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Carbohydrates

» General molecular formula is C,(H,0),.
o Structurally, are polyhydroxy aldehydes or ketones.
 The most abundant carbohydrate in nature is glucose.

H O H 0
S =~

C . (|3H20H (szOH

H-—(?--OH H— OH CER C=0
HO—C—H HO——H HO'--(TZ —H HO——H

H--(|3*-OH H——OH H"'-(|3--OH H——O0OH
H=~C-=0H H——OH H=C—OH H——OH

CH,OH CH,OH CH,OH CH,OH

wedge-and-dash Fischer projection wedge-and-dash Fischer projection
structure structure
p-glucose p-fructose
a polyhydroxy aldehyde a polyhydroxy ketone
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Simple carbohydrates are monosaccharides

Complex carbohydrates contain two or more sugar units
linked together:

 Disaccharides

» Oligosaccharides

* Polysaccharides

a monosaccharide subunit

V hydrolysis
M—M-—M—-—M-—-M-~-M-M—-M—M > x M

polysaccharide monosaccharide

Polyhydroxy aldehydes are aldoses
Polyhydroxy ketones are ketoses

© 2011 Pearson Education, Inc.



D and L notations are used to describe the configurations
of carbohydrates:

the OH group
is on the right

H\C//O H\C/O
H——OH HO——H
HO——H H——OH
HO  H H  OH
H——OH HO——H

CHOH  the OH group CH,0H
D-galactose | is on the right L-galactose

mirror image of p-galactose

© 2011 Pearson Education, Inc.



Table 22.1 Configurations of the p-Aldoses

H O
\C/
H——OH
CH,OH
p-glyceraldehyde
H“\ C /O H\ C /O
H——OH HO——H
H——OH H——O0OH
CH,OH CH,OH
p-erythrose p-threose
/ N ' N
H o A0 H_ " A0 H C/O H C/O
H——OH HO——H H——0H HO——H
H——0H H——OH HO——H HO——H
H——OH H——OH H——OH H——OH
CH,OH CH,OH CH,OH CH,OH
p-ribose p-arabinose p-xylose p-lyxose
H C/O H_ C#O b % A0 e CJO H C/)O A c A = A0 H\‘C A0
H—/—OH HO——H H——OH HO——H H—/—OH HO—H H———OH HO——H
H——OH H——OH HO—H HO——H H——OH H——OH HO—F—H HO——H
H——OH H——OH H-—1—-0H H———OH HO—F—H HO——H HO——H HO—H
H——OH H—OH H—0H H——OH H——OH H——OH H——OH H——OH
CH,OH CH,OH CH,OH CH,OH CH,OH CH,OH CH,OH CH,OH
p-allose p-altrose p-glucose D-mannose p-gulose p-idose p-galactose p-talose

© 2011 Pearson Education, Inc
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Configurations of Aldoses

Aldotetroses have two asymmetric centers and four
stereoisomers:

H\C 7//0 H\C /O H\C //O H\C //O
H——OH HO———H HO——H H——0OH
H——OH HO——H H——O0OH HO——H
CH,OH CH,OH CH,OH CH,OH
p-erythrose L-erythrose D-threose L-threose

Aldopentoses have three asymmetric centers and eight
stereoisomers

Aldohexoses have four asymmetric centers and 16
stereoisomers

© 2011 Pearson Education, Inc.



Diastereomers that differ in configuration at only one
asymmetric center are called epimers:

H 0O H. _O
H_ _O H_ O el o
C C HO——H HO——H
H—OH HO—H H—O0OH HO—H
H—+—OH H———0OH HO——H HO——H
H—+—OH H-—+—0OH H-—+—0OH H-—+—0H
CH,OH CH,OH CH,OH CH,OH
D-ribose D-arabinose D-idose D-talose
| C-2 epimers C-3 epimers

D-Mannose is the C-2 epimer of D-glucose
D-Galactose is the C-4 epimer of D-glucose

© 2011 Pearson Education, Inc.



