CARBOHYDRATES




X Carbohydratesrethe mostabundantbiomoleculeson Earth

X Carbohydratesre polyhydroxyaldehydesor ketones,or substances
that yield suchcompoundson hydrolysis

x Many, but not all, carbohydrateshave the empirical formula
(CH2O)n somealsocontainnitrogen, phosphorusor sulfur,



X Eachyear, photosynthesisconverts more than
100 billion metric tons of CQ and H,O Into
celluloseand other plant products
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Functionsof Monosaccharides

Certaincarbohydrates(sugarand starch) are a dietary staple in
most parts of the world, andthe oxidationof carbohydrategss the
centralenergyyieldingpathwayin mostnonphotosyntheticcells

Carbohydratepolymers (also called glycan$ serve as structural
and protective elementsin the cell walls of bacteriaand plants
andin the connectivetissuesof animals

Other carbohydrate polymers lubricate skeletal joints and
participatein recognitionand adhesionbetweencells

Complexcarbohydratepolymerscovalentlyattachedto proteins
or lipidsact assignalghat determinethe intracellulardestination
or metabolic fate of these hybrid molecules, called
glycoconjugates



There are three major size classes of carbohydrates
monosaccharidegligosaccharidesnd polysaccharides

Monosaccharides or simple sugars, consist of a single
polyhydroxyaldehydeor ketoneunit.

The most abundant monosaccharidan nature iIs the sixcarbon
sugarD-glucose sometimeseferredto asdextrose

Monosaccharidesof four or more carbonstend to have cyclic
structures CH,OH
|
H . H
H

OH H
HO OH




Oligosaccharidesconsist of short chains of monosaccharideunits, or
residuesjoined by characteristidinkagescalledglycosididoonds

The most abundant are the disaccharideswith two monosaccharide
units.

Typicalis sucrose(canesugar),which consistsof the sixcarbonsugarsD-
glucoseand D-fructose

CHEGH CHEDH

alpha 1-4
niveosidic bor
Olycosidic bo

@ - Glucose p - Fructose
sucrose

All commonmonosaccharideand disaccharidesiavenamesendingwith
the suffixroseg

In cells, most oligosaccharidegonsistingof three or more units do not
occur as free entities but are joined to nonsugarmolecules(lipids or
proteins) in glycoconjugates °



X Thepolysaccharidesare sugarpolymerscontainingmore than 20
or so monosaccharideinits; somehavehundredsor thousandsof
units.

X Somepolysaccharidessuchascellulose are linear chains others,
suchasglycogenare branched

x Bothglycogemand celluloseconsistof recurringunits of D-glucose,
but they differ in the type of glycosididinkageand consequently
havestrikinglydifferent propertiesandbiologicalroles




Monosaccharides

X The simplestof the carbohydratesthe monosaccharidesare either
aldehydesor ketoneswith two or more hydroxylgroups

X The simplest monosaccharidesare the two three-carbon trioses
glyceraldehydean aldotriose and dihydroxyacetonea ketotriose

H O H
N4
C H—C—OH
H—C—OH C=0
H—C—OH H—C—OH
H H

Glyceraldehyde, Dihydroxyacetone,
an aldotriose a ketotriose



H - Cg— OH
H | H _ H
D-Glyceraldehyde Enediol Dihydroxyacetone
(aldotriose) intermediate (ketotriose)

X These two compounds are structural isomeasitomers and
could be turn each other vianediolintermediate.



X Monosaccharidesare colorless,crystalline solids that are freely
soluble in water but insoluble in nonpolar solvents Most have a
sweettaste.

X Monosaccharidesvith four, five, six, and sevencarbon atomsin
their backbonesare called,respectivelytetroses pentoses hexoses,
andheptoses

Number of | Name Aldehyde Ketone

Carbon

3 Triose Glyceraldehyde Dihydroxyacetone
4 Tetrose |Erythrose Erythrulose

5 Pentose | Ribose, Xylose Ribulose, Xylulose
6 Hexose | Glucose, Galactose, Mannose | Fructose, Sorbose
7 Heptose Heptulose
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MonosaccharidegdaveAsymmetricCenters

x All the monosaccharides excepihydroxyacetoneontainone
or more asymmetric (chiral) carb@omsandthus occur in
optically active isomeriforms.

X In general, a molecule with n chiral centeehave2"
stereoisomers.

X Thesimplest aldose, glyceraldehydmntainsone chiral center
(the middle carbon atomandtherefore hastwo different optical
Isomers, orenantiomers.

H H
\ //O I
(|3 H—(lj—OH
H—(|3—OH c|:=0
H—(|3—OH H—(|3—OH

H H

p-Glyceraldehyde, Dihydroxyacetone,
an aldotriose a ketotriose 11



Polarizing Filter

12



Mirror -
image of
original
molecule

Original
molecule

Chiral
molecule:
Rotated
molecule
cannot be
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original

molecule

Original

molecule

Achiral
molecule:
Rotated
molecule

can be
superimposed
on its mirror
image
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(B)

Molecule
Hand Mirror 4
Enantiomers (mirror images) Enantiomers (mirror images)

Diastereomers (non—-mirror images)
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X Torepresentthree-dimensionakugar structures on paper, we
often useFischer projectioformulas

X In Fischeprojection formulas, horizontal bond3rojectout of
the plane of the paper, toward the readererticalbondsproject
behind the plane of the papeawayfrom the reader.

