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Carbohydrates




Carbohydrates

CHO Hydrated carbons C_(H,0O),

H—C—OH

HO—C—H

i Nucleic acids, fats, cellulose, fibers,

.y starch, “table sugar,” antibiotics, and
CH,OH other biological molecules
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Glucose

(An .1i-inht‘\(l\(')

Picture from Vollhardt & Schore




Naming

The simplest carbohydrates are the sugars or . They
constitute polyhydroxy aldehydes (aldoses) or polyhydroxy
ketones (ketoses); they form oligomers by oxygen bridges
(hence di-, tr1-, tetrasaccharide, etc.).

CHO
The simplest |

sugars, both H—C—OH
C;3(H,0);:

( H p) () H Pictures from

\ Vollhardt &
C —( -) Schore
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CH,OH

2,3-Dihydroxypropanal 1,3-Dihydroxyacetone
(Glyceraldehyde) A
An

Chain : : , etc.



Monosaccharides

CHO C onsmutmn il

H—C—OH

|
CH,OH
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Glucose

(An aldohexose)

Dextrose, blood sugar, grape sugar

(H()H

H—C—OH
’ E
HO—C—H H()—(—
' 4 Stereo- 3 Stereo-

centers

’ %
H—Cr_0OH <

—( ~OH centers
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H—( —()H
|
CH,OH

Fructose
(A ketohexose)
The star label (¥) indicates a stereocenter.
Sweetest natural sugar; fruits

Picture from Vollhardt & Schore
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Ribose

(An aldopentose)

Ribonucleic acids




Most sugars are chiral and occur enantiomerically
pure. Simplest case, one stereocenter:

CHO CHO CHO CHO

H+()H 1s the same as H-—(‘——()l1 l~l()+H is the same as H()——C-—H

CH-OH CH-OH CH,OH CH-OH
(R)-(+)-2,3-Dihydroxypropanal (S)-(—)-2,3-Dihydroxypropanal
[D-(+)-Glyceraldehyde] L-(—)-Glyceraldehyde]
(I((l,“,‘” = +8.7)

Picture from Vollhardt & Schore

and L. are an older nomenclature (predates the knowledge
of the absolute configuration of glyceraldehyde). The
dextrorotatory enantiomer was called D, the other L. Later,
D was found to be R, L therefore S.

In almost all natural sugars, the stereocenter furthest away
from carbonyl (drawn at the top) has the same absolute
configuration as D-glyceraldehyde: “D-sugars”



Designation of a D and an L Sugar

‘CHO \

—OH
H
—OH

AANNNANNS

H

CH,OH
—0

OH

H——OH

ANANAAANNANNNN

Highest-numbered
stereocenter

CH,OH
D-Aldose

H—1+OH HO—+=H
wEo] [

Highest-numbered
CH?OH stereocenter

L-Ketose

Picture from Vollhardt & Schore

Rules for arranging the Fischer stencil: on ,places
bottom C* on the right in the




MODEL BUILDING Diastereomeric 2,3,4-Trihydroxybutanals:
Erythrose (2 Enantiomers) and Threose (2 Enantiomers)

Diastereomers
A

r

Enantiomers Enantiomers

A

CHO

HO —1—H
H-2—OH
CH,OH

D-(—)-Erythrose L-(+)-Erythrose D-(—)-Threose

Mirror
plane

Picture from Vollhardt & Schore
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Cyclic Hemiacetal
Formation by Glucose

Leads to furanose

S~ HOCH)

Rotate C5 by
1207 around
C4-C5 bond

C4-OH attacks
carbonyl Curbm:/
membered ]

0

Fuaran

O H stereocenter

D-Glucofuranose
(Less stable, 0.4%)

Two diastereomers: Anomers Two diastereomers: Anomers

C5-OH attacks
Curhon_\_'l carbon

D-Glucopyranose
(More stable, 99.6%)

Six-
membered
ring

1C
s o~

1| ( )H ()

Pyran

New
stereocenter

Pictures from
Vollhardt &
Schore




Acetals and Hemiacetals

Primary Secondary
alcohol alcohol

Oxidizing
agent

Oxidation

Ay R

ALDEHYDE KETONE
| \
Oxidizing — i‘ v—\ Alcohol
aoe T H,. Pt =
B catalyst \\
Reduction Hemicetal and
acetal formation

If aldehyde If ketone If aldehyde If kefone 1 .
One alcohol I'wo alcohol
molecule molecules

Carboxylic N R Primary Secondary
acid ; alcohol alcohol Hemiacetal Acetal

Hydrolysis

g A

Aldehyde/ketone Aldehyde/ketone
one alcohol two alcohols

Oxidation




Acetals and Hemiacetals

R! R20H R!

