Carbohydrates

Carbohydrates

» Synthesized by plants using sunlight to convert
CO, and H,0 to glucose and O,.

» Polymers include starch and cellulose.

Sunlight
_

6CO, + 6H,0 6 0y, + CgH 304 —— Cellulose, starch

Glucose

 Starch is storage unit for solar energy.

oxidation
CeH ;06 + 60,
glucose

_— +
photosynthesis 61CO, 60! + energy

 In animals excess glucose is converted to a
polymer called glycogen.

Importance of Carbohydrates

Distributed widely in nature

Key intermediates of metabolism (sugars)
Structural components of plants (cellulose)
Central to materials of industrial products:
paper, lumber, fibers

Key component of food sources: sugars, flour,
vegetable fiber

Chemical Formula and Name

» Carbohydrates have roughly as many O’s as C’s
(highly oxidized)

* Since H'’s are about connected to each H and O the
empirical formulas are roughly (C(H,0)),
— Appears to be “carbon hydrate” from formula

« Current terminology: natural materials that contain
many hydroxyls and other oxygen-containing groups

H OH
H o

HO Glucose, C¢H,,04
HO! OH

Functions of Carbohydrates

Energy source for plants and animals
Source of carbon in metabolic processes
Storage form of energy

Structural elements of cells and tissues

Classification of Carbohydrates

» Monosaccharides or simple sugars

— polyhydroxyaldehydes or aldoses

— polyhydroxyketones or ketoses
 Oligosaccharides: a few (2-9) sugar residues.
* Polysaccharides hydrolyze to many

monosaccharide units. E.g., starch and
cellulose have > 1000 glucose units.




* Classified by:

Monosaccharides

— aldose or ketose

—number of carbons in chain

— configuration of chiral carbon farthest from
the carbonyl group

Aldoses and Ketoses

» aldo- and keto- prefixes identify the nature of the
carbonyl group

» -ose suffix designates a carbohydrate

* Number of C’s in the monosaccharide indicated by
root (-tri-, tetr-, pent-, hex-)
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Depicting Carbohydrate Stereochemistry:
Fischer Projections

» Carbohydrates have multiple chirality centers and
common sets of atoms

« A chirality center C is projected into the plane of the
paper and other groups are horizontal or vertical lines

* Groups forward from paper are always in horizontal
line. The oxidized end of the molecule is always
higher on the page (“up”)
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Stereoisomers of glyceraldehyde

CHO CHO
[H—C—OH| [HO=—C—H
CH,OH CH,OH

(+)-glyceraldehyde (—)-glyceraldehyde

D series of sugars

2 stereoisomers

L series of sugars

Four Carbon Aldoses

» Aldotetroses have two chirality centers

* There are 4 stereoisomeric aldotetroses, two pairs
of enantiomers: erythrose and threose

» D-erythrose is a a diastereomer of D-threose and L-
threose

CHO CHO (24O CHO
H—0H  HO—— HO H H OH
H——OH  HO——H H——OH  HO——H

CH,OH CH,OH CH,0H CH,0H
D-erythrose L-erythrose D-threose L-threose




The p Aldose Family

Epimers Hemiacetal Formation

Sugars that differ qnly in their stereochemistry + Recall that any aldehyde group can react with an
at a single carbon. alcohol to form a hemiacetal:

Cyclic hemiacetal formation Furan and pyrane




Cyclic Structure for Glucose

Glucose cyclic hemiacetal formed by reaction of
-CHO with -OH on C5.

p-glucopyranose

Cyclic Structure for Fructose

Cyclic hemiacetal formed by reaction of C=0 at
C2 with -OH at C5.

p-fructofuranose

Anomers or Anomeric Carbon

» Two stereoisomers ( designated as a and b)
of a given sugar that differ only in the
configuration about the carbonyl (anomeric)
carbon atom.

the a-isomer has the hydrogen atom above the

plane of the ring in the Haworth projection
(b=hydrogen below).

Anomers

Cyclic Structures/Hemiacetal Formation

furanose forms
predominate in
disaccharides

pyranose forms
predominate in
monosaccharides

Stability of Glucose

All substituents are
equatorial

Accounts for
stability of b-
Glucose




Mutarotation

Glucose also called
dextrose; dextrorotatory.

