lIl. Et=3l= MetA(Carbohydrate biosynthesis)
1. Glycolysis (MHSZI)0 S A
1) Dihydroxyacetone phosphate —» Glycerol-3—-phosphate

2) 3-Phosphoglyceric acid —» Serine —» Glycine —» Cysteine
3) Pyruvate —» Alanine

4) Phosphoenolpyruvate + Erythrose-4-phosphate
\/

v
C7 carboxylic acid : 1st step

v
Yoy
Phe, Tyr Trp
[Shikimate pathway]

* Chorismate is a key intermediate in the synthesis of the aromatic
amino acids

5) Pyruvate — » o0Xaloacetate

(pyruvate carboxylase)

2. SUHYXE(Gluconeogenesis) : SMUTIXE

=HoOoO ™M
Gluconeogenesis
| v v
2 Lactate —» 2 PVA —» Glucose
A A \
Glycolysis

= Three glycolytic reactions are irreversible (3742 SE0HEES 2 HITIHZ0ICH
Ist reaction : hexokinase (Glc — Glc-6-®)
2nd reaction : PFK-1 (Fru-6-® — Fru-1, 6-bisphosphate)
3rd reaction : pyruvate Kinase (PEP — PVA)
1) The by pass reactions of gluconeogenesiss(F41 A 282 3] ukS-)
@O PVA —>——» PEP

L*_,/‘

1st step : PVA + CO; + HO Oxaloacetate (OAA)
AHDP
T4 : [pyruvate carboxylasel
21 : mitochondriaOfl =XH
Z 8 2 (coenzyme) : biotin
~ Oxaloacetate (0AAJ= mitochondria®E SilOtX| 2
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2nd step : OAA ——» PEP
GTP GDP

* 34 [PEP carboxykinasel
9121 © MIXEE(cytosolofl ZXH

PEP
cytosolic
PEP
carboxykinase COZ

*k

Oxaloacetate
cytosolic NADH + H*t
malate
dehydrogenase NAD'
Malate
Malate PEP
mitochondrial NAD*| mitochondrial PEP co
malate carboxykinasd 2
dehydrogenase NADH +H
Oxaloacetate Oxaloacetate
pyruvate pyruvate
carboxylase COZ carboxylase CO2
Pyruvate Pyruvate

Cytosol

Pyruvate Pyruvate

Mitochondrion T

lactate NADH +H*
dehydrogenase NAD*

Lactate

Fig. Alternative paths from pyruvate to phosphoenolpyruvate

2) Fructose—1,6-bisphosphate ——» fructose-6-phosphate + Pi
[Fructose-1,6-bisphosphatasel
- allosteric enzyme
- activated by citrate
- inhibited by AMP and fructose-2,6-bisphosphate
3) Glucose-6-phosphate ——» Glucose
[Glucose-6-phosphatasel
- found in liver and kidney (ZF A1ZH0)l =TH)

1 =-O

- not ATP product (ATPE AXsl#] gF=rt))
~ Gluconeogenesis is energetically expensive, but essential

2 Pyruvate + 4ATP + 2GTP + 2NADH + 2H+ + 4H20 —
glucose + 4ADP + 2GDP +6P1 + Z2NAD+
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3. Gluconeogenesis substrates (ZAISHA XL A)

1) Lactate (34l)
- released in muscle (5FolA W&)
How A9
- converted to glucose (&F 32

O Cori cycle

- transferred to the liver (

= Cori 3 &
A3 55 e FoHEVHZA) o ESo A ZAAe S
7to 7 £ukE o] gluconeogenesisol] 9] &to] glucose & 3w o] A&

2) Glycerol
- produce by fat metabolism(X|¥thAlol] o)A A ¥}
- converted to glycerol-3-phosphate
- glycerol-3-phosphate — DHAP (|3 #-& Z74HE)

3) Glucogenic amino acid
Amino acids that can be converted to glycolytic intermediates
(AGAge) FtEn Afd F ol oflwmah

ex) Alanine —» Pyruvate
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Blood