OH OR?
OR OR
H H* H

hemiacetal acetal

R3OH

OH

3
- OR "
ketone hemiketal
Pictures from Vollhardt & Schore




Other ways of drawing cyclic structures

Adapted Fischer Projections of Glucopyranoses  ng 4 carbon atom

/ /

R Ly

\ ¢
HO—C

H_
HO— : HO—;

Cyclization

H—] H—

H H
\E\
CHQOH CH:OH Not a
«a-D-(+)-Glucopyranose  [(-D-(+)-Glucopyranose Saton;Mom
(m.p. 146°C) (m.p. 150°C)

Picture from Vollhardt & Schore




Best are conformational pictures

Interconversion‘ of Open-Chain and Pyranose Forms of pD-Glucose

Anomeric CHO
CH,OH carbon H OH
S

H" or HO
— HO H
H
H OH
H OH

\”\ CH,OH

36.4% 0.003%
a-D-(+)-Glucopyranose
([a]FC = +112)

Aldehyde form

OH down: a-Anomer;
crystallizes

Anomeric
carbon

CH,OH
EOHO . HO f
HO OH

HO
H

Equatorial

63.6%
B-D-(+)-Glucopyranose
([tr];';ﬁC = +18.7)

OH up: -Anomer;
more stable because
all-equatorial

Mutarotation: Change 1in observed optical rotation when
a sugar molecule equilibrates with 1ts anomaer.

Picture from Vollhardt & Schore



Reactions of carbohydrates

Functional groups in
monosaccharides are:
Alcohol and carbonyl
groups.

All the reactions
characteristic of
alcohols, aldehydes
and ketones take
place.



Higher Saccharides

Sucrose: Disaccharide derived from glucose and fructose

Picture from
Vollhardt &
Sucrose, a S-D-fructofuranosyl-a-D-glucopyranoside Schore




Cellulose: Glucose polymer with f—acetal links
Picture from Vollhardt & Schore

Cellulose

Molecular weight 500,000 (~3000 units
of glucose; 1 unit = 178 molecular
weight. Used in cell wall material: Rigid

structure due to multiple hydrogen
bonds.

Cell walls rely on
cellulose for rigidity

Wood is largely cellulose and lignin.
Paper and cotton are nearly pure
cellulose.



MONOSACCHARIDES

H
GLUCOSE

HOCH: *
.n,ou

OH H
FRUCTOSE

GALACTOSE

DISACCHARIDES

=GLUCOSE + FRUCTOSE

CH,OH

LACTOSE
=GALACTOSE+GLUCOSE

POLYSACCHARIDE

L
GLUCOSE
UNITS




Proteoglycans
*NH;

__{,l_ Chondroitin sulfate
Ser-w-O-O-& &3O
Heparan sulfate I

A Fuc
O Gal

: ® Gic
Glycoproteins @ Man

*NH; ¥ Xylose

_ﬂ_ A 4 GicA

[J GalNAc
M GIcNAc
< IdoA

@ Neu5Ac

N-glycan
Asn

Glycosphingolipids

Membrane

Inside

Figure 7-23
Lehninger Principles of Biochemistry, Seventh Edition

2017 W. H. Freeman and Company

Pictures by ChloeSmith08 on Wikimedia

Oligosaccharide(s)+protein =
Oligosaccharide(s)+lipid =


https://commons.wikimedia.org/wiki/File:Nitrogen_Tile.png

Hexose derivatives

Amino sugars

20H H20H CH,0H CH,OH
0, 0, 0 0
H/ w H  H/4 HO /4 i PR
OH H H H H H OH
HO H HO H H H HO H
M NH; H NH H NH; H H
| 2

C=0 B-ob-Galactosamine B-p-Mannosamine
|
CHs

B-o-Glucose B-o-Glucosamine N-Acetyl-S-o-glucosamine

Deoxy sugars

CH; —0—PO73" 20H H20H
0, 0 CH3
H H H A |
R H R H O
HO H HO H ¢60-
H NH; H NH
|

C=0

-0~ |
B-o-Glucose p

3
6-phosphate Muramic acid  N-Acetylmuramic acid B-i-Fucose a-.-Rhamnose

Acidic sugars
CHy

OH H

B-o-Glucuronate p-Gluconate  p-Glucono-3-lactone N-Acetylneuraminic acid
(a sialic acid)

Figure 7-9
Lehninger Principles of Biochemistry, Seventh Edition

2017 W. H. Freeman and Company
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U Reducing sugars

Reducing sugars are those capable of reducing cupric ion (Cu?*)
Resulting sugars are a mixture of carboxylic acids

! |

nones trace low moderate

Anomeric

Only anomeric carbons can be reduced
The formation of a glycosidic bond
makes the sugar non reducing
Reducing end ) ntadia

Picture from Vollhardt & Schore




®

Two sugar molecules can be also
joined via a glycosidic bond
between two anomeric carbons.

The product has two acetal
groups and no hemiacetals.

