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» Energy production from carbohydrates: glucose
* Glycolysis
«  Krebs cycle (TCA, citric acid cycle)
- Electron transport system (ETS)
« Cellular respiration : aerobic vs. anaerobic
* Products of glucose breakdown

% Gluconeogenesis

<+ Pentose phosphate pathway & G6PD deficiency

% Glycogen metabolism: glycogenesis & glycogenolysis
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Metabolic reactions occur in specific sites within cells




Major pathways of glucose utilization

Extracellular matrix

and cell wall Glycogen,
polysaccharides starch, sucrose
synthesis of
structural storage
polymers
Glucose
oxidation via o x o .
oxidation via
pentose phosphate Ivcolvsls
pathway glycoly
Ribose 5-phosphate Pyruvate

Figure 14-1
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Major Pathways in Carbohydrate Metabolism

Glycogen

Glycogenesis Glycogenolysis

Pentose and Pentose phosphate
other sugars

Glucose Certain

amino
acids

pathway

Gluconeogenesis

Lactate /

3 stages of cellular respiration

Cellular respiration is a metabolic
pathway that breaks down glucose and

produces ATP (Adenosine Qj + @ + ATP
triphosphate).

Glycolysis

Pyruvate

Fatty
acids
Citric acid
cycle

Electron
transport
system




Amino Fatty Stage 1
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NSHIYLDTEAULTRE  acds acds SlUCoe  Acepyicon

production

3 stages of cellular respiration / Glycolysis

A 4
Pyruvate

ATP

.
J pyruvate
,Z' e'j dehydrogenase

e complex
/K’ NS CO,
e =r Acetyl-CoA
Stage 2

Acetyl-CoA
oxidation

Cytoplasm Glycolysis

N
Oxaloa@ Gi

Citric
Krebs cycle f :

te

GTP

acid cycle

S NADH,_~

FADH, Stage 3
(reduced e~ carriers) |§ Electron transfer
and oxidative
phosphorylation

Mitochrondria —

ETS (electron

transport Respiratory -~ 20+ 1o,
SyStem) (electr:'l::i::‘ansfer) \
H,0

ATP

ADP +P;

Figure 16-1
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Amino Fatty Stage 1
acids acids OlUCOSe  Acetyl-CoA

Glycolysis

Glycolysis
e Glyco = sugar, [ys/s = breaking - Pyruvate
= 9 . At T
o tNALU cyltoplasm vo9L¥aq A& co,
a ¢ @ € = Acety'I-CoA
e 1 glucose gﬂ@@ﬂﬂ@amu 2 pyruvate uwaz N
oxidation
16 2 NADH + H* waz 2 ATP s
Oxaloaletate  Citvate
« § 10 uffiSen uaz 3 lu 10 UFATen u -
irreversible reaction : co,
co, €
o tigtdlu 2 s2a12 (Phase I and Phase II) \ )
NSY NADH,_~
FADH, Stage 3

(reduced e~ carriers) | Electron transfer
and oxidative

e phosphorylation

1 Glucose (C6) 55 2 pyruvate (C3) Respiratory |~ 24"+ 10,

(electron-transfer)

chain \ H,0

<:> NN =\ M\ e B

Figure 16-1
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company




o Phase I preparatory phase (¢io9n1s ATP)

G-3-P
DHAP

Glucose
first
priming ewi
reaction ADP

Glucose 6-phosphate

|

Fructose 6-phosphate

ADP
Fructose 1,6-bisphosphate

cleavage

of 6-carbon
sugar phosphate
to the 3-carbon
sugar
phosphates

second
priming
reaction

@

Glyceraldehyde 3-phosphate
+
Dihydroxyacetone phosphate

6
HO—SCHz Preparatory phase
o]
H /| H  Phosphorylation of glucose
‘N oH H A" and its conversion to
/ OH glyceraldehyde 3-phosphate
3
H OH
®—0—CH2
(0] .
HA H @ Hexokinase
OH H
HO OH @ Phosphohexose
H isomerase
(®)—0—CH,_O__ CH—OH
H HO @ PhOSPhO'
OH fructokinase-1
OH H
@®—0—cH, o_ cH—o0—@ (&) Aldolase
H HO
H OH @ Triose
onl: Phosphate
isomerase
(o]

e
®—O—CH2—(|?H—C\

OH

®—o—cuz—ﬁ—cuzou

o

Ho | 9%a9%
waawaingisusenay C6 s

Figure 14-2a
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company
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e Phase