Mirror

Ball-and-stick models

?HO ?HO
H—Cl—OH HO—(|)—H
CH,OH CH,OH

D-Glyceraldehyde L-Glyceraldehyde

Fischer projection formulas

CHO CHO
H~—C—OH HO—C—H
CH,OH CH,OH

D-Glyceraldehyde L-Glyceraldehyde

Perspective formulas o



X The stereoisomersof monosaccharidesf eachcarbonchainlength can
be dividedinto two groupsthat differ in the configurationabout the chiral
centermostdistantfrom the carbonylcarbon

X Thosein which the configurationat this referencecarbonis the sameas
that of D-glyceraldehydeare designatedD isomers,and those with the
sameconfigurationasL-glyceraldehydeare Lisomers

(leO (|3HO
H—(lj—OH HO—(lj—H
CH,OH CH,OH
D-Glyceraldehyde L-Glyceraldehyde

Fischer projection formulas

X In other words, when the nydroxylgroup on the referencecarbonis on
the right (dextro) in a projection formula that hasthe carbonylcarbonat
the top, the sugaristhe Disomer, whenonthe left (levo), it isthe Lisomer

x Most of the hexose9f livingorganismsare D isomers
16
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D-Ribose D-Arabinose D-Xylose D-Lyxose p-Ribulose D-Xylulose
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HCOH  HCOH e?HOCH [HocH | | HeoW | | HeoH 1§Hoc1-| %s 3

Hc:x»-: H(:;OH HooH | Hc::OH ;HOCl)H IHO(!JH ZHO?H Hoc::H il -
CHCOH | HGOH | HCOH | HCOH | HMCOH = HCOH | HCOH | HCOH | s
é”zo“ | CHOH  CHOW | é”zo“ COHOH f%'."‘_a‘)'*_%f | OHOH  CHOH ¢

p-Allose D-Altrose D-Glucose D-Mannose D-Gulose D-ldose D-Galactose D-Talose D-Psicose p-Fructose pD-Sorbose D-Tagatose



Fisher Projection Formulas of-Bldoses

Three carbons Four carbons Five carbons
H\ /0 H\ //O H\ /O H\ /O
N S S S S,
H 0 C C H—C—OH HO—C—H H—C—OH HO—C—H
\C/ H—(|_‘-—0 H HO—(|_‘-—H H—(|,‘-—OH H—C—OH HO—C—H HO—(|3-—H
H—C|‘-—OH H—(|J—0 H H—C|‘-—OH H—(|_‘-—OH H—C—OH H—C—0H H—(|_‘-—0 H
C|IHQOH CH,0H C|IH20H (|IHQOH C|}HQOH C|}HQOH C|IH20H
‘ D-Glyceraldehyde D-Threose | u-Ribose| | D-Arabinose ‘ | D-Xylose ‘ D-Lyxose
Six carbons
H\C//O H\C//O H\C/O H\C//O H\C/O H\C/O H\C/O H\C//O
H—(|3-—O H HO—(JJ-—H H—(|3-—OH HO —(|3-—H H—C—OH HO—(lj-—H H—é‘-—OH HO—C—H
H—(|3-—O H H—C—OH HO—(|3- —H HO —(|3- —H H—C—O0H H—C—0OH HO—C—H HO—C—H
H—é‘-—O H H—J_‘-—OH H—A‘-—OH H—é‘-—O H HO—A‘- —H HO—C—H HO— A_‘-—H HO—A‘- —H
H—(|3-—O H H—(JJ-—OH H—(|3-—OH H—(|3-—O H H—(|3-—OH H—(lj-—OH H—é‘-—OH H—(|3-—OH
CH,OH (llHEOH {|3H20H (|3H20H CH,0H (|3H20H LLIHQOH CH,OH
p-Allose D-Altrose p-Gulose p-Idose p-Talose

D-Aldoses
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Fisher Projection Formulas of-Ketoses

Three carbons

C|IHQOH

7
CH,0OH

I Dihydroxyacetone I

Four carbons

CH,OH
7O
H—C—OH

|
CH,OH
| p-Erythrulose ‘

D-Ketoses

Five carbons

CH,0H
o

H—(|J-—OH

H—(|J-—OH
CH,OH

p-Ribulose

CH,OH
¢—o
HO—(|3-—H

H—C—0H

CH,0H

pD-Xylulose

Six carbons

CH,OH
—0
H—(|_*-—OH
H—(|_‘-—OH
H—(|_‘-—OH
L|’IHQOH

D-Psicoze

CH,OH
¢—o
H—(|J-—OH
HO—C—H
H—(|J-—OH
(':HEOH

D-Sorbose

CH,OH
—0
HO—(|_‘-—H
H—(|J—DH
H—C|*-—OH
E|]H20H

p-Fructose

CH,OH
¢—o
HO—C|‘-—H
HO—C—H

H—C|‘-—OH

C|H20H

D-Tagatose
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x Two sugarsthat differ only in the configurationaround one
carbon atom are called epimers D-glucose and D-mannose,
which differ only in the stereochemistryat G2, are epimers as
are D-glucoseand D-galactosgwhichdiffer at G4).

1 1 1

CHO CHO CHO
HO—C—H H—C—OH H—C—OH
HO—C—H HO—C—H HO—C—H

H—C—OH H—C—OH HO—C—H

H—C—OH H—C—OH H—C—OH
°CH,OH °CH,OH °CH,OH

D-Mannose D-Glucose D-Galactose

(epimer at C-2) (epimer at C-4)

20



The Common MonosaccharidéfaveCyclicStructures

X In agqueoussolution, aldotetrosesand all monosaccharidesvith five or

more carbon atoms in the backboneoccur predominantly as cyclic (ring)
structuresin whichthe carbonylgroup hasformed a covalentbond with the

oxygenof a hydroxylgroupalongthe chain

x Theformation of thesering structuresis the result of a generalreaction
between alcohols and aldehydesor ketones to form derivatives called

hemiacetalor hemiketals

o OH HO—R’ OR’
Rl—cf + HO—R’ — Rl—(|3—0R2 - } > Rl—(|3—0R2 + H,0
H PlI HO—R’ PlI
Aldehyde  Alcohol Hemiacetal Acetal
OH HO—R" OR’
R—C—0 + HO—R’ — Rl—(lj—@R3 AN . Rl—(lz—OPf + H,0
l_'{z l_'{z H({ - l_'{z

Ketone Alcohol Hemiketal Ketal 21



H O
y
N
5 |
H—(lj—OH
H0—3(|J—H
Hi(iJ—OH
H—5(|J—0H
°CH,OH

I

/ A\

6 (leQOH

|/' \ M |/'
HO\ |/ “oH HO\

- I
H OH H
a-D-Glucopyranose

D-Glucose

x The reaction with the first molecule of alcohol
creates an additional chiral center (the carbonyl
carbon.

