransferase |——— inverts - o
(lactose synthase) anomer ~OH
HO —0OH

o o /“%H

Lactose

18



Glycosyltransferases (EC 2.4)

Enzymatic synthesis of fGal(1—>4)GIcNAc (LacNAc)
Commercial bovine B1,4-galactosyltransferase (lactose-synthase)

/%‘OAM
RO nHacOH
GleNAc B(1—=4GalT /%:L‘
. HO OH
i . Sigma:s50 mU, €2 s}
slama:some, €04 %O HO nHae O
Ho oH

0 _—m

Ho «—OH NH weekend

0 | A
Ho g o P BGal{1—4)GlcNAC (LacNAg)

Aot

g om 50mg €502
UDP-Gal
Sigma: 50 myg, €500 Chemical
synthesis 11 steps
| cal | [ GloNAc |

Glycosyltransferases (EC 2.4)

Anti-inflammatory tetrasaccharide Sialyl-Le*

Activated
leukocyte

Mar ginatios

pfilnuti

Sumounding tissue where Inflammatory response began v ‘_\»t
3E W
- inflammation accompanied by enhanced selectins on endothel

- selectins bind glycoproteins on white blood cells
- Sialyl Le* hinders binding of white blood cells to endothel — suppresses inflammation

19.03.2020
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Glycosyltransferases (EC 2.4)

Svynthesis of SLex hexasaccharide (1 week)

HO

Core-2 CIENACT ( Kidney) ML
HO _gH HO OH Ore- C C MAOUsE KIOnNey HO
HD&LDM ﬁD;HD Hoé %o OH 22 my
HO a
HO AcHN OR UDP-GchNAL ~ T (74%)
22 my
1UDP-Gal l GalT [1hr |
AcHN e "3
o m SaT (rat ||ver) A%'wgm
HO HO _gy  HO HO
g 'a o OH OH
HD NHAT CMP-NEUNAE Ho og\\
HO AcHN OR HO AcHN O 22 my
10 mg  (68%) {100%)

GDP-Fuc
AcHNZ‘\iI\ ‘Xls

NHA
8 hr ©
AcHN DR

R. Ohrlein et al.: Carbohydr.

33 mg Res. 244 (1993) 149

Glycosyltransferases (EC 2.4)

Pros and cons - summary

- high yields
- 100% regio- and stereoselectivity
- reaction in water medium = ecology

- limited enzyme availability (commercial expensive)
- One enzyme — one reaction

- sugar nucleotides expensive and not-so-stable

- narrow substrate specificity

20
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Enzymatic synthesis of
glycosidic bond:
glycosidases, glycosynthases

Glycoside hydrolases (EC 3.2.1)

¢ in vivo cleavage of glycosidic bonds (exo-, endo-)
-0 0
N——Lor * MO — N .oy * HOR

e Common enzymes in nature
— degradation of biomass (cellulose)
— antibacterial defence strategies (lysozyme)
— pathogenic mechanisms (viral neuraminidases)
— common cellular functions (biosynthesis of N-gps)

— digestion of carbohydrates ...

21
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Functions of glycosidases
Biomass
- Biological material from living organisms
- Plant and animal debris, municipal waste
- Production of energy (burning, electricity), biofuels

Fragment of a
cellulose molecule

OH OH OH OH
NN AN NN A
< (o] B (o] ;
HO OH OH HO OH OH
| S L |

Glucose Cellobiose

Alternating glucose residues are in an inverted orientation so the
Cellulose cellobiose (a disaccharide) is the repeating structural unit.

- the most stable comformation — alternate (1-4)Glc, hydrogen bonds
- hydrolysis difficult — microbial cellulases (+ some ruminants)

Functions of glycosidases

Peptidoglycan — cell wall of bacteria

N-acetylglucosamine
| GH,OH

! CH,OH I Bond sensitive

to lysozyme

1
peptide

Lysozyme

- tears, spit, mother milk, mucus, egg white
- deficient in babies on formula
- first X-ray structure — 1965 (D. C. Phillips)

22



Functions of glycosidases

Viral neuraminidase 1o OH
- neuraminidase (sialidase; EC 3.2.1.18) Ccoo
— cleaves terminal sialic acid ACH@\OH
HO OH

- membrane enzyme on surface of influenza virus, antigenic determinant

- neuraminidase inhibitors
— target of anti-influenza medicines:
- zanamivir (Relenza) a oseltamivir (Tamiflu)