II Payoff phase (l% ATPs and NADHs)

(o}

Glyceraldehyde 3-phosphate
+
Dihydroxyacetone phosphate

4
®—0—CH2—(IZH—C\

H

®-—o—cu-|2—ﬁ—q-|zou

OH

(o]

4

Glyceraldehyde 3-phosphate (2)

A

oxidation and @
phosphorylation

1,3-Bisphosphoglycerate (2)
first ATP- 2 ADP
forming reaction @

(substrate-level
phosphorylation) o
3-Phosphoglycerate (2)

2-Phosphoglycerate (2)

A

® |S2H20

=

Phosphoenolpyruvate (2)

second ATP- 2ADP
forming reaction

(substrate-level
phosphorylation) 5
Pyruvate (2)

0 Oxidative conversion of
®—o0—cH, —CIH—C\ glyceraldehyde 3-phosphate
H to pyruvate and the coupled

Payoff phase

Figure 14-2b
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H. Freeman and Company

OH
formation of ATP and NADH
/o @ Glyceraldehyde
®—O—CH2—CH—C\ 3-phosphate
(I,H o—® dehydrogenase
@ Phospho-
A glycerate
®_O_CHZ_?H_C\O_ kinase
OH
& Phospho-
CH2—CH—CI glycerate
(l)H (l) R mutase
é) 5 @ Enolase
g
CHy=C—C
T TN @ Pyruvate
0 kinase
® o | dudnrle
CH3—C—C’ BAKNT
Il \o- = <3
0 wagnaindizisenau C3 wiln

pyruvate i ATP




Rnx 1 - Phosphorylation of glucose to glucose-6-phosphate

Phase Il 6
CH2_0P032_
CHz—OH
(0] ATP ADP
H H H wgz+

OH H : .

HO OH hexokinase
H OH H OH
Glucose Glucose 6-phosphate

AG’° = —16.7 kJ/mol

Unnumbered 14 p532a
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company

e 1§ ATP (Phosphate anan ATP)
o 1F9URATENlee hexokinase laan1sdaaves Mg?*

e Irreversible reaction dunaulailé

e Phosphate group (3id2) Hlvieenuenstadlaild



Rnx 2 - Conversion of G-6-P to F-6-P

Primary OH
Reacts w/ other ATP to form FBP (next step)

6
CH,OPO,2~ .
CH,0PO,;%~
1
H H Mg2* O._ CH,OH
4 (. = 5K H HO 2
HO OH phosphohexose H OH
> isomerase a 3
H OH OH H
Glucose 6-phosphate Fructose 6-phosphate

AG’° = 1.7 kJ/mol

Unnumbered 14 p532b
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company

e Isomerization of an aldose to a ketose (G6P to F6G)

e Reversible reaction



Rnx 3 — Phosphorylation of F-6-P to FBP or F1,6P

6
CH,0PO;*~ CH,0P0,2~ -
1 CH2—0P032_
O CH,—OH ATP ) ADP )
. H Ho . wgy > 5 I HO 2
H OH phosphofructokinase-1 H OH
(PFK-1) 4 s
4 3 b
OH H OH
Fruv
Fructose 6-phosphate Potent activator

#5192 PFK-2

o 1% ATP Founiiou step wsn (hexokinase)
e Key pointl PFK-1 mauau 3% glycolysis (Ip”_versible reaction & rate-

ATP AMP,ADP
1

determining reaction) %

o Fructose 6- + ATP —————> Fructose 1,6- + ADP
Effectors: Fructose-2,6-bisphosphate phosphate 4D /B bisphosphate
cit:ate ;ructose 2,6-
(F-2,6-BP), ATP/ADP, citrate . T