Other

glucose  Glycoproteins monosaccharides Sucrose
Glycogen Disaccharides Starch |
1 7
Glucose 6-phosphate
Animals Energy Plants
Phosphoendi::: g
pyruvate =
- \
£ Citric 1
1 acd ‘
— ;f'"\cycle
|
Pyruvate Glucogenic Glycerol 3-Phdspho-
- amino glycerate
| acids
Lactate Triacyl- Cco,
glycerols fixation

Fig. Carbohydrates synthesis from simple precursors

4. FAFAZEZ4d (Gluconeogenesis regulation)
1) The hormonal regulation in liver is mediated by fructose-2,6-bisphosphate
(D Fructose-2,6-bisphosphate is an allosteric effector for PFK-1 and

FBPase-1

= Fructose-2,6-bisphosphate (high level)

- A FAEL Xt FAFAAFLEL JA S
- PFK-2 (active), FBPase-2 (inactive)

= Fructose-2,6-bisphosphate (low level)

- S - - o = N
- AYAEL dAGT FAFHFEL AT
- PFK-2 (inactive), FBPase-2 (active)
Moz,
~ —
~ / PFK-2 -
4 [F26BP] —/ (active) /~
Stimulates glycolysis, FBPase-2
inhibits gluconeogenesis (inactive)
P; oo cAMP- ATP
. . phospho- dependent glucagon
insulin - ——-» protein tei €----
phosphatase plzi'::sl: @ (4} [cAMP])
H,0 ADP
PFK-2 o
V[F26BP] (inactive) I
Foe : ~ —P—0
Inhibits glycolysis, — / FBPase-2 /[~ |
stimulates gluconeogenesis —/ (active) : o~
s N
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@ The cellular level of fructose-2,6-bisphosphatate is regulated by
glucagon and insulin

Glucagon Glucagon  Adenylyl
receptor cyclase
: fl fllintiy
| I
Jb—) ﬁ cAMP
Geo.
ATP
GLUCOSE ABUNDANT Y, GLUCOSE SCARCE
(glycolysis active) ( (glycolysis inactive)
Fructose 2,6-bisphosphate Protein kinase A Fructose 6-phosphate
/ (stimulates PFK) ADP ATP ADP (no PFK stimulation)

2

Fructose 6-phosphate . Fructose
& Phosphoprotein 2,6-bisphosphate

T ® _~7  phosphatase

= —

oz

S84

ATP 3
CAMP

2L ME

D ——— | T

[Eae) 2y =)
L
(+) (+)
FQIpEH S L ——p JjolphEc A 22| 2 ey 22| T
F|Ltof| Ga®* Lo BuEs suEn
[EE ) (9 (Ao EERED

+)

A 2072 ’ )
Tlolpgiig s — JjelasHEs
Erm) i E) sizzl

Fig. Glycogen ALYl HSE == QB Q91 (Glucagon, epinephrine)
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@ Glucagon stimulate adenylate cyclase
ATP —» cAMP
* cAMP : second messenger(23} 4 & x})
cAMP dependent protein kinase &4 3
2) Gluconeogenesis and glycolysis are reciprocally regulated
@ 1st control point
- Pyruvate dehydrogenase complex
Pyruvate ——» acetyl-CoA
- Pyruvate carboxylase
Pruvate ——— oxaloacetate(OAA)
acetyl-CoA (activator)
@ 2nd control point
- Fructose—1,6-bisphosphatase-1 : inhibited by AMP
- Phosphofructokinase—-1 : stimulated by AMP
inhibited by citrate, ATP
@ The hormonal regulation of glycolysis and gluconeogenesis in liver
is mediated by fructose-2,6-bisphosphate.
@ Fructose-2,6-bisphosphate is an allosteric effector for the enzyme
(PFK-1) and FBPase-1

Glucose
b -

.
GLrconyss ‘ GLUCONEOGENESIS
Fructose 6-phosphate}v-;\
F-2,6-BP (© \\
AMP (D) \ O F-2,6-BP

Phaosphofructo- f
kinase 1, 6-bisy

\
atase | © AMP
| .
/ Citrate
/ ®

/

P

ATP ()
Citrate (5)
H' (O

g {Frudose I,G-bisphosphate}

1 ‘ Several steps

Phosphoenolpyruvatewh

;\ © App

F-1,6-BP ()
ATP 5
Alanine O)