Digestion of carbs

19.03.2020
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Glycosidases (EC 3.2.1)
e Synthesis of glycosidic bonds by changing of reaction
conditions: reduction of water activity, activated D
— reverse hydrolysis (condensation)
— transglycosylation (glycosyl transfer onto acceptor)

R20H ROH

Glycosyl-O-R? _ Glycosyl-O-R?
sy transglycosylation yeosy

Glycosyl-O-H

Glycosidases (EC 3.2.1)

Reverse hydrolysis —thermodynamically directed
- free monosaccharide + nucleophile — introduction of aglycon
- runs until equilibrium

a Allyl alcohol
HO OH Low water activity 0
HO HO EOVZEN
OH

OH .
B-glucosidase
from almonds

OH

Donor

Glycosyl-OH + R'OH —_— Glycosyl-OR' + H,0

Ducret, A., et al. (2006) J. Mol. Cat. B. Enzym. 38:91.
van Rantwi]k, F., et al. {1999) J. Mol. Cat. B. Enzym. 6:511.

24
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Glycosidases (EC 3.2.1)

Transglycosylation — kinetically directed
- activated donor, acceptor in excess
- runs fast, product is also substrate (reversible)

OH oH
o OH 0
Ho/w &/O HO%
— oH N 0 OH
HO o Ho" \/éfo OR
HO —
Acceptor OH
oH B-glucosidase —
Ho/w,-owp =
HO— OH
Donor

Glycosidases (EC 3.2.1)

Mechanism of transglycosylation oMo
o SO Dy PR
\/T\L - HED_\/'?;;'
Hydmlysm/ T
/LACidIElase
- Ay
P a o oH o o
o | ROH ¢ ;
TN MR N
HUHU,W' - | o~ \\
o o HE— ol
Nucleophiler I
Covalent Glycosyl-E nzyme
Intermediate
oH
P Transylycosylation
Ho"’\/.—"
HO ‘oM by —
/k oH
o -_o . DH o e
/ ™,
\ _
, HO™ N _\/‘
HUHD_X/F" . HD ,\/ ‘ol HO— “oH HD OHaR

25
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Glycosidases (EC 3.2.1)

Enzymatic synthesis of fGal(1—>4)GIcNAc (LacNAc)
Commercial B-galactosidase from B. circulans

| 6X excess |
OH 0 /

HO NHACOH

B-galactosidase

. OH
GIcNAC B. circulans on o
Ho
Sigma: 270 mg, 0.5 Euro Amano 300 muU o 0 OoH
Akceptor —_— HO MHAC

HO OH

2 hr, 55C
HO < OH
% BGal{1—4)GlcNAc (LacNAc)
OpNP
HO oH 50 mg T4% Yield
Formed product has 1,4 bond

Sigma: 68 mg, 5.5 Euro
Donor
Vetere et al., J. Carb. Chem. (1999) 18:515

Glycosidases (EC 3.2.1)

Glycosidase inhibitors as therapeutics

- human O-GIcNAc-ase (OGA)

- protein tau is physiologically strongly glycosylated (OGT), in Alzheimer
disease it is deglycosylated (OGA) and hyperphosphorylated

- selective inhibition of OGA = slower progress of Alzheimer disease

- thiamet G

OH ThlaTettjG - OH " NAG-thiazoline
Ho o selective inhibitor HO O, non-selective inhibitor
B-Hex HO, O-GlcNAcase B-Hex Ho N. ar===== O-GlcNAcase
1 NGO St
ASP2A2E Y Asnase
{ o
Cys278 Cys278
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Glycosidases (EC 3.2.1)

Glycosidase inhibitors as therapeutics
- Regulation of hyperphosphorylation of protein tau

Thiamet-G

Microtubule-associated
protein tau

Mutant glycosidases - glycosynthases

- 1998, S. G. Withers and A. Planas

- mutation of catalytic nucleophile (Asn or GlIn) into non-nucleophile
(Ala, Gly, Ser)

- mutant enzyme is hydrolytically inactive (use for synthesis)

- substrate of opposite anomeric configuration (glycosyl fluorides)

- revolution in enzymatic synthesis of carbohydrates

acid/base gnzyme enzyme enzyme
o0 00
C i @o o} 0
og I + H:0 CH g Og
o ~on ROH 05 I e OH
AcHN ‘\ AcHN j AcHN
) 0. 0 g
nucleophile 050 0. 0
enzyme enzyme enzyme

glycosyl enzyme intermediate
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Mutant glycosidases - glycosynthases