x Becausethe alcohol can add in either of two

ways,attackingeither the & ¥ N®nfhe & o I 6
the carbonyl carbon, the reaction can produce
either of two stereoisomeric configurations,
denotedh and! .

x |[someric forms of monosaccharideghat differ
only in their configurationabout the hemiacetalor
hemiketal carbon atom are called anomers and
the carbonylcarbon atom is called the anomeric
carbon

6 (lezOH

\ /OH
|/\

OH 5

B-D-Glucopyranose



X Sixmembered ring compounds are callpdranosedbecause
they resemble the stmmembered ring compoungyran

x Ketohexoses (such as fructose) also occur as cyclic compounds
where hydroxyl group at-6 reacts with theketo group at G2,
forming a fivemembered ring compound$ranose

6CH20H CHQOH
O HC——-O
OH H HC CH
HO H \ /
H,C—CH
H OH H OH Pyran
a-D-Glucopyranose B-D-Glucopyranose
6
HOCH, O. 1CH,0H HOCH, O OH /O\
5 2 HC CH
H HO H HO \ /
H OH H CH;OH CC
P H H
OH H OH H

a-D-Fructofuranose B-D-Fructofuranose Furan
23



X Cyclicsugarstructuresare more accuratelyrepresentedin Haworth
perspectiveformulasthan in the Fischemrojectionscommonlyused
for linearsugarstructures

X In Haworth projectionsthe sixmemberedring is tilted to makeits
plane almost perpendicularto that of the paper, with the bonds
closestto the readerdrawnthickerthan thosefarther away

Axis
|

6CH,OH . |

|
[
|
a-D-Glucopyranose a-D-Glucopyranose

24



X To convert the Fischerprojection formula of any linear D-hexoseto a
Haworthperspectiveformulashowingthe Y 2 t S CrglzticSrQcdure

U drawthe sixmemberedring,

U number the carbonsin a clockwisedirection beginningwith the
anomericcarbon,

U thenplacethe hydroxylgroups

U If a hydroxyl group is to the right in the Fischerprojection, it is
placedpointingdown in the Haworthperspectiveandviceversa

U Theterminalt CHOHgroupprojectsupwardfor the D-enantiomer,
downwardfor the L-enantiomer

U Thehydroxylon the anomericcarbonof a D-hexoseis on the same
sideof the ringasG#6, the structureis! .

1

?HO
H-2C—O0H 6CH,OH
5 | 5 O
HO—C—H H o H
4
H->C—OH HO O

3 2
°CH,OH H OH

D-Glucose a-D-Glucopyranose

Fischer projection Haworth perspective 25



2 H—C—0H

4 H—C—0H
5 H—C—0OH
§ H—C—0OH

H
D-Glucose

H ]
H—C —0OH
| o
HO = C=——H
H—rl.-—nH
Homme C
| a-D-Glucopyranose a-D-Glucopyranose
H—T—m
H
u-D-Glucopyranose
CH,OH
O —C——H 0
—c—on | H H OH HO
HO—C—H HO OH H H
A H OH
"'_'i B-p-Glucopyranose B-p-Glucopyranose
H—C——0H
H

p-D-Glucopyranose

26



x Theh andl anomersof D-glucoseinterconvertin aqueoussolutionby a
processcalled mutarotation, in which one ring form (say,the h anomel)
opens briefly into the linear form, then closesagainto produce the |

anomer

x Thus a solutionof " -D-glucoseanda solutionof | -D-glucoseeventually
x form identical equilibrium mixtures havingidentical optical properties
This mixture consistsof about one-third "-D-glucose two-thirds | -D-
glucose and very small amounts of the linear and five-membered ring
(glucofuranosg¢forms.

<CH,OH <CH,OH

27



H=—(C=—=0H H'l:l—iii—H
H=——C—0H H—C—0H
O QO
H=—C—0H H—C—0H
H=——C—0H H——C——0H
H H H

O-Glucose u-D-Glucopyranose B-D-Glucopyranose

28



x Ketohexoseqsuchas fructose) also occur as cycliccompounds
with | andy anomericforms.

X In these compoundsthe hydroxyl group at G5 (or G6) reacts
with the keto group at G2, forming a furanose(or pyranose ring
containinga hemiketallinkage

1
CH:0OH

)| OH
C 6
3l HOCH,_O._ 'CH,0H
HO-GH | : .
H-C-OH h, 1 HO Ol
5|
HE 4 3
1 I OH H
C H20H %
N CH:0H a-D-Fructofuranose
;f=‘3 / a-D-Fructofuranose
HO-G-H
H—?lz—oH 1
H _5"-'3‘ OH \ HO\E HzOH
&
CH:OH g HOCH, O. OH
HO-C-H
4| O H HO
H—CIJ—OH H CH-;0H
5
H‘:f— OH H
CH:OH B-p-Fructofuranose

B-pD-Fructofuranose 29



s O
RN

30—0 0

|

\ H.

5/
OH OH H,C 8 0 "
|/ \}\ P

-D-Ribofuranose s &
SRS 78 1A
I
HO— CH O OH B i
Sl 2
5 \C{ | }C/ p-Ribose
H/4 \| - I_/1\H
3C C
I ¢
OH OH

B-D-Ribofuranose

3| 2]
OH OH

B-D-Ribopyranose
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TABLE 9.2 Relative amounts of tautomeric forms for some

monosaccharide sugars at equilibrium in water at 40°C

Relative Amount (%)

Monosaccharide  o-Pyranose

Total
B-Pyranose  o-Furanose [-Furanose  Furanose

Ribose 20
Lyxose /1
Altrose 27
Glucose 36
Mannose 67
Fructose 3

56 6 18 24
29 —a —a <l
40 20 15 33
64 —a —f <1
33 —a - <1
o7 9 31 40

Note: In all cases, the open-chain form is much less than 1%. For data on other sugars, see S. J. Angyal,
The composition and conformation of sugars in solution, Angew. Chem. (1969) 8:157-226.

aMuch less than 1%.
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Configurational isomers