(Effectors = ﬁaﬁﬁv%mvﬂumﬁmwgn NszeiunseLiuLs



Rnx 4 — Cleavage of F-1,6-bis P

(0] H
2— N/
6 s 3 5 (1) CH,OPO; 4)C
CH,OPO.2~ CH,OPO, |
fo) (2)(IZ=0 + (5)CIHOH
sK H HO 2 —_— (3)CH,OH (6)CH,0PO3*~
H OH aldolase  Dihydroxyacetone Glyceraldehyde
4 3 hosphate 3-phosphate
OH H FESS PROS®
Fructose 1,6-bisphosphate AG’° = 23.8 ki/mol

o Aldolase enzymatically cleaves a 6-carbon compound fo two
3-carbon compounds (2 triose phosphates: DHAP and GAP).

e To complete Phase I, DHAP isomerises to GAP (Next reaction).



Rnx S — Inter-conversion of triose phosphates

(o) H
N\
(IZH 2OH \(|:/
C|=o t}iqse phosphate HCIZOH
CH,0PO,2~ ~omerase CH,OPO0,2"
Dihydroxyacetone Glyceraldehyde
phosphate 3-phosphate

AG'°= 7.5 kJ/mol

Unnumbered 14 p534
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company

e DHAP and GAP are ketose-aldose isomers.
e Isomerization reaction.

o Convert DHAP fo Glyceraldehyde-3-phospahte for the next reaction



Rnx 6 — Oxidation and phosphorylation of GAP by NAD" and Pi to
1,3-Bisphosphoglycerate

(0] H
N/ NAD* |NADH + H* 0
i 0 S o AN
HCOH + HO—P—0~ ; = . N |
| 2 | _ glyceraldehyde (I: (o)n
CH20PO3 o 3-phosphate HCOH
Glyceraldehyde Inorganic Gl A CIH OPO2-
3-phosphate  phosphate sl
1,3-Bisphosphoglycerate
AG'*= 6.3 kJ/mol RIIWAIIIUEI
U

Unnumbered 14 p535
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W. H.Freeman and Compan;

o Catalyzed by glyceraldehyde-3-phosphate DH.
e NAD" is the coenzyme and oxidizing agent (NAD+ reduces to NADH).
e Pi is the source of the phosphate.

e From the first “high energy phosphate compound” (1,3-BPG).



Rnx 7 — Phosphoryl transfer from 1,3-

Bisphosphoglycerate to ADP

c"’
o, O0—P—0 (P)
N\
N c/ A_ %
| (o)
HCOH |
| _ Rib - Adenine
CH,0PO2
1,3-Bisphosphoglycerate ADP
BNTWRITHES
Ma2* phosphoglycerate
9 kinase
o_
- O—IL=O
o 0O
N\ ?/ P)
H(IZOH (2
CH,O0PO3" <|)
Rib [ Adenine

3-Phosphoglycerate

Unnumbered 14 p536
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H. Freeman and Company

® Produces ATP and 3-
phosphoglycerate

* Direct phosphate
transfer; Substrate level
phosphorylation (Differs
from oxidative
phosphorylation Fatfialu

Electron Transport

ATP AG’® =-18.5 kJ/mol Sgs’rem)



Rnx 8 — Conversion of 3-PG to 2-PG

o O o 0O
\ . N\
\(I:/ Mg? X \(I:/
H(II—OH r)hosphoglycerate HC —0—PO;*"
CH,—O0—PpQ,2-  ™Mmufase CH,—OH
3-Phosphoglycerate 2-Phosphoglycerate

AG’°= 4.4 kJ/mol

Unnumbered 14 p537
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company

e Phosphoglycerate mutase catalyzes the transfer of a phosphate

group from C-3 to C-2



Rnx 9 — Dehydration of 2-PG to PEP

AN 0 O\ AP
| I
H—C—OPO;*" ,4‘ C—OPO0O;*"
HO—(I:H . enolase gH BNTNRIINE
2
2-Phosphoglycerate Phosphoenolpyruvate