Conformational Change from C1 to 1C for b-
Glucosides

C1form 1C form

Reduction of Simple Sugars

« C=0 of aldoses or ketoses can be reduced to C-OH
by NaBH, or H,/Ni.

* Name the sugar alcohol by adding -itol to the root
name of the sugar.

* Reduction of b-glucose produces
p-glucitol, commonly called p-sorbitol.

Oxidation by Bromine

Bromine water oxidizes aldehyde, but not
ketone or alcohol; forms aldonic acid.

Oxidation by Nitric Acid

Nitric acid oxidizes the aldehyde and the
terminal alcohol; forms aldaric acid.

Oxidation by Tollens Reagent

« Tollens reagent reacts with aldehyde, but the base
promotes enediol rearrangements, so ketoses react
too.

« Sugars that give a silver mirror with Tollens are called
reducing sugars.




Enediol Rearrangement

In base, the position of the C=0 can shift.
Chemists use acidic or neutral solutions
of sugars to preserve their identity.

Glucuronic acid

open chain form b-pyranose anomer

Ether Formation

» Sugars are difficult to recrystallize from water
because of their high solubility.

» Convert all -OH groups to -OR, using a
modified Williamson synthesis, after converting
sugar to acetal, stable in base.

Ester Formation

Acetic anhydride with pyridine catalyst
converts all the oxygens to acetate esters.

Formation of Glycosides

* React the sugar with alcohol (or amine)in acid.

« Since the open chain sugar is in equilibrium with its a-
and b-hemiacetal, both anomers of the acetal are
formed.

Methyl-a-D Methyl-b-D
-Glucoside -Glucoside

O- and N-glycosides

the anomeric sugar carbon is condensed with an alcohol or amine




Nonreducing Sugars Important Simple Monosaccharides
Glycosides are acetals, stable in base, so they do not react with
Tollens reagent.
Disaccharides and polysaccharides are also acetals, nonreducing * Glucose
suaars * Mannose
» Galactose
e Fructose
* Ribose
Synthetic Sweeteners Important Monosaccharide Derivatives:
Deoxysugars
Important Monosaccharide Derivatives: Important Monosaccharide Derivatives:
phosphate esters Amino sugars

« An amino group replaces a monosaccharide OH
* Amino group is sometimes acetylated

a-D-glucosamine a-D-N-acetylglucosamine
GlcNac




Naturally Occurring Products Derived from

Important Monosaccharide Derivatives: Others
Carbohydrates
N-acetylneuraminic acid, a sialic acid

(is often found as a terminal residue of
oligosaccharide chains of glycoproteins)

L-Ascorbic acid is derived from D-glucuronic acid

L-ascorbic acid

- L ) . Vitamin C
Sialic acid imparts negative charge to glycoproteins, _
because its carboxyl group tends to dissociate. Albert Szent-Gyorgyi
scurvy
Formation of disaccharides Maltose
A pair of monosaccharides linked together by a condensation reaction « Two glucose units linked by 1-4’ glycosidic bond.

« Disaccharide of starch.
* A mutarotating, reducing sugar.

digestable by humans, fermentable by yeast

Cellobiose
Lactose

* Two glucose units linked 1-4’ glycosidic bond.
« Disaccharide of cellulose.
« A mutarotating, reducing sugar.

« Galactose + glucose linked 1-4’ glycosidic bond.
« Principal carbohydrate in milk
* A mutarotating, reducing sugar.

Not digestable by humans, yeast,
digestable by ruminants (cow)




Trehalose

« Trehalose is a disaccharide found in yeasts, fungi,
sea urchins, and algae.

« Trehalose is a nonreducing sugar and does not
mutarotate.

Sucrose

¢ Glucose + fructose, linked 1-2’
« Nonreducing sugar

Polysaccharides

*« Homoglycans - homopolysaccharides
containing only one type of monosaccharide

» Heteroglycans - heteropolysaccharides
containing residues of more than one type of
monosaccharide

Starch

Starch is the storage polysaccharide of plants.
Found in dietary staples such as cereal grains,
potatoes, plantains etc
Consists of two types of polysaccharide
Amylose — long unbranched chain of glucose
Amylopectin — a larger highly branched polymer
Most starches contain 15-35% amylose
All starch is potentially digestible by the action of
the enzyme a-amylase

Amylose
¢ polymer of p-glucose (n = 2-300).
¢ a-1,4 glycosidic bond
* Soluble in cold water

Structure of amylose

The a-1,4-glycosidic linkages in amylose cause
this polymer to form a left-handed helix.