Pyruvate \

kinase Oxaloacetate

[

Pyruvate

() Acetyl CoA
O App

Fig. Reciprocal regulation of gluconeogenesis and glycolysis in the liver
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Epinephrine

GIUngon l l

Liver Muscle
Glycogen Glycogen
4 Glycogenolysis 1 ¢
Blood & Glucose Glucose
glucose 6-phosphate 6-phosphate
T ¥ Glycolysis 1 ¢
4 Gluconeogenesis
Pyruvate Pyruvate

Fig. Difference in the regulation of carbohydrate metabolism in liver and muscle

Glycolysis Gluconeogenesis

Glucose
hexokinase glucose 6-phosphatase
Glucose

&phosphate

Fructose
phospho- 6-phosphate fructase
fructokinase-1 I 1,6- blsphosphatase
1,6-bisphosphate

Dihydroxyacetone Dihydroxyacetone
phosphate phosphate

N 7

(2) Glyceraldehyde 3-phosphate

(2)P; (2) P;
(2) NAD* (2) NAD*

(2) NADH + (2) H* (2) NADH + H*

(2) 1,3-Bisphosphoglycerate

(2) ADP (2) ADP
(2) ATP (2) ATP
(2) 3-Phosphoglycerate

(2) 2-Phosphoglycerate

(2) GDP
(2) Phosphoenol-

(21 ADP pyruvate
pyruvate kinase (2) GTP
(2) Oxaloacetate

(2) ADP
(2) Pyruvate pyruvate carboxylase
(2) ATP
Fig. Opposing pathways of glycolysis and gluconeogenesis in rat liver.

PEP carboxykinase

(2) ATP
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5. Biosynthesis of glycogen, starch and sucrose
* H Y F LA (nonreducing end)d] @7 @S ¢=AFH oz FHJ3Y.
« UDP-glucose is the substrate for glycogen and sucrose synthesis.
ADP-glucose is the substrate for starch synthesis
1) Sugar nucleotide (UDP-glucose)2] &4
* Sugar phosphate + NTP —> sugar nucleotide (NDP-sugar) + PPi

phosphorylase (pyrophosphate)
* Pyrophosphate —» 2 phosphate
pyrophosphatase
@D Glucose + ATP —»  glucose—6-0) ——> glc-1-®
hexokinase phosphoglucomutase

@ (Glycogen)n + H3POs —» (glycogen)n-1 + glc-1-®
phosphorylase a
@ Glucose-1-® + UTP —*» UDP-glucose + PPi
UDP-glucose pyrophosphorylase
= The formation of UDP-glucose is a key reaction in glycogen biosynthesis.

@ NDP-sugar + acceptor —® NDP + sugar—acceptor

2) Sucrose?] 234
Fructose-6-® + UDP-glucose
¢<— sucrose—6-phosphate synthase
Glucose-Fructose-6-® + UDP
(sucrose-6-phosphate)
k H-O phosphatase
Sucrose + H3PO4
* Sucrose synthetase (in plant)
Sucrose + UDP <+ UDP-glucose + fructose [cellulose biosyhthesis]
Sucrose + ADP +2  ADP-glucose + fructose [starch biosynthesis]

3) OiE U387 &y
dehydrogenase
@O UDP-glucose ———=—" UDP-glucuronate
2NAD" 2NADH + 3H"
2H-0
UDP-glucuronate —» UDP-xylose + CO-
decarboxylase
+ Glucuronic acid oxidation pathway
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@ Amino sugar® A (Fx)

Fructose-6-® + glutamate ———» Glucosamine-6-®
amidotransferase

Glucosamine-6-® + acetyl-COA —» N-acetylglucosamine-6-®
acetyltransferase

N-acetylglucosamine-6-® —» N-acetylglucosamine-1-®

mutase
N-acetylglucosamine-1-® + UTP —» UDP-N-acetylglucosamine + PPi
pyrophophorylase
UDP-acetylglucosamine ——3 UDP-N-acetylgalactosamine

epimerase UDP-N-acetylmannosamine

= Agtets

1. Control of the synthesis and degradation of fructose 2,6-bisphosphate

1) A low blood-glucose level as signaled by glucagon leads to the

phosphorylation of the bifunctional enzyme and hence to a low level of
fructose 2,6-bisphosphate, slowing glycolysis.