AG’'°=7.5 kJ/mol

Unnumbered 14 p538a
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company

e Formation of a second “high energy” intermediate

o F™ tlluciatiuely Enolase ‘



Fluoride blocks glycolysis by inhibiting the
Mg?*-dependent enzyme enolase

Glyceraigenyde s-pnosphate 020« Adding fluoride to toothpaste can
] s prevent tooth decay

dehydrogenase
1.3 Bisphosphoglycerate (x2) o Common pathogens produce
4

e o ozt < 2ADP lactic acid
inase | 1™~ @i o Inhibiting enolase =2 2PG
3-Phosphoghycersie (x2) cannot get access to active
o Sl ] site of enzyme
2-Pf\05prx)gl;caa|e(x2)
-
~ Phosphoenolpyruvate (x2)

'.."v_‘_ ate 2ADP

Pyruvate (x2)

21



N7
¢ 0 & Rnx 10 — transfer of P from
c—0—P—0- + (P
| . PEP to ADP
CH, © <|>
MINAIUEI  [Rib [—|Adenine e Formation of second ATP
Phosphoenolpyruvate ADP
Mg?*, K* | Pyruvate e Irreversible (Secondary
kinase
control point in glycolysis)
o_ 0 '
T o= e Second substrate-level
C=0 + Q . .
& phosphorylation (ADP receives
> (P
Pyruvate a phosphate group from the
|
Rib [—HAdenine PEP)

AG’° = - 31.4 kJ/mol ATP

Unnumbered 14 p538b
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company

e Pyruvate formed.



1 x Phase I >« @ele  Phase II

Glucose

T -y
phosphorylation generation of

“high-energy”
compound

G6P (P ® 1.3-8PG

substrate-level
isomerization phosphorylation

3PG HP)

F6P (P
phosphorylation
2PG P)

~ generation of
®_ FBP _® “high-energy”

compound

rearrangement

cleavage PEP ~(P)

ﬂ substrate-level

\ * phosphorylation
(® GAP | <—> [DHAP|-P) 2 X [Pyruvate

© 2008 John Wiley & Sons, Inc. All rights reserved. © 2008 John Wiley & Sons, Inc. All rights reserved.




The net overall equation for the
process of glycolysis:

Glucose ++ 2 ADP + 2 P. >

2 Pyruvate + 2 NADH + 2 H*+ 2 ATP

Table 24-1 ATP Production and Consumption During Glycolysis

ATP Change
Step Reaction per Glucose
I Glucose — glucose 6-phosphate 1
3 Fructose 6-phosphate — fructose 1,6-bisphosphate I
7 2(1.3-Bisphosphoglycerate — 3-phosphoglycerate) 2
10 2(Phosphoenolpyruvate — pyruvate) +2
Net +2

NOTE: NAD* must be regenerated!

24



Fructose and galactose are converted Into
glycolytic intermediates

Glucose

Glucose-6P

[ Galactose H (G-6P) }
v

Fructose Fructose-6P
(adipose tissue) (F-6P)

v
F-1,6-BP

Fru.ctose s DHAP GAP )k Fru!ctose
(liver) ( ] = ( : (liver)

P L
Pyruvate 25

Figure 16-13
Biochemistry, Sixth Edition
© 2007 W.H.Freeman and Company



Control of Glycolysis ¥

Local control involves dependence of enzyme-catalyzed reactions on

concentrations of pathway substrates or infermediates within a cell.

3 key enzymes:

0
° I
o Hexokinase Ho—on “o—p—o0—on,
0 Hexokinase $— o
Rxn 1 OH + all» _>M92+ ou + ( ADP
OH OH OH OH
OH OH
Glucose Glucose-6-phosphate
[
o Phosphofructokinase
) 0 o
Rxn 3 [ ) [
_O—F|’—O—CH2 0. CH,—OH O—F|’—O—CH2 o CHZ—O—F|’—O_
o OH v CaPy — O OH 0" + (apP
OH Mg®** OH
OH OH
Fructose-6-phosphate Fructose-1,6-bisphosphate
[ ]
o Pyruvate kinase
o) ADP o
- + H* ATP i
2C 0PO;2- = i
Rxn 10 N " NS cr/‘\c(o
'd c\|-| Plfﬁavff £Fa