Amylose Helix

The amylose helix forms a blue charge-transfer
complex with molecular iodine ( starch-iodide test).

Amylopectin

« insoluble fraction of starch
¢ branch every 12-20 glusose residues

Branching in amylopectin

Glycogen

« Polymer of a-1,4-linked D-glucose with a-1,6
branches. Branching density is about three
times higher than in amylopectin.

< Energy storage in mammals (liver and skeletal
muscle)

¢ The highly branched structure permits rapid
release of glucose from glycogen stores into
the blood

Structure of amylopectin and glycogen

The highly branched nature of glycogen allows
hydrolytic enzymes to have many chain ends from
which glucose molecules can be hydrolyzed.

Cellulose

Linear polymer of b-1,4-linked D-glucose (n > 3000).
Not soluble in water; forms structurally stable fibrils.

The most abundant biological molecule: a major
component of wood and plant cell walls

Mammals lack the b-glycosidase enzyme

Every other glucose is flipped over, due to the b linkages.
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Cellulose

The b linkage promotes intra-chain and inter-chain H-
bonds and van der Waals interactions, that cause
cellulose chains to be straight & rigid, and pack with a
crystalline arrangement in thick bundles called microfibrils.

Wood cell (fiber) cell walls
are made of cellulose +
lignin and hemicelluloses

Microfibrils

Chitin
* Repeating units of b-(1-4)N-acetyl-glucoseamin residues

« Major structural component of the exoskeleton of
invertebrates.

« Strong intermolecular hydrogen bonding

Glycoconjugates

Heteroglycans appear in of glycoconjugates:
Proteoglycans: glycosaminoglycans + protein
Peptidoglycans: bacterial cell wall

Glycoproteins: O or N link to protein

Proteoglycans
glycosaminoglycan-protein complexes

Glycosaminoglycans (GAG)
¢ unbranched heteroglycans of repeating
disaccharides (with acidic groups, amino groups,
sulfated hydroxyl and amino groups, etc.)
« Disaccharide components include:
—amino sugar (D-galactosamine or D-glucosamine),
— an alduronic acid

« polymers are very large with molecular weights of
100,000 - 10,000,000

« excellent lubricators and shock absorbers

Glycosaminoglycans

Hyaluronic acid - lubricant and cushioning substance in
joints

Chondroitin sulfate - most abundant glycosaminoglycan
in teeth and cartilage

Keratan sulfate - important component of cartilage
Heparin - blood coagulation

Heparin sulfate - important in adhesion between cells of
the retina

Hyaluronic acid

D-glucuronate N-acetylglucosamine

Glycosaminoglycans
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Chemical structure of peptidoglycan.
The S. aureus bacterial cell wall peptidoglycan.

Glycoproteins

* Proteins that contain covalently-bound
oligosaccharides

» O-Glycosidic or N-glycosidic linkages to protein

« Oligosaccharide chains exhibit great variability in
sugar sequence and composition

« Function as enzymes, antibodies, hormones or
protein components of cell membranes

» Glycoforms - proteins with identical amino acid
sequences but different oligosaccharide chain
composition

N-Linked

Asparagin €
(N)
NB
GlcNac X not Proline

O-Linked
R=HorCH

Linked to OH by either

GalNac S(esr;ne/Thr(gl%nine

Blood type is determined by the nature of the sugar
bound to the protein on the surface of red blood cells

Cyclodextrins

a b 0]

Cyclodextrins (CD) are torus shaped cyclic oligomers
consisting of 6 (a),7 (b) or 8 (3:CD) glucose units with a-1,4-
linkages with a hydrophobic cavity and a hydrophilic exterior

Complex Formation
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Applications

Pharmaceutical industry
Cosmetics & Hygiene
Food industry

Paint industry
Environmental protection
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