Enantiomers
Stereoisomers that
are mirror images
of one another

The boxed asymmetric
carbon (farthest from
aldehyde) determines
D/L designation

Diastereomers
Stereoisomers that
are not mirror images
of one another

Anomers
Stereoisomers that
differ in configuration
at the anomeric carbon

C=0
HE: = C|3 ==
H —’CI;'— OH
i (ID e
i e
D-Threose
H
c=o
ﬁ@%é—H
G0
(IJHQOH
D-Threose
CH,OH

H OH
o-D-Glucopyranose

B-b-Glucopyranose

Molecules with the

same stereochemical
configuration, but differing
in three-dimensional
conformation

B-0-Glucopyranose
chair form

B-b-Glucopyranose
boat form

32



MonosaccharideDerivatives

X |n addition to simple hexoses such as glucose, galactose, and
mannose, there are a number of sugar derivatives in which a hydrox
group in the parent compound is replaced with another substituent, c
a carbon atom is oxidized to a carboxyl group.

X These derivatives have important roles in metabolism and classifie
as;

U Phosphate esters
0 Amino sugars

U Deoxysugars

U Acids andactons

U Sugar alcoholsa(ditols) -



Phosphateesters

X In the synthesis and metabolism of carbohydrates, the
Intermediatesare very often not the sugarthemselvesout their
phosphorylatedderivatives

X Condensationof phosphoricacid with one of the hydroxyl
groups of a sugar forms a phosphate ester, as in glucose 6-
phosphate

6 _ 6
CHQ_‘OPOE; CHQ_' 0P03_

H OH NI A
4 3
OH H OH OH
Glucose 6-phosphate Fructose 6-phosphate Adenosine triphosphate (ATP)

Rihuse — Adenine

34



X Sugamphosphatesarerelativelystableat neutralpHandbeara
negativecharge

X One effect of sugarphosphorylationwithin cellsis to trap the
sugarinsidethe cell.

X Phosphorylatioralsoactivatessugarsfor subsequentchemical
transformation

0 0
HOCH, “-O—P—0——CH, -0—%—0—01{2
H /1 ° . O H g O n . H /4 O H .
o\ Lo noN\l" 1 on AN S
H HO i H HO H HO o

Glucose 1-phosphate Glucose 6-phosphate Glucose 1,6-bisphosphate

35



Amino Sugars
X In glucosamine, galactosaming and mannosamine the

hydroxyl at G2 of the parent compoundis replaced with an

aminogroup.
O 0
H g OH | H 4 OH
OH H OH H CH,OH CH,OH
HO H HO H o o
H OH H NH, oH H HLN
B-D-Glucose B-D-Glucosamine H H o OH x
CH,OH - H NH? 1 H
o 0 o | 3 B-D-Galactosamine B-p-Mannosamine
R= —0—C—H
|

COO~

H NH,
Muramic acid

36



X Theamino group is commonlycondensedwith aceticacid, as
In N-acetylglucosamine

X This glucosamine derivative i1s part of many structural
polymers,includingthoseof the bacterialcellwall.

CH,OH

OH H
HO H

N-Acetyl-8-pD-glucosamine

-
CHj

N-Acetylmuramic acid

CH,0H
0
HO /fp OH
OH H
H H
H o NH
=0
CHs

N-Acetyb -D-galactosamine

37



DeoxySugars

X Thesubstitutionof a hydrogenfor the hydroxylgroupat G6 of
L-galactoseor L-mannose produces L-fucose or L-rhamnose
respectively

X L-Fucoses found in the complexoligosaccharideomponents
of glycoproteinsand glycolipids L-rhamnoseis found in plant
polysaccharides

OH H

OH H OH OH )
B-L-Fucose a-L-Rhamnose 2-deoxyribose

38



Sugaracidsandlactons

x Oxidationof the carbonyl(aldehyde)carbon of an aldoseto the
carboxyllevelproducesaldonicacids

x Oxidationof the carbonat the other end of the carbonchain,G6
of aldosesformsthe correspondinguronicacids

x If both carbonsoxidizesaldaricacidsform.

HO_ ,0 aldonic a.01d
C gluconic a.
H ,0 —
¢ CH,OH COOH
CH,OH
2 H //0 COOH
C aldaric acid
monosaccharide - — glucaric a.
Lh-gikcase COOH ;1duronic acid
glucuronic a. .




x Both aldonic and uronic acids form stable intramolecular esters called
lactones COOH

| CH,OH CH,OH
H—(lj—OH on
HO—(l‘,—H H g <
H—C—OH HO LI L \\O

H_?_OH H OH H OH
CHQOH p-Gluconate D-Glucono-é-lactone
H\ //O D-Gluconate
(f H H
(O COOH H
H—(—0H HO 0 HO -0
H
| HO H HO H
H—C—OH OH OH
. H OH H OH
| \ D-glucuronic acid D-iduronic acid
CH,OH
COOH
D-Glucose |

H—C—OH
HO—C—H

H—(L,—OH

H—(L,—OH

I
COOH

D-glucaric acid

40



X The sialicacidsare a family of sugarswith the same nine-carbon
backbone

X One of them, N-acetylneuraminicacid (often referred to simply as
G a Al © A ®a debivative of N-acetylmannosaminghat occursin
many glycoproteinsand glycolipidson animal cell surfaces providing
sites of recognition by other cells or extracellular carbohydrate
bindingproteins

OH H CH>OH

N-Acetylneuraminic acid

(a sialic acid) "



form.