26

Phosphenolpyruvate Pyruvate



( Glucose j

G6P©W\51

GLYCOLYSIS GLUCONEOGENESIS
Fructose 6-phosphate

F-2,6-BP (¥
AMP (&) Phosphofructo- Fructose @ i
ATP kinase 1, 6-bisphosphatase @ AMP
Citrate © (® Citrate
H*(®
- ﬁ"]t%ﬂ']’.lzﬂﬂﬂ’]‘ﬁ’]? Fructose 1,6-bisphosphate
- dadaTulTsnInaInIg 1‘5.3‘,9",. steps
bW glyCOIYSIS Phosphoenolpyruvate
Phosphoenol- @ s
1 pyruvate
F 1,6A$s ( Pyruvate carboxykinase
s kinase Oxaloacetate
Alanine @ Pyruvate
carboxylase
i vate (®) Acetyl CoA
(> ADP
Figure 16-28

Biochemistry, Sixth Edition
© 2007 W.H.Freeman and Company
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Fates of pyruvate

- CO,

[Acetaldehydej

NADH

‘«n} NAD*

[ Ethanol ]

Figure 16-9
Biochemistry, Sixth Edition
© 2007 W.H.Freeman and Company

Anaerobic conditions
In some microorganisms

[ Pyruvate

o

NADH A
‘*b NAD* » CO,

( Lactate ] [Acetyl CoA]

Anaerobic conditions

In humans, animals, ‘
and some Further
microorganisms oxidation

Aerobic conditions
In humans, animals,
and some
microorganisms

28



Hexokinase versus Glucokinase

Hexokinase (all
tissues)
- Non-specific
- Ky = ~100 pM
- Inhibited by glucose-
6-P (6-6-P)
Glucokinase (primarily
in liver)
- Specific
- Kp = ~10 mM
- Not inhibited by
glucose-6-P

1.0
( Hexokinase I

Hexokinase IV

(glucokinase)

Relative enzyme activity

| | | |
0 5 10 15 20

Glucose concentration (mm)

FIGURE 15-16 Comparison of the kinetic properties of hexokinase
IV (glucokinase) and hexokinase I. Note the sigmoidicity for hexoki-
nase |V and the much lower K, for hexokinase 1. When blood glu-
cose rises above 5 mM, hexokinase IV activity increases, but hexoki-
nase | is already operating near V., at 5 mm glucose and cannot
respond to an increase in glucose concentration. Hexokinase |, 1l, and
[l have similar kinetic properties.



Functional Rationale

e Most tissues: metabolize blood glucose which

enters cells
— Glc-6-P impermeable to cell membrane
— Product inhibition
e Liver: maintain blood glucose
— High blood glucose: glycogen

— Low blood glucose: glycolysis



Metabolism of Glucose-6-P

Regulation!

CH,OH
0
H H

HO\QH H/0OH
H OH

Glucose

ATP hexokinase
glucokinase (liver)
ADP

H  OH

Glucose-6-P

Other  Glycolysis Pentose  Glycogen
pathways phosphate synthesis
pathway




Oxidation of pyruvate to Acetyl-CoA

Thiamine pyrophosphate

(TPP), B1 * co,
- . Glycolysis

O\ /o CoA-SH . TPP, + ycoly

C=0 > c j' / ./ c‘::rh‘;‘tliar:egenase

| pyruvate dehydrogenase | e € | complex

CH; complex (E; + E, + E;) CH; K\ > Co,
Pyruvate . Acetyl-CoA ‘i " Acetyl-CoA

t St200.2

AG’° = -33.4 kJ/mol

Figure 16-2
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company

Oxidation and decarboxylation

wulifldde pyruvate dehydrogenase complex finane subunits was
active sites.