Table 22.2 Configurations of the p-Ketoses

(|3H20H
?ZO
CH,0H A ketose has one fewer
sianseietals asymmetric center than
el an aldose.
C=0
H OH
J(';EOH « Therefore, ketoses have
p-erythrulose fewer stereoisomers
/ \ than aldoses.
(|2H20H (|3H20H
e N * Naturally occurring
H——OH H——OH ketoses have the ketone
CHLOH CHDE group in the 2-position.
p-ribulose p-xylulose
(|‘,H20H (|JH20H (|3H20H (|3H20H
C=0 C=0 C=0 C=0
H——OH HO——H H——OH HO——H
H——OH H——O0OH |5 (i3] HO——H
H——O0OH H———O0OH H——OH H——O0OH
CH,OH CH,OH CH,OH CH,OH
D-psicose p-fructose p-sorbose p-tagatose
© 2011 Pearson Education, Inc. 8

© 2011 Pearson Education, Inc.



Mechanism for the base-catalyzed
epimerization of a monosaccharide:

( N
H\C E//O
HO:
™

~>H—10

HO——H
H———0OH
H—OH

CH,OH

p-glucose

(N
H O H O
{-\I‘l N C o \C’//
HO—H
\ /C—OH HO——H
—— HO—F—H —— HO—+——H
H—+—0H H—+—0H
H—+0OH H—+70H
CH,OH CH,OH
an enolate ion D-mannose

© 2011 Pearson Education, Inc.
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Mechanism for the base-catalyzed enediol
rearrangement of a monosaccharide:

~\
. (o H 6C A% H om
HO \C///f ~o N o %, CH,OH
| HO--H Ay ¥ HOY |

& B ol C—OH x/CLo-1H C=0
HO—H —— HO—}+H — HO——H ——~ HO—+H + HO

H—OH H——OH H—|—OH H——OH

H——OH H——OH H——OH H——OH

CH,OH CH,OH CH,OH CH,OH

p-glucose an enolate ion an enediol p-fructose

© 2011 Pearson Education, Inc.
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Redox Reactions of Monosaccharides

The carbonyl of aldoses and ketoses can be reduced by
the carbonyl-group reducing agents:

H 0 CH,OH

~c” CH,OH I CH,OH
HO——H 1. NaBH, HO——H 1. NaBH - 1. NaBH H——O0OH
HO—H Hao+“ HO—H <« Hao+“ HO—H  — Haof HO——H
H—0OH 3 H——0OH 3 H——0OH 3 H———0OH
H——OH H—+OH H—+—OH H——OH

CH,OH CH,OH CH,OH CH,OH
D-mannose p-mannitol p-fructose p-glucitol

an alditol an alditol

11
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HC=0 CH,OH CH,OH

H——OH H——OH H——OH
HO——H 1. NaBH;  HO——H 1. NaBH,4 HO——H
H—OH 2. H;00 = H—T-0OH 2 H;0* H——OH
H——OH H——OH H——O0OH
CH,OH CH,OH HC=0
D-glucose D-glucitol L-gulose

an alditol drawn upside down

12
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Oxidation

The aldehyde groups can be oxidized by Br,

H\C %O HO\C //O
H——OH H——OH
HOH g, 20, HO—"H . ,p-
H-——OH red H-——OH colorless
CH,OH CH,OH
D-glucose p-gluconic acid

an aldonic acid

Ketones and alcohols cannot be oxidized by Br,

13
© 2011 Pearson Education, Inc.



Both aldoses and ketoses are oxidized to aldonic acids
by Tollens reagent:

CH,OH H O 0. _0O
C C
(=0 HO, 'y om AINHs g op
HO — H HO — H HO© ~ HO H
R R R

a ketose an aldose a carboxylate ion

14
© 2011 Pearson Education, Inc.



A strong oxidizing agent such as HNO,; can oxidize
both the aldehyde and the alcohol groups:

H\C /O HO\C /O
H——OH H——OH
HO  H HNO; =~ HO H
H——OH A H——OH
H— OH H— OH
CH,OH C
O~ OH
D-glucose D-glucaric acid

an aldaric acid

A primary alcohol is the one most easily oxidized

© 2011 Pearson Education, Inc.
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Osazone Formation

Aldoses and ketoses react with three equivalents of
phenylhydrazine to form osazones:

H NNHCH

& | NH,
H——OH trace C=NNHC¢H;
i NHzNHO _edd , HO—H_ ¥ @ + NHy + 2H,0
H——O0OH H——0OH
CH,OH CH,OH
D-glucose phenylhydrazine the osazone of p-glucose

16
© 2011 Pearson Education, Inc.