H\C 0
H—(I—OH
HO—CI‘-—H
H—(I—OH
H-(I—OH
(IZHQOH

D-Glucose

H\C//O

HO—(I—H

HO—C—H
H-(I—OH
H—CI?—OH
(I]HQOH

D-Mannose

S1 S NJ !AditoBet) f S NA

x When carbonyl group of a sugar redudedalchoho] alditols

H

I
H—C—OH

H—C—OH

I
HO—C—H

|
H—(E—OH
H—C—OH

I
CH,OH
DSor%itoI

H
H—(IZ—OH
HO—(IZ‘-—H
HO—C—H
H—(IZ‘-—OH
H—(IZ‘-—OH

|
CH,OH
D-Mannitol

H\C 0
H—(I—OH

HO—C—H

HO-(I—H
H-(I—OH
(IIHQOH

D-Galactose

_—

(leQOH
HO—(%—H
H—é—OH
Pll H—(I—OH
H—C—OH CH,OH
H—C—OH D-Fructose
HO—(I—H / \
HO—C—H
H—(%—OH i i
CH,0H H—C—OH H—(lj—OH
D-Dulcitol H—C—OH HO—C—H
HO—(I—H HO—é—H
H—(I—OH H—(I—OH
H—(I—OH H—é—OH
(I3H20H (IJHQOH
D-Sorbitol D-Mannitol

42
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Reactionof Monosaccharides

RedoxReactions

X Monosaccharidescan be oxidized by relatively mild oxidizing
agentssuchascupric ion.

X Glucoseand other sugarscapableof reducingcupricion are called
reducingsugars

x Cupricion oxidizesglucoseand certain other sugarsto a complex
mixture of carboxylicacidsandthisisthe basisof C S K  reattdm &

(a) H\I(J //0 O‘\C //0
H2_oH H_C_OH
HO-S6—H HO—C—H
HAC_oH 200 200 g & op
¢ OH H_C—OH
H  OH E(':HQOH (|3H20H

B-D-Glucose D-Glucose D-Gluconate
(a) (linear form) 43



Dehydrationreactions

H 0) H
\C/ N\ //O
\C// C H—(E—OH (|TJ—
|
S (— |[HO—C—H H—C
| || | HC L9
| —> | 0 | Heat I
H—Cc—on Heat H—C H—(—OH T
(|3H2 oH H (— CH,OH CH,OH
Hydroxymethw
. D-Glucose
p-Ribose Furfural furfural

OH
. [O], H,O* HO
@)
5-(hydroxymethyl)furfural a-naphthol

purple-colored dye44



Disaccharides

X Disaccharidegsuchas maltose,lactose,and sucrose)consist
of two monosaccharidegoined covalently by an O-glycosidic
bond, which is formed when a hydroxyl group of one sugar
molecule,typicallycyclic,reactswith the anomericcarbonof the

other.

CH,OH CH,OH , 6CH,OH 6CH,0H
, condensation 5 5 .
0) hemiacetal O H.O 0 acetal O hemiacetal
. 2 | /
OH H OH H RN
HO OH _»HO H 4, HO o H
2
H OH alcohol H OH hydrolysis H OH H OH

a-D-Glucose B-pD-Glucose Maltose
a-D-glucopyranosyl-(1—4)-nD-glucopyranose

X This reaction representsthe formation of an acetal from a
hemiacetal(suchas glucopyranosg and an alcohol (a hydroxyl
groupof the secondsugarmolecule.

X Resultingcompoundis calleda glycoside
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H—C—OH
HO—C—H
HO—C—H
H—C—OH
3]
6CH,0H

Lactose (8 form)

B
HO—1C—H
H—2C —OH
HO—SC —H
HO—4C —H

0

H—C
5

6 CH,OH
B-D-galactopyranose

B-n-galactopyranosyl-(1—4)-8-nD-glucopyranose

Gal(B1—4)Glc

HO—l(llﬁ—H
H—C—OH

HO—SC —H
H—C—OH

H— (e

5

|
6 CH,OH

B-p-glucopyranose

Lactose (8 form)
B-n-galactopyranosyl-(1—4)-8-nD-glucopyranose
Gal(B1—4)Glc

0

H (0]
N A
1C

H—C—OH
2

HO—C—H
3

H—4C—OH
H—-C—0OH
2]

¢ CH,OH

e HO—C—H

1
H—z(lj—OH 0 H—éf—OH Q
HO—é—H HO—C—H

3] |
HO—C—H H—0 ——
H—C H—C

6 CH,0H 6 CH,OH

Lactose (8 form)
B-p-galactopyranosyl-(1—4)-8-p-glucopyranose
Gal(B1—4)Glc
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x Glycosidicbonds are readily hydrolyzed by acid but resist
cleavagedy base

X Thus disaccharidescan be hydrolyzed to yield their free
monosaccharideomponentsoy boilingwith dilute acid

Lactose (3 form) Sucrose
B-D-galactopyranosyl-(1—4)-8-b-glucopyranose a-D-glucopyranosyl B-p-fructofuranoside
Gal(p1—4)Gle Gle(@l<>2p)Fru

Trehalose
a-D-glucopyranosyl a-bD-glucopyranoside
Gle(al1la)Gle
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x Theoxidationof a sugarby cupricion occursonly with the linear
x form, whichexistsin equilibriumwith the cyclicform(s).

x When the anomericcarbonis involvedin a glycosidicbond, the
easyinterconversiorof linearandcyclicformsis prevented

X In describingdisaccharide®r polysaccharideshe end of a chain
with a free anomericcarbon(onenot involvedin a glycosididond)is
commonlycalledthe reducingend.

Cellobiose
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Naming of the Disaccharides

x By convention the name describesthe compound written
with its non-reducingend to the left, and we candbuild upe the
namein the followingorder.

SCH,OH

X (1) Givethe configuration (h or 1) at the anomeric carbon
joiningthe first monosaccharideinit (onthe left) to the second

X ] -
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X (2) Namethe nonreducingresidue to distinguishfive and six
memberedring structures,insert ofurance or opyrance into the
name

6CH,OH

x | -D-galactopyranosyl
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x (3) Indicatein parentheseghe two carbonatomsjoined by the
glycosididoond, with an arrow connectingthe two numbers for
example (1A 4) showsthat G1 of the first-namedsugarresidue
ISjoinedto G4 of the second

SCH,OH

x | -D-gale&kcopyranosy(1A 4)
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x (4) Namethe secondresidue
SCH,OH

x The name of this disaccharide i¥-galactopyranosy(1A 4)- -D-
glucopyranoseor commonly known as lactose.