6129n15 coenzyme S i@ CoA-SH, NAD+, FAD, lipoic acid and TPP

Acetyl-CoA ing TCA cycle
32



Amino Fatty Stage 1
acids acids OlUCOSe  Acetyl-CoA
production

3 stages of cellular respiration / Glycolysis

& Pyruvate
pyruvate

~ 7
Glycolysis AL cenyirogenas

/) N> CO,

Stage 2
Acetyl-CoA
oxidation

b,
Citxate GTP,

Krebs cycle acid cycle co,

Citric

NADH,
FADH, Stage 3
(reduced e~ carriers) | Electron transfer
ETS (electron € phosphorylation
transport Respiratory /2H++ 10,
sy ste m) (electron-transfer)
chain \ H,0

ADP +P;

Figure 16-1
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company



Overview of the citric acid cycle

27N glycolysis

Acetyl-CoA €<—
Citrate

%394 B- ¢

Citrate oxidation

\ Isocitrate
¥@9 fatty acids
Oxaloacetate . - Y
o-Ketoglutarate
NADH —
Citric  5; NADH y
Malate o Succinyl-CoA
cycle a-Ketoglutarate
COZ 'f
Fumarate NADH Succinate
FADH, Succinyl-CoA CltrIlC Acid Is F Y
Succinate Kreb's Startlng umarate
GTP Substrate For ¢
(ATP) . _
: : Mitochondrial .
Reducing equivalents for ETS Oxidation" l’

m) 2 co, +3 NADH |+ 1 GTP +[1 FADH, | |




Citric acid (TCA & Krebs) cycle

# Final common pathway for the oxidation of carbohydrates,
lipids and proteins

# Take place in the mitochondria.

S in 8 reactions are oxidation-reduction reactions.

& Electron carriers: NADH & FADH, fo be used in electron

transport chain/system (ETC/ETS)
(c

Electrons Electrons carried
carried via NADH and
via NADH FADH,

@

=

Glycolysis
Glucosel__>. > Pyruvate

35

Substrate-level Substrate-level Oxidative
phosphorylation phosphorylation phosphorylation

=



TCA cycle & conirol

Pyruvate
® ATP, acetyl-CoA,
pyruvate NADH, fatty acids
dehydrogenase

complex | (&) AMP, CoA, NAD*, Ca2*

A 4

3 enzymes Acetyl-CoA

®NADH, succinyl-CoA, citrate, ATP

control the rate
of the TCA cycle: Cieric

Oxaloacetate & \ !
o Citrate synthase . P _
: malate dehydrogenase ;
O ISOC |.|.ra1.e dehydrogenase -
a-Ketoglutarate
= ® succinyl-CoA, NADH _
complex @ Ca2t

Succinyl-CoA

citrate

synthase Citrate

Malate

dehydrogenase

o a-ketoglutarate

succinate
dehydrogenase

dehydrogenase

complex

Figure 16-18
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company



TCA Cycle as Source of Biosynthetic

Precursors
Pyruvate
Other ..
amino acids, \
purines, " Acetyl CoA
pyrimidines _
\ Oxaloacetate 4
Aspartate’ ” Citrate
f "= Fatty acids,
sterols
Purines
. :
Succinyl o-Ketoglutarate
COA \ Other
ins, 4 amino acids
Porphyrins, Glutamate

heme, chlorphyll



Amino Fatty Stage 1
acids acids OlUCOSe  Acetyl-CoA
production

3 stages of cellular respiration / Glycolysis

y

& Pyruvate
J j pyruvate
k dehydrogenase
Glycolysis ML ] e
/K’ NS CO,
e =r Acetyl-CoA
Stage 2
Acetyl-CoA
oxidation
~
Oxaloaége- Citxate
ey Citric

Krebs cycle acid cycle

Stage 3
(reduced e~ carriers) Elecgoni:’ral;sfer
t
ETS (electron e phosphoryfation
transport Respiratory |~ 2H"+ 30
sy ste m) (electron-transfer)
chain \ H,0

ADP +P;

igure 16-
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company



Electron transport € Sl e
chain/system R i o

Lﬁ@%’uﬁsﬁ@ﬁmfualum@ov[mc[ﬂﬂ@m@%ﬂ

wevuidunea @ einw protein complexes ™=

A16UYIDINIFTEILNDADLANETOU

NADH — Cpxl — CoQ —» Cpx3 —> Cpx4 ™ 3 ATP
FADH, — Cpx2 — CoQ —> Cpx3 —> Cpx4 ™ 2 ATP

Oxidative phosphorylation: concentration gradient of H*
95U electron eganaae O,
Inhibitors of ETS: CO, cyanine (CN") Suets complex IV