There are no reducing ends; this
1S a

: Nonreducing Disaccharides

Lactose (B form)
B-p-galactopyranosyl-(1—4)-8-o-glucopyranose
Gal( B1—4)Glc

6CH,OH

1
HOCH,
0

H
BRH HO A°

4

Sucrose
B-o-fructofuranosyl a-p-glucopyranoside
Fru(28< al)Glc = Glc(al1<>28)Fru

SCH,O0H

Trehalose
a-p-glucopyranosyl a-p-glucopyranoside
Glc(al<1a)Glc

Figure 7-11
Lehninger Principles of Biochemistry, Seventh Edition
2017 W. H, Freem 2




Polysaccharides

Polysaccharides can be:
(one monomer unit)
(multiple monomer units)
linear (one type of glycosidic bond)
branched (multiple types of glycosidic bonds)

Starch grains

i % in chloroplast

= ey
o Cellulose
z - micrafibril
. in 1tver cell “' in cell wall

-.,‘ »
‘- d i (|

d Y L
"'El ycogen d o~ Jl'wl lulose
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@
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Polysaccharides

Storage Structural elements




Polysaccharides

Polysaccharides do not
have a defined molecular

weight,

: Cellulose
No template 1s used to i Wil wueale oy, T
make polysaccharides. Gl g S Ao s e

Monomer units are added 1 a e

and removed as needed by
the organism.




3D structure:
More rigid subunits with covalent bonds
Weak interactions stabilise the structure
Hydrogen bonds
Hydrophobic/phyllic effect
Charge repulsion/attraction




Extracellular matrix (ECM) u

Gel-like material that
keeps cells together and
allows diffusion of
nutrients and oxygen.

It’s composed of
heteropolysaccharides +
fibrous proteins




ECM —
Glycosaminoglycans

Linear polymers of repeating disaccharide units

One monomer 1s either:
N-acetyl-glucosamine or N-acetyl-
galactosamine

Negatively charged
uronic acids (C6 oxidation)
sulfate esters

Extended hydrated molecule

minimizes charge repulsion

Picture from Nelson&Cox



Polysaccharides

Proteoglycans
*NH,

‘KL Chondroitin sulfate

Heparan sulfate

Polysaccharides and
oligosaccharides are
information carriers

Glycoproteins

*NH;
Intra/extra cellular N-glycan _L

Asn [J GalNAc
Transport B GIcNAC

: . < IdoA

Localization . & Noxshe
Destruction Glycosphingolipids
Signal O-glycan %’;’:’"
Immune response M

Outside

Membrane

Picture from Nelson&Cox



Proteoglycans @

Proteoglycans
*NH,

‘KL Chondroitin sulfate

Heparan sulfate

Present on the cell surface
or ECM

Glycoproteins

Joined directly to a *NH;

membrane or secreted i el
protein = B GlcNAc
Electrostatic bond with . f:’;ﬁk
the protein | Glycosphingolipids
Covalent bond with the O-glycan %”:'"

protein SO MO Ser/Thr

Major components of Outside

ECM

Membrane

Picture from Nelson&Cox



Proteoglycans

Syndecan are attached to a transmembrane protein

Glypican are connected to the membrane through a
lipid anchor

Syndecan Glypican
Globular

domain
Heparan sulfate *NH,

\\‘\ H3N+
Chondroitin sulfate /  «'—vCore protein
!

f—GPI anchor

Outside — Cleavagessite \‘E

Membrane

Inside




Covalent bond with a

protein

> 1 oligosaccharides

Plasma membrane, ECM,

blood, organelles
Highly specific binding

sites

Picture from Nelson&Cox

Proteoglycans
*NH,

‘KL Chondroitin sulfate

Hepllan sulfate I

emall  me 00 Ser

Glycoproteins
*NH;

N-glycan (I

Asn D Ga'NAc

Bl GlcNAc
<& IdoA
@ Neu5Ac

Glycosphingolipids

O-glycan Serh’hr

@ OO Ser/Thr

Outside

Membrane




Plasma membrane
components (the
oligosaccharide is the
hydrophilic part)
Highly specific binding
sites

Signal transduction

Picture from Nelson&Cox

Heparan sulfate

Glycoproteins
*NH;

N-glycan (I

Asn

O-glycan Serh’hr

@ OO Ser/Thr

Outside

Membrane

Proteoglycans
*NH,

‘KL Chondroitin sulfate

[J GalNAc

= GlcNAc
ldoA
A NeuSAc

Glycosphingolipids
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Virus Bacterium Leukocyte

Oligosaccharide
chain

Plasma ]
membrane
protein

g P-selectin

® 5'
of &
3

Glycolipi

° \ (c)
Lectins = @

(a) (e)
Mannose 6-phosphate
/ receptor/lectin \
(f)
.. ..l
Enzyme Enzyme
Mannose
6-phosphate
residue on
newly synthesized
protein
Trans Golgi Lysosome

Figure 7-37
Lehninger Principles of Biochemistry, Seventh Edition
12017 W. H. Freeman and Company




Lectins

Y

v s

o
Q‘\ '“‘99"“ Selectin binding Integrin binding
Tethering Rolling Slow rolling Blood

; _Arrest Adhesion Extravasation flow
\, 4 A / o rﬂ .

" A

| Glycoprotein

~ ligand for .
. P-selectin T 9‘ '30

— ———— Tj

Capillary  P-selectin Glycoprotein
endothelial ligand for Subendothelial matrix
cell integrin

Figure 7-32
ehninger Principles of Biochemistry, Seventh Edition
2017 W. H. Freeman and Company