Vd

xLid O2dzf R 0S | OAUNICOA Il SR & DI €

x If there is a third residue,describethe secondglycosidicbond by
the sameconventions

x To shorten the description of complex polysaccharides, thetter
abbreviations or colored symbols for the monosaccharides are often
used. >



TABLE 7-1

Abequose Abe Glucuronic acid 4 GlcA
Arabinose Ara Galactosamine ] GalN
Fructose Fru Glucosamine ™ GleN
Fucose A Fuc N-Acetylgalactosamine [J GalNAc
Galactose O Gal N-Acetylglucosamine I GleNAc
Glucose @ Gl Iduronic acid @ IdoA
Mannose @ Man Muramic acid Mur
Rhamnose Rha N-Acetylmuramic acid Mur2Ac
Ribose Rib N-Acetylneuraminic

Xylose % Xyl acid (a sialic acid) @ NeubAc

Note: In a commonly used convention, hexoses are represented as circles, N-acetylhex-

osamines as squares, and hexosamines as squares divided diagonally. All sugars with

the “gluco” configuration are blue, those with the “galacto” configuration are yeliow, and

“manno” sugars are green. Other substituents can be added as needed: sulfate (S),

phosphate (P), O-acetyl (OAc), or O-methyl (Ome). 53



Maltose

X Thedisaccharidanaltosecontainstwo D-glucoseresiduesjoined
by a glycosidiclinkagebetween G1 (the anomericcarbon)of one
glucoseresidueand G4 of the other.

x Becausdéhe disaccharideetainsa free anomericcarbon,maltose
ISareducingsugar

6CH,OH 6CH,OH
>0 ° 0

H OH
4
HO 0 H
H OH H OH
Maltose

a-D-glucopyranosyl-(1—4)-bD-glucopyranose 54



Trehalose

x Trehalose Gl® 1a A 1")Glc, is a nonreducing sugaand a
major constituentof the circulatingfluid (hemolymph of insects,
servingasan energystorage

x Mushroomsarethe commerciakourceof the trehalose

SCH,OH

Trehalose
a-D-glucopyranosyl a-pD-glucopyranoside

Glelal<sla)Gle
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Cellobiose and Gentiobiose

x Cellobiosebe obtained by enzymaticor acidic hydrolysisof
cellulose and celluloserich materials such as cotton, jute, or
paper

x Gentiobiosels incorporated into the chemical structure of
crocin the chemicalcompoundthat givessaffronits color, It isa
productof the caramelizatiorof glucose

SCH,OH

Cellobiose Gentiobhiose

i -D-glucopyranosy(1A 4)i -D-glucopyranose! -D-glucopyranosy(1A 6)/ -D-glucopyranose
Glw i AM)GIu Gluw i AM)Glu 56



Lactose

X Lactose is a reducing disaccharde that found in milk and consist of L
glucose and ialactose.

x Lactose could be ihor! form.

OH
Lactose (B form) Lactose (aform)
B-p-galactopyranosyl-(1—4)-8-nD-glucopyranose B-p-galactopyranosyl-(1—4)-a-p-glucopyranose
Gal(B1—4)Glc Gal(Bl—4a)Glc
6CH,OH 6CH,OH

Lactose
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Sucrose
Sucrosdtable sugar)is a disaccharidef glucoseandfructose

It isformed by plantsbut not by animals

In contrastto maltose and lactose,sucrosecontainsno free anomeric
carbonatom; andthereforeit isa nonreducingsugar

1
HOCH,

O_ H
FRH HO /°
0 CH;OH
3 4

OH H

Sucrose

a-D-glucopyranosyl B-p-fructofuranoside
Gle(@1<2B)Fru

The abbreviatednameof sucroses either Gldh 1A 2/ )Fruor
Fru2 a A 1h)Glc

Sucroseis a major intermediate product of photosynthesis in many
plants it is the principal form in which sugaris transported from the
leavesto other partsof the plantbody: 58



Invert Sugar

X Invert sugar is a mixture of glucose and fructose obtained fron
the acid (citric or ascorbic) hydrolysis of sucrasavell as the
Invertase enzyme

X It Is sweeter and tends to crystalize less than sucrose and
fructose

59



Polysaccharides

X Most carbohydratedound in nature occuraspolysaccharides,
polymersof mediumto highmolecularweight

X Polysaccharidesalsocalledglycansdiffer from eachother;
X In the identity of their recurringmonosaccharideinits,
X in the length of their chains,
X in the typesof bondslinkingthe units,and

X in the degreeof branching

60



X Homopolysaccharidesontain only a single monomeric species
heteropolysaccharidesontaintwo or more different kinds

: Heteropolysaccharides
Homopolysaccharides poly Two

monomer

Unbranched -~ O~O-O~0O-O-0O-0-0O— —O-@CO-@COC@®CO@— e,

unbranched

N B Multiple
monomer
Branched -- - -- - types,

branched

x Some homopolysaccharides serve as storage forms of
monosaccharidedhat are used as fuels starch and glycogenare
homopolysaccharidesf this type.

x Other homopolysaccharidegcellulose and chitin, for example)

serve as structural elements in plant cell walls and animal
exoskeletons
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(a) Potato

starch

(b) Liver (c) Algae

-’

glycogen cellulose

(d) Tick

chitin

LA a8 & & & & & & 4
LA & 2 & & 5 & 5 2

oeoooveOee
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X Heteropolysaccharideprovide extracellularsupport for organismsof all

kingdoms

x For example, the rigid layer of the bacterial cell envelope (the
peptidoglycan)s composedn part of a heteropolysaccharideuilt from two
alternatingmonosaccharidenits.