The C-2 epimers of aldoses form identical osazones...

H.__NNHCgH;

= C | . C =
HO—H 3 NHZNH@ C=NNHCeHs NHZNH© H——O0OH
H——0OH 5 H——0H " H———0OH
HO——H trace HO——H trace HO——H
CH,OH CH,OH CH,OH
p-idose the osazone of p-gulose

p-idose and of p-gulose

...because the configuration of the C-2 carbon is
lost during osazone formation

17
© 2011 Pearson Education, Inc.



The C-1 and C-2 carbons of ketoses also react with

phenylhydrazine:
H. _NNHCH;
CH;0H \(‘:’//
C=0 3 HZNNH@ C=NNHC¢H;s 3 HzNNH©
HO—H ., HO——H .
H——OH trace H——OH
CH,OH CH,OH
p-fructose the osazone of

2011 Pearson Education, Inc.

p-glucose, b-mannose, and p-fructose

© 2011 Pearson Education, Inc.

H O
\C/
H——OH
HO——H
H——OH
H——OH
CH,OH
p-glucose
18



The carbon chain of an aldose can be increased by one
carbon in a Kiliani—Fischer synthesis:

the modified Kiliani-Fischer synthesis

N
new asymmetric Nl H\(‘/NH H\C/O
center B i i
H>—OH H, H——OH HCl H—OH,
Hel H——OH “Pd/BaSO,” H——OH H.0 H OH \\+ 'NHy
H O H——OH 4 H—OH ! H——OH
CH,OH CH,OH CH,OH pr;_)d ucts are
H——OH , -c=N p-ribose Sie SR
H——O0OH N
CH,OH Il H\ %NH H\ /O
p-erythrose HCI c Hy C HCI C + *NH
HO—H Pd/Baso, HO——H H,0 HO——H 4
H——OH H—1—0H H——OH
H——OH H OH H——OH
CH,OH CH,OH CH,OH
_ p-arabinose
This reaction leads to a pair of C-2 epimers
19
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The Wohl degradation shortens an aldose chain
by one carbon:

the Wohl degradation

‘\//O

c

H——OH

HO——H trace

H——OH acid s

H——OH NH>OH

CH,OH

p-glucose
a hexose

2011 Pearson Education, Inc.

a cyano group

H NOH IMT
\C//’ C
s NN
s cO—— i
H—OH A9, ""g . oac _HO
H——OH 100°C H——O0Ac  H0
CH20H CHzoAC
an oxime
T 0
AC2O = C C
CH; "0~ ~CH,

© 2011 Pearson Education, Inc.

Il
C

H——OH
—H
H——OH
H—OH
CH,OH

HO"
H,0

H O

S
C

HO——H
H——0OH
H——OH

CH,0OH
p-arabinose
a pentose

20



D-Glucose exists In three differeﬁnt forms:

HOCH,
—0
4 | 2 anomeric
carbon
H HO OH |(anew
\(1:///,0 3 2OH asymmetric
— X H / center)
OH 74 a-D-glucose
HO-—H _ / 36% anomer
H-*—OH a Haworth projection
H->—OH
6CH,OH N
D-glucose p-glucose HOCH
0.02% * OH
O
2 anomeric
- . b
The specific rotation of pure - g gl
D-glucose or S-D-glucose OH xﬁrt‘“ef:‘)etric
changes over time to reach an B-p-glucose
o . 64% anomer
equilibrium (mutarotation) .o
a Haworth projection

21
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If an aldose can form a five- or six-membered ring, it will
exist predominantly as a cyclic hemiacetal:

H_1 O HOCH,
~¢” 0. OH
H-*—OH
3 = . +
H—+—0OH =
H-*—OH S —
5CH,OH OH OH OH OH
D-ribose p-ribose a-D-ribose pB-p-ribose
22
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o Six-membered rings are called pyranoses.