2) High levels of fructose 6-phosphate accelerate the formation of fructose

2,6-bisphosphate by facilitating the dephosphorylation of the bifunctional

enzymes

Table The effects of glucagon, epinephrine, and insulin on
carbohydrate metabolism in mammals

Hormone Glucagon Epinephrine Insulin
Source Pancreatic Adrenal Pancreatic
a cells medulla B cells
Primary target Liver Muscle>liver MuSCl.e’ liver
adipose
Effects on
[cAMP] ) ) l
[Fructose-2,6-bisphophate] ! l )
[Gluconeogenesis] 1 ) l
[Glycogen breakdown] ) 7 l
(Glycolysis)
OlsdEl2 3l XILMHAL 0i0l= B2 |NIIQ LAHES WAIZIOH
ex] XM 1500012 |XXI 2HsS XA
EolE XZ2UAIE 2ES0 AHMOTEXE] J1M0 oo S8 XA ELCL

ZHlt 2]9| BtSMHAIZEL XI0[™2D
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O Principles of metabolic regulation : glucose and glycogen

Nonreducing ends

(x1—6)
Sggg%gézg linkage

Glycogen

phosphorylase

PSS S 00
OCOoOOoOO =
Glucose 1-phosphate

molecules

glycogen ]

Fig. Glycogen 20H= glycogen phosphorylaseOll °1ot01 =0H=Ct

Plasma
CYtOSOI Glucose membrane
G6P 6-phosphatase
s Capillar
transporter—= |2 Glucose pillary
(T1) qQy transporter |
i / (T2)
Glucose ——— Glucose
ER p— L ~,p  GLUT2
lumen P; transporter
(T3)
Increased
blood
glucose

concentration

Fig. Hydrolysis of glucose 6-phosphate by glucose 6-phosphatase of the ER

Capillary
Plasma Myocyte

/ membrane
/GLUT4
> Glucose

@ I,————»@l hexokinase

Glucose 6-phosphate

I

y Glucose 1-phosphate

Glucose

\

I
Insulin i UDP-glucose
1
\

N @ glycogen
synthase
Glycogen

Fig. Control of glycogen synthesis from blood glucose in myocytes
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Gluconeogenesis

)

ATP Fructose 6-phosphate P,
R <----a1P
@) <---- ADP
PFK-1 FBPase-1

@& <---- AMP ----- >

®<~-—-- citrate
ADP Fructose 1,6-bisphosphate H,O
Glycolysis
Fig. Regulation of fructose 1,6 bisphosphatase-1(FBPase-1)
and phosphofructokinase—1(PFK-1)

Gluconeogenesis

)

ATP Fructose 6-phosphate P;
PFK-1|(&) €---- F26BP ----> Q)| FBPase-1
ADP Fructose 1,6-bisphosphate H,O
Glycolysis

Fig. Role of fructose 2,6 bisphosphate in regulation of
glycolysis and gluconeogenesis.

Association with Sequestration
regulatory protein (compartmentation)

transcription trans|ation\ Anover

DNA =———> mRNA =——> Enzyme —> Amino acids

tu rnove/

Nucleotides Allosteric Covalent

regulation modification

Fig. Factors that determine the activity of an enzyme
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O Carbohydrate catabolism

Starch, sucrose ——

(Plants) amylase

Glucose | «— Glycogen

:

phosphorylase (liver, muscle)

Glc-6-®

Pentose phosphate pathway

(Hexose monophosphate shunt)

Lactate fermentation <——|2 Pyruvate

(muscle, erythrocytes)

v

|

* Glycolysis (cytoplasm)
= Embdem Meyerhof pathway

* Anaerobic metabolism

—— Ethanol fermentation
(In Yeast)

Acetyl CoA

*

Aerobic metabolism

l

TCA cycle
(Krebs cycle)

(mitochondria)
TCA cycle
Citrate cycle

*

*

Respiratory Chain

(electron transfer)

Electron transfer

and oxidative

O (Catabolism of carbohydrate
- Glycolysis [(0HE L)

o 1o

phosphorylation

- Pentose phosphate Pathway (5EtY HAH

- TCA cycle = Citrate cycle
- Cori cycle
- Gluconeogenesis

O Oxidative phosphorylation
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