X In animaltissues,the extracellularspaceis occupiedby severaltypes of
heteropolysaccharideswhich form a matrix that holds individual cells
together and providesprotection, shape,and supportto cells,tissues and

organs

Proteoglycan complex

Carbohydrates

Protein

Polysaccharide

A\ -1
¥ o) ‘/“ Yy’
. \
Collagen fiber ¢
\ \
L/L\'V V- . Sn\é:‘ N
i 2 S N SRR
=Y e
4 I >k
{ 7
' 8
A

Plasma Integrin

" Fibronectin 74, /' )

Microfilaments
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x Unlike proteins, polysaccharidegienerallydo not have defining
molecularweights

x Thisdifferenceis a consequencef the mechanismsf assembly
of the two typesof polymer

X Proteins are synthesizedon a template (messengerRNA) of
defined sequenceand length, by enzymeghat follow the template
exactly

X For polysaccharidesynthesisthere is no template; rather, the

program for polysaccharidesynthesisis intrinsic to the enzymes
that catalyzethe polymerizationof the monomericunits, and there

IS no specificstoppingpoint in the syntheticprocess the products
thusvaryin length.

64



Storage Homopolysaccharides

X Themostimportant storagepolysaccharideare starchin plant
cellsandglycogenn animalcells

x Both polysaccharide®ccur intracellularlyas large clustersor
granules

x Starchand glycogenmoleculesare heavily hydrated, because
they have many exposedhydroxylgroupsavailableto hydrogen
bondwith water.

U dlDF @ [€S%0 m
S
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Starch

x Most plant cells have the ability to form starch, and starch
storageis especiallyabundantin tubers (undergroundstems, such
aspotatoes,andin seeds

Starch granules from tomato fruit and corn.

X Starch contains two types of glucose polymer, amylose and
amylopectin
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Amylose

x Amylose consists of long, unbranched chains of D-glucose
residuesconnectedby 0 1A 4) linkageqasin maltose.

6CH;OH CH20OH CH,OH CH,0H

Reducing
end

Nonreducing
end
0]

(a) amylose

X Sinceits structurally similar, it is easierfor amyloseto havea
secondarystructure.
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Amilopektin

x Amylopectin also has a high molecular weight (up to 200
million) but unlikeamyloseis highlybranched

X The glycosidiclinkagesjoining successivalucoseresiduesin
amylopectinchainsare o 1A 4);

X the branch points (occurring every 24 to 30 residues)are
0 1A 6) linkaaes

CH,OH CH,OH 6CH,OH
H H H H H H H H H
N\ OH H A° \OH H /° \OH H /
0 0 0 (a1—86)
branch
Branch H OH H OH OH | point

CH,OH CH,0H CH,OH

»QQQ@J

cha n

(b) Amylopectin
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x Highly branched amylopectin does not have a secondary
structure.

Reducing

Nonreducing ends

Amylopectin
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x Natural starch consist ¢1.0-20%)amylose and80-90%)
amylopectin

Amylose

1 Reducing

J' ends

Amylopectin

Nonreducing
ends

(e)
x Amylopectin dispersed colloidally in hot water whereas

amylose is soluble.

x Amylose is responsible for deep blue color of iodine reaction
of starch.
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Glycogen

X Glycogensthe mainstoragepolysaccharidef animalcells

x Like amylopectin, glycogenis a polymer of 0 1A 4) linked
subunitsof glucosewith 6 1A 6) linkedbranches

X However,glycogenis more extensivelybranched(on average
every81to 12 residuesyandmore compactthan starch

CH,0OH CI{ZOI{ SCH,OH

H "4 \H
H OH H N‘ OH H
J i | (al—6)
branch
OH H OH | point
0

GCllr_, CH,OH CHQOH C!lQOIl

HH

“ “H 3 [ H
/ OH H ) N\ OH H ; OH H | W

Main H OH H OH
chain
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Structure of glycogenin and glycogen.
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X Becausesachbranchin glycogenendswith a non-reducingsugar
unit, a glycogenmolecule with n brancheshas n+l1 non-reducing
ends,but only onereducingend.

x When glycogenis used as an energy source, glucoseunits are
removedone at atime from the non-reducingends

x Degradativeenzymeghat act only at non-reducingendscanwork
simultaneouslyon the many branches,speedingthe conversionof
the polymerto monosaccharides

X Dueto the high osmolarityof glucose glycogens more suitableto
be the intracellularstorageof energy
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Dextrans

x Dextrans are Dbacterial and yeast
polysaccharidesnade up of (" 1A 6)-linked

poly-D-glucose all have (" 1A 3) branches,
and some also have ("1A 2) or ("1A 4)
branches

x Dental plaque, formed by bacteria
growing on the surfaceof teeth, is rich in
dextrans which are adhesiveand allow the
bacteriato stickto teeth andto eachother.

X Dextransalsoprovidea sourceof glucose -
for bacterialmetabolism

X Synthetic dextrans are used in several
commercial products (for example,
Sephadexthat servein the fractionation of
proteinsby sizeexclusionchromatography

Q
=y

OH cHg

s

oA 1-20-0-glu cos

o[ 1-GrD-glucas

DH n::H2

OH
OH
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Structural Homopolysaccharides

Cellulose

x Cellulose a fibrous, tough, water-insoluble substance,is found in
the cellwallsof plants, particularlyin stalks,stems trunks, and all the
woody portionsof the plant body.

x Celluloseconstitutes much of the mass of wood, and cotton iIs
almostpure cellulose

x Like amylose, the cellulose molecule is a linear, unbranched
homopolysaccharideconsistingof 10,000to 15,000 D-glucoseunits.

X But there is a very important difference in cellulosethe glucose
residueshavethe) configuration,whereasin amylosethe glucosesin
the h configuration

x The glucoseresiduesin celluloseare linked by (I 1A 4) glycosidic
bonds,in contrastto the (h 1A 4) bondsof amylose 76
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Cellulose fibrils in
plant cell wall (TEM)

Fibril
. Microfibril
e “A\\
\\\ &\ -_’,‘\’ =
: ‘ \\\\\‘\\
0.5 um AR
\ .‘\‘l\
polymers of beta glucose |
— — |
Plant cells : c-“ﬁ B 7 =S N\ Z &7
%.'GI—Q”, (:.“C,) c. Q (=) L \\ = ,/,,'7-/' ,’— /;
V@ e Ve — X
3 Q @ Océf;‘\ S UE _— Cellulose

b A Te chains
Glucose monomer ’/’Q@ L@ L@re®
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x Glycogenand starch ingestedin the diet are hydrolyzedby b -
amylasesand glycosidasesnzymesn salivaand the intestine that
break(" 1A 4) glycosididoondsbetweenglucoseunits.