- covalent intermediate enzyme-substrate not formed

enzyme enzyme
g0” o
OH H OH
- Q o 0 B- glucosynthase
Ko HO&\\ _R
HO
HO F)
~
CH, ~, Analogy with retaining mechanism CHs
~
enzyme ~ - enzyme
acid/base VI ~ enzyme enzyme
~
CE o @o 0 nIDH o
G o +H0 oH “H OH
50~ o 5 o(cx B o
Fo of -ROH gﬁo i fo OH
AcHN ™ AcHN 3 AcHN
‘o 0. O e
nucleaphile 05, -0 s gite]
enzyme enzyme enzyme

glycosyl enzyme intermediate

Mutant glycosidases - transglycosidases
- glycosynthase concept does not work — different mechanism
- mutant transglycosidase from p-N-acetylhexosaminidase
- water stabilizing tyrosine residue exchanged

- chitooligomers of GICNAc

A
6L 3‘;},&%*“ & Tyr470Phe
- Pmim Tyr470Asn

GLU 371
. \ /

ASP 370

pr—— Tyr470His

19.03.2020
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Glycosidases (EC 3.2.1)

Pros and cons - summary

- average to high yields

- 100% stereoselectivity, good regioselectivity
- reaction in water medium = ecology

- broad tolerance to substrate functionalization

- possible formation of product mixtures
- nhecessary screening and optimisation
- lower yields than GTs

- not all enzymes well available

Glyconanomaterials

INn biomedicine research
Pavla Bojarova

Akademie véd AKULTS
Ceské republiky % NZENYRSTVI

Institute of Microbiology AV CR
FBMI CVUT

RO "~

.
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Lectins

- “lectin” from lat. legere (read, pick)

- originally plant proteins able to agglutinate cells by specifically
binding sugar units

- first application — determination of blood groups (agglutlnatlon of
erythrocytes) ‘ ]

ha,{?( !f

‘%@ﬁnﬁﬂ@

wheat germs

L Ricinus | Canavalia
Present definition: communis ensiformis

- proteins that specifically recognize and bind free or bound

carbohydrates
- N0 enzymatic activity

Lectins

- in all types of organisms
(bacteria, viruses, plants, animals, humans)

- easy detection, simple isolation, good commercial availability and
recombinant expression

Galectin-3 Galectin-1 Mannan binding lectin
(MBL)
* % Dectin-1
DC-SIGN

Surfactant protein D
(SP-D)

Mannose receptor

William C. Boyd,

19.03.2020

30



LeCtinS in ViVO ’ deciphering of sugar code E:>SIGNAL‘

pathogen
recoqnmon transport
signallization

adhesion

2

endocytosis

P. Bojarova, V. Kfen, Biomater. Sci., 2016, 4, 1142

Multivalency

- weak monovalent interaction lectin-glycan (K, = mM-uM)

- MULTIVALENCY — amplification of biological response in vivo

- multivalent glycomimetics — mimic in vivo design

- glyco-biosensors, microarrays, imaging agents, targeted transport

OH

OH
OH
HO7 o
° on o OH HO_ o
OH ol 0 £ _oH OH HO HO,
OH o o HO— A\ P
? HO OH
0 HO7 0 | HO Vg, 0, o Q
Ho \,OH  HO A\ —oHHO A\ OH o—Y oH
N Ho, A on
o o o Q o
O?N N HNYC Q o
NH "
NH
NH
s s= S s MM
NH hﬁ \ <
NH
N S\
o () r N A

D. Laaf, P. Bojarova et al., Trends Biotechnol. 2019, 37, 402.

19.03.2020
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~monomer per se

Galectin-3 v_. (28 kDa)