 Five-membered rings are called furanoses.

* The prefix o~ Indicates the configuration about
the anomeric carbon.

CHOH HOCH,
O O
OH
HO OH OH
OH OH OH
a-D-glucose a-D-ribose

a-D-glucopyranose a-D-ribofuranose

23
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Ketoses also exist predominantly in cyclic forms:

HOCH, ]
O OH 6,—0 CH,OH OOH
HO s¢ HOY2 HO
CH,OH HO Y=’ OH HO Y= CH,0H
HO HO HO
a-D-fructofuranose B-p-fructofuranose a-D-fructopyranose B-p-fructopyranose
24
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D-Glucose Is the most stable of all aldohexoses and

predominates at equilibrium:

6
CH,OH
5 O
4 OH al =
3P 3 HO | . axial
OH OH
a-D-glucose
. chair conformer
CHZO%H
CHZOH
4 | = Hom equatorlal
HO OH
QH p-D- glucose

chair conformer

© 2011 Pearson Education, Inc.
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Formation of Glycosides

The acetal (or ketal) of a sugar Is called a glycoside:

a glycosidic bond
CH,OH 0 CHZOH CH,OH 0
HO N\~ (CH3CH,0H, HO HO
HO \/OH ~ Ra \FOCHzCHz ¥ HO \rH
OH OH
H OCH,CH;
B-p-glucose ethyl g-p- gluc05|de ethyl a-p-glucoside
B-p-glucopyranose ethyl B-p-glucopyranoside ethyl a-p-glucopyranoside
acetal

2011 Pearson Education, Inc.

26
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Mechanism _cmor oy R

HO . (I)H HO - +gH + B
for glycoside e e [
formation 7

X v alcoh$I :ggroaches
G “‘\A from the top

H + ROH + H,0

HO \\RMH//
an oxocarbenium ion alcohol approaches
from the bottom

d N\

CH,OH ., CH,OH ..
HO Qg .+ HO 0
HO \/QR HO H
HO . HO | OR
H
2 |
CH,OH & CH,OH ..
Hgt + HO \\——+ . HO : b
HO OR HO H
HO HO
H OR
a pB-glycoside an a-glycoside

major product

@ 2011 Pearson Education, Inc.

© 2011 Pearson Education, Inc.

HB™
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Formation of an N-Glycoside

HOCH, HOCH, HOCH,
0 % o NH
S
OH trace ’ *
HO HO acid HO HONH HO HO

N-phenyl B-p-ribosylamine
a B-N-glycoside

N-phenyl a-p-ribosylamine
an a-N-glycoside

© 2011 Pearson Education, Inc.
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Hilbert—-Johnson Reaction
Selective f~-anomer formation: OCH,

N
OCH, N

Z:z -
OCH3
Oxocarbocation formation:

AcO AcO AcO
OAcO’\' (Y OACY OACY
Br - 3 3
AcO O\fo AcO O\fo AcO o \Jr(o
CH; CH; CH;

29
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Nucleophilic attack:
OCH,

OCH;
B\
AcO /J%CHs
(@)
OAc
AcO
O\.<O
OCH, OCH;
" NJoH | \/'L
~
N OCH; N~ "0

30
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Glycoside Formation in Diabetes

Glucose can form glycosides with amine groups on hemoglobin

OH OH
“H,0 t < Ny
0oy —> 05
g g )
HO oH ¥4+ HO
OH H OH

Glycated hemoglobin test:
 Without diabetes, 5.5 to 9% glycated hemoglobin
 With diabetes, 10.9 to 15.5% glycated hemoglobin

31
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The Anomeric Effect

The preference of certain substituents bonded to the
anomeric carbon for the axial position is called the
anomeric effect:

axial axial
lone pair lone pair

w % overlapping W
orbitals T equatorial

v &9 lone pair

32
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Reducing and Nonreducing Sugars

A sugar with an aldehyde, a ketone, a hemiacetal, or a
hemiketal group is a reducing sugar

A sugar without one of these groups is a nonreducing
sugar

Nonreducing sugars cannot reduce Ag* or Br,

© 2011 Pearson Education, Inc.
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Disaccharides