x Most vertebrate animals cannot use celluloseas a fuel source,
becausdhey lackan enzymeto hydrolyzethe (I 1A 4) linkages

x Termitesreadily digest cellulose(and therefore wood), but only

becausetheir intestinal tract harbors a symbiotic microorganism,
Trichonymphathat secretescellulase which hydrolyzeshe (1 1A 4)

linkages

X Thereis one important exceptionto the absenceof cellulasein
vertebrates ruminant animals such as cattle, sheep, and goats
harborsymbioticmicroorganismsn the rumen (the first of their four
stomachcompartmentg that can hydrolyzecellulose,allowing the
animalto degradedietary cellulosefrom soft grasses
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Chitin
X Chitin 1s a linear homopolysaccharide composed of N-

acetylglucosamineasiduesn (I 1A 4) linkage

x Theonly chemicaldifferencefrom celluloseis the replacementof
the hydroxylgroupat G2 with anacetylatedaminogroup.

CH,
¢=o
CH,OH H NH
0
H g © oH H 1l
OH H /1 NI
0
H NH CH,OH
=0

{i’:’l.) CH3 CH3
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x Chitin forms extendedfibers similarto those of cellulose,and
like cellulosecannotbe digestedby vertebrates

x Chitinis the principal componentof the hard exoskeletonof
nearly a million speciesof arthropods insects lobsters, and
crabs,for exampla andis probablythe secondmost abundant
polysaccharidenextto cellulosejn nature

walking legs Firs leq icheliped)

Carapace—Sep WS

|
Abdomen

Tailpiece or Telson Antennae

R | aw

Cephalothorax
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3-D Structures of Homopolysaccharide

x Thefolding of polysaccharidem three dimensionsfollows the
sameprinciplesasthosegoverningpolypeptidestructure

X subunits with a more-or-less rigid structure dictated by
covalent bonds form three-dimensional macromolecular

structures

X that are stabilized by weak interactions within or between
moleculessuchashydrogenbondsand hydrophobicand vander
Waalsinteractions and,

x for polymerswith chargedsubunits,electrostaticinteractions

X Because polysaccharideshave so many hydroxyl groups,
hydrogenbondinghasan especiallymportant influenceon their
structure. .



o CH:0H_O 111 H—O0 OH

HO HO CH,OH

Cellulose
(B1—4)Glc repeats

v 4 CH,OH _0O
® DVY=30-40° O
—0 1
HO NHI |(|) HO
H
Amylose
(a1l—4)Glc repeats
\(|) o "
6 1 (!,
CH 0]
s 0-J-C
OH 6
HO
HO
HO HO
HO
® OY¥=-170"7-170° Dextran

(a1—6)Glc repeats, with (a1—3) branches
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x Themost stablethree-dimensionalstructurefor the (" 1A 4)-linked
chainsof starch and glycogenis a tightly coiled helix, stabilizedby
Interchainhydrogenbonds

x For cellulose,the most stable conformationis that in which each
chair is turned 180Qc relative to its neighbors,yielding a straight,
extendedchain OHI 111111 10H

| | [HO p Ol I |
0'\
0 . 0
/ O 1111 IHO-¥ oY
H

OH i
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Heteropolysaccharides

x The rigid component of bacterial cell walls (peptidoglycan)is a
heteropolymerof alternating (| 1A 4)-linked N-acetylglucosaminand
N-acetylmuramicacidresidues

X The enzyme lysozyme kills bacteria by hydrolyzingthe (I 1A 4)
glycosidicbond between N-acetylglucosamineand N-acetylmuramic
acid

Staphylococcus N-Acetylglucosamine
aureus (GlcNAc)

N-Acetylmuramic
acid (Mur2Ac)

(B1—4)

Site of
cleavage by
lysozyme

Reducing
end

Pentaglycine 85
cross-link



N-acetylmuramic acid-N-acetylglucosamine

D-glutamate \C—COOH
e
H, S,
2
Nﬂt b g
,-l; H, . A
Hooe Y c/c\ C mes-diamenopimeic acid
e ﬁﬂu\ =
C
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Agar
X Certainmarinered algae,includingsomeof the seaweedshave
cell walls that contain agar, a mixture of sulfated

heteropolysaccharidemade up of D-galactoseand an L-galactose
derivativeether-linkedbetweenG3 and G6.

x Agaris a complexmixture of polysaccharidesall with the same
backbonestructure but substitutedto varyingdegreeswith sulfate
andpyruvate

Agarose
3)D-Gal(B1—4)3,6-anhydro-L-Gal2S(a1 repeats
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X Agaroseis the agar component with the fewest charged groups
(sulfates pyruvates.

x Theremarkablegelorming property of agarosemakesit usefulin the
biochemistrylaboratory

x When a suspensionof agarosein water is heated and cooled, the
agaroseforms a double helix two moleculesin parallel orientation twist
together with a helix repeat of three residues water molecules are
trappedin the centralcavity

X Thesestructuresin turn associatewith each other to form a gelt a
three-dimensionaimatrix that trapslargeamountsof water. .



Glycosaminoglycans

X The extracellularspacein the tissuesof multicellular animalsis
filled with a gekllike material, the extracellularmatrix (ECM),also
calledgroundsubstancewhich holdsthe cellstogetherand provides
a porous pathway for the diffusion of nutrients and oxygen to
Individualcells

x The ECMthat surroundsfibroblasts and other connectivetissue
cells is composed of an interlocking meshwork of
heteropolysaccharideand fibrous proteinssuchasfibrillar collagens,
elastinsg andfibronectins

X Basementmembraneis a specializedceCMthat underliesepithelial
cells it consists of specialized collagens, lamining and
heteropolysaccharides

X Theseheteropolysaccharideshe glycosaminoglycansre a family
of linearpolymerscomposedof repeatingdisaccharideinits -



Hyaluronicacid

X The glycosaminoglycamyaluronan(hyaluronicacid contains
alternating residues of D-glucuronic acid and N-
acetylglucosamine

90