J

- galectins: animal (human) lectins
- cancer, kardiopathologies, idiopatic pulmonary fibrosis,

metabolic disorders

- exogenous Gal-3 in blood stream

N. Suthahar et al.,
Theranostics 2018, 8, 593.

Heterogenous crosslinked complexes/ lattices
with multivalent ligands

Tumor cells ~ Stromal
ce

‘ Apoptosis of T lymphocytes

Adhesion/detachment
Gal

Dimer/multimer
formation
i

_’3{' to ECM components

Low affinity
intact Gal-3

leaved Gal-3

P. Nangia-Makker et al.,
Cancer Microenviron. 2008, 1, 43

\ ” 1 Role of galectin-3 in cancer

Signal Transduction
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Interaction between galectins and

carbohydrates
Enzyme Linked Immunosorbent Assay (ELISA)

x
(33
N2
(@ ‘9
D oeon

HRP

antibody conjugated to
horseradish peroxidase

carbohydrate
ligands
OO0

Competitive ELISA

- imobilized asialofetuin

fluorescent
¥\\\A antibody
[\ . :
\?\ f’ Gal-3

>

Direct ELISA

|- capturing galectin from blood serum

Surface plasmon resonance

- asociation/dissociation of molekules on the biosensor surface — changes of
mass result in changed refractive index
- various concentrations of analyte - k, (asociation) and k, (dissociation) - K

inlet

outlet

'

N ‘ floating glycans
B
Lmom "-‘h_ :
* e
Q Q ¢
i

1 I
: Sensor

light source

surface wave

detector

Galectin-3-AVI

Maximum flexibility

biotin

neutravidin-coated SPR chip |

L. Bumba, P. Bojarova et al.,
Int. J. Mol. Catal. 2018, 19, 372.
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Enzymatic synthesis of tailored glycans

- terminal LacdiNAc epitope is selective for Gal-3 in contrast to Gal-1
OH OH OH OH

%% OH OH
%% %%

LacleAc

glycan17-BSA

0.8 4

glycan,,-BSA Gal-3

o
o

binding signal
o
B

OH OH OH
R 0.2
o
HN, o Gal-1
T [ | P . AN .-
LacNAc binds both Gal-1 and Gal-3 0.0 : ,
0 2 4 6 8 10
A.Simonova, P. Bojarova et al. J. Mol. Catal. B 2014, 101, 47.

D. Laaf, P. Bojarova et al. Adv. Synth. Catal. 2017, 359, 2101. galectin concentration  [uM]

Enzymatic synthesis of tailored glycans

Library of selective recombinant glycosyltransferases

UDP-Glc 4°-
Epimerase AcHN
UDP-Glc ——————3»  UDP-Gal + HO R
HO fo)
OH "7 N
phosphatase p4Gal-T1
Uridine + 2 P, .€——— UDP
HOOH N3
AcHN
- &“"

o}

s
L N_o O~
HO o R HN o~ Y i

UDP-Gal UDP-GIcNAc

One-pot reaction p4Gal-T1 3G|cNAc T

Uridine + 2P; <— uDP UDP *» Uridine + 2P;

HOOH OH HO
acun | HOH AcHN ° AcHN Ho AcHN o AcHN
HO O HO HO g T O HO o HO
HO J o o o o o HO. o
OH
OH OH 0-5

R
o
o
OH N oH ° OH
OH OH 16 OH

C. Rech, P. Bojarova et al. Adv. Synth. Catal. 2011, 353, 2492. P. Bojarova et al. Chem. Soc. Rev. 2013, 42, 4774.
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Tailored glycans as ligands of Gal-3

LacdiNAc- (LacNAc)n /
0H 0H °” °H R= ‘;Ln

HO
NH

n=1-2

ELISA: ICs = 11 nM

Surface plasmon resonance:
80

w nm
= 5
=
= 25
-
q—np : 1.25
Very fast association and @
slow dissociation 2 0.625
2
x
o
w

(LacdiNAc-LacNAc),,-BSA: K, =14 pM

L. Bumba, P. Bojarova et al., Int. J. Mol. Catal. 2018, 19, 372.

/\ =7 o
/N E

Binding groove of Gal-3: - \ )
five binding subsites (A-E) Arg162)., A
p i

Tetrasaccharide LacdiNAc-LacNAc fills 3ig144

the whole binding groove of Gal-3
Forms extra hydrogen bonds with Gal-3

%@ % % - 0 LacleAc-La
0 M
. - . @ 8 kJ/mol

L. Bumba, P. Bojarova et al., Int. J. Mol. Catal. 2018, 19, 372

19.03.2020

35



19.03.2020

Summary - glyconanomaterials

% New protein construct Gal-3-AVI for surface plasmon

resonance
“ Enzymatic synthesis of tailored carbohydrate epitopes

% Multivalent presentation of LacdiNAc-LacNAc

tetrasaccharide — sub-nanomolar affinity
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