Composed of two monosaccharide subunits linked
together by an acetal linkage:

CH,OH
HO 222-Q
HO L
HO ] % CH,0H o
o
an a-1,4'-glycosidic linkage
HO HO

OH

the configuration of this
carbon is not specified

maltose

In maltose, the OH group bonded to the anomeric
carbon is axial, hence the ‘@ in the linkage descriptor

Maltose is a reducing sugar

34
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In cellobiose, the two subunits are linked together by a
F1l,4-glycosidic linkage

CH,0H o ,B 1,4'-glycosidic linkage
CH,OH o

2
D- glucose I;%OH%
OH
— p-glucose
© 2011 Pearson Education, Ing.
Cellobiose Is a reducing sugar
35
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In lactose, the two different subunits are joined by a
F1,4'-glycosidic linkage

p-galactose is a C-4 The 18'1’4’ glyCOSidiC linkage IS

epimer of o-glucose cleaved by the enzyme lactase
\\

CH,OH_Q |ag-1,4"-glycosidic linkage
CH,O0H_Q
D- galactose m
H

OH

p-glucose
lactose

© 2011 Pearson Education, Inc.

Without lactase, lactose is turned into gases by flora in the lower bowel,
producing flatulence and bloating

Lactose is a reducing sugar and undergoes mutarotation

36
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Sucrose: The most common disaccharide

CH,OH 0

AN

HO
HO % a linkage at glucose
HOCH, o 0O
\ % B linkage at fructose
HO
CH,OH

HO

sucrose
@ 2011 Pearson Education, Inc.

Sucrose is not a reducing sugar and does not exhibit mutarotation

hydrolysis
Sucrose [o], = + 66.5° » Glucose + fructose (1:1) [a], =-22.0°

H,O
Hence also called ‘invert sugar’. Bees have invertase

37
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How Does Beano Work?

The trisaccharide raffinose is found in beans and a variety of grains
and vegetables

= a-GAL is not in the

HO OH <€== Galactose human digestive tract.
0
HO Cleaved by Raffinose is not
OH a-galactosidase (a-GAL) °
o cleaved to sucrose
o and galactose.
4'0H0 <€+=m= Glucose
OH  Lower gut flora

(0]

HO 0 converts raffinose to
Sucrose < HO™ <¢mmmmm [ructose gases; flatulence
CH,OH results.

HO

Beano contains fungal a-GAL that cleaves raffinose
and other polysaccharides

38



Determination of disaccharide structure (sequence)

Consider lactose: disaccharide containing galactose and glucose

How are they linked?

acetal is
hydrolyzed acetal is
OH OCH3; hydrolyzed
CH,OH CH,OCH;
0 CH,0H CHsl 0 CHzOCHé
OH \ HO \'ﬁ Ag,0 CH;0 CH;0 \’lﬂ
OH OH CH;0 OCH;,
= &
HCIlHZO

did not react
with CHsl

reacted OCH;,
HO
CH;0 \ CH;0 \%

CH,0 “OH CH;0  "OH

2,3,4,6-tetra-O-methylgalactose 2,3,6-tri-O-methylglucose

© 2011 Pearson Education, Inc.
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Polysaccharides

Amylose is a component of starch:

| e

R\
HO \ ~ CH,0H

HO

N/O
an a-1,4"-glycosidic linkage HO\/HON\ CH,OH
o
HO \
e

three subunits of amylose HO 0

© 2011 Pearson Education, Inc.
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Amylopectin is another polysaccharide component of starch that has a
branched structure:

o
HO
CH,OH
HO ~
OK an a-1,6"-glycosidic linkage
HO (1
on |~
(‘) CH2OHO O

NS
no . S 4

O
Ay
Ho ) CHOH

five subunits of amylopectin 0
HM
HO Woia

O

41
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Cellulose is the structural material of higher plants:

CH,OH
0 O CH,OH
~ 0 O CH,OH
HO 0 0
OH [\ HO e
v OH HO O
a B-1,4'-glycosidic linkage OH

three subunits of cellulose

a-1,4'-Glycosidic linkages are easier to hydrolyze
than #-1,4'-glycosidic linkages
because of the anomeric effect