ELECTRON TRANSPORT SpSTEM AND Q@ serues?s
http://www.youtube.com/watch?v=vZz-KLK-X40

-

5 A
Oxipative ProspHoryLaTION m
yA'
4wt

4u* 4nt

NADH from
glycolysis, B-
oxidation, Kreb’s
cycle

—SYNTHETASE

NADH dehydrogenase Cytochrome b-c1 Cytochrome oxidase
Complex | Complex Il Complex IV 40


../Cellular Respiration 5 - Oxidative Phosphorylation.mp4

Oxidative phosphorylation

the process in which ATP is formed as a result of the transfer of
electrons from NADH or FADH , to O , by a series of electron
CarrlerS. Oxidative

phosphorylation

Electron transport drives H" out and

creates an electrochemical gradient
Proton

+:‘;_I++_“ T gradient H+

+ + T

- <: N +(:—:—__—|k+t-+ o® @
N

SERC TR NP

- - =1
w[HY] _Q+++++++|
- - =+ 4+

Higher pH, ADP +
! \ lower [H™] in matrix B -
1 NADH ™ 25 ATP LowerpHl,
higher [H"] in intermembrane space H*

1 FADH, ™ 15 ATP

41



Cellular Respiration 5 - Oxidative Phosphorylation.mp4

How does NADH cross the mitochondrial
inner membrane?

NADH #itfi@ain glycolysis lu
NAD*

cytoplasm laigransneinuiin _
regeneration

29N mitochondrial

. Aerobic glycolysis
membrane [§ weiaziinaln® Glucose *
2 ADP + 2P; 2 NAD*
a & p=T) =) o XH, Glycerol-3—-P
Lﬂmumm@ummsuﬂmaqa 2 ATP :K 2 NADH: aete™™ e

shuttles

2 Pyruvate
y .:"q-. Electron transport chain

Acetyl CoA
NADH O, H0
(=
COE Pi

FAD(2H)

suelugieiny membrane L6

nalnéenaae

® Glycerol phosphate TP
shuttle

® Malate-aspartate shuttle 42

Mitochondrion



Glycerol 3-phosphate shuttle

‘Acﬂve in skeletal muscles and brain.

3D SCIENCE.com

NADH + H* NAD*? NADH + H* + E-FAD

Cytoplasmic Mitochondrial
Cytoplasmic
glycerol 3-phosphate

CH,OH
CH,OH EEyEngEEse 2 NAD* + E-FADH,
0=C/ HO—C—H Cytoplasmic  Mitochondrial
Glycerol 3-phosphate shuttle
CH20P032_ CH20P032- .;w:::‘m:m“’y P
Dihydroxyacetone Glycerol
phosphate 3-phosphate
, , Electrons enter
Mitochondrial .
glycerol 3-phosphate the ETS via
Cytoplasm E-FADH, E-FAD dehydrogenase

00000000000 complex I,

HANANAAANNAAAIANANRD

i\l therefore only 1.5
ooooooo.oooooooooooootooooooo.ocooooo mOIGCUIeS OfATP

Matrix

Figure 18-35 are prOd uced .43

Biochemistry, Sixth Edition
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Malate-aspaiate shuttle

Active in heart and liver.

NAD*
NADH Oxaloacetate XGlutamate

Malate a-Ketoglutarate Aspartateﬁ
L 2K 28 25 25 A5 A ’.’QQ'.".

.
IR N E D DE E E 6 6 0 X )T
}'o.'.’.’:..c0000.00....’.’.‘00. Y

Cytoplasm

N
A
4
LDOOOOM:

'.‘........Q........‘....
-s o s
a-Ketoglutarate Aspartate
x NADH + NAD*
> Oxaloacetate Glutamate Cytoplasmic  Mitochondrial

NADH
Figure 18-36
Biochemistry, Sixth Edition

© 2007 W.H.Freeman and Company

NAD* NADH
25 mOIeCUIeS Of ATP are Cytoplasmic+ Mitochondrial

p roduced. Malate-aspartate shutile

Unnumbered figure pg 528