‘535 CH,OH OH
\o o—"M~o 0 R
HO © S ° O\ :;
oH CH,OH T OH

intramolecular hydrogen bond

© 2011 Pearson Education, Inc.
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Chitin: The structural component of the shells of crustaceans

__CH,OH |

. \/N\/O \;\\/0 \C/Ox\k

\ C O an N-acetylamino
CH3 ‘ C O group

CH; |
CH;
three subunits of chitin

2011 Pearson Education, Inc.
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Naturally occuring derivatives of carbohydrates

"
CHNHCH,

O

NH, NH

ey
HO 0 NH2
O
HO CH3
NH
| OH
CHq
gentamicin )
| an antibiotic
44
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5
HOCH, HOCH,

o, B o OH
OH OH OH
__ B-p-ribose B-p-2-deoxyribose

D-Ribose is the sugar component of ribonucleic acid

D-2-Deoxyribose is the sugar component of
deoxyribonucleic acid

© 2011 Pearson Education, Inc.
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Vitamin C (L-ascorbic acid) is synthesized from D-glucose

the synthesis of L-ascorbic acid

Bt oxidizin i At [ HE e
g = reducing T
C enzyme C enzyme CH,OH C
H——OH H——OH H——OH o HO—H
HO—H HO—H HO—|-H PR ol H
H——0H H——OH H——0OH H——OH
H——OH H——OH H——OH HO——H
CH,0OH AL ey CH,OH
p-glucose 0/ OH 0/ OH L-gulonic acid
- - J/Iactonase
L-configuration
CHQOH \ CH,OH CHZOH

OH OH OH
o:udatlon omdase
OHHO~=0O

L-ascorblc acid
pK 417 vitamin C
S =

L-dehydroascorbic acid

© 2011 Pearson Education, Inc.

© 2011 Pearson Education, Inc.

ay—lactone
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Proteins bonded to oligosaccharides are called glycoproteins

Lglycoprotelnsj
H // il N \
IO // _,/ \\
CH,OH s CHZOH \\
H,HHHX”H;_O P
HO__ -\ _-O-protein &f \ NH -protein
1|VH
C|—O (|? O
CH3 CH3

CH,OH =
HOY W N
HOA

%,
~—H

=
HO
oxocarbenium ion

© 2011 Pearson Education, Inc.
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Blood type is determined by the sugar bound to the protein on the
surface of red blood cells

Type A

N-acetyl-D-galactosamine § —— —t I N-acetyl-D-glucosamine l —— PROTEIN

D | N-acetyl-D-glucosamine '— PROTEIN

Type O —_— I N-acetyl-D-glucosamine l —— PROTEIN

(Fucose = 6-deoxygalactose)

© 2011 Pearson Education, Inc.
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nature
biotechnology

Bacterial glycosidases for the production of universal red
blood cells

Qiyong P Liu"?, Gerlind Sulzenbacher>®, Huaiping Yuan!, Eric P Bennett?, Greg Pietz!?, Kristen Saunders!,
Jean Spence!, Edward Nudelman', Steven B Levery4, Thayer White!, John M Neveu’, William $ Lane’,
Yves Bourne?, Martin L Olsson®”?, Bernard Henrissat? & Henrik Clausen®?®

Enzymatic removal of blood group ABO antigens to develop universal red blood cells (RBCs) was a pioneering vision originally
proposed more than 25 years ago. Although the feasibility of this approach was demonstrated in clinical trials for group B RBCs,
a major obstacle in translating this technology to clinical practice has been the lack of efficient glycosidase enzymes. Here we
report two bacterial glycosidase gene families that provide enzymes capable of efficient removal of A and B antigens at neutral
pH with low consumption of recombinant enzymes. The crystal structure of a member of the a-N-acetylgalactosaminidase

family reveals an unusual catalytic mechanism involving NAD*. The enzymatic conversion processes we describe hold promise
for achieving the goal of producing universal RBCs, which would improve the bicod supply while enhancing the safety of

clinical transfusions.

VOLUME 25 NUMBER 4 APRIL 2007 NATURE BIOTECHNOLOGY fﬁ) J’LG z“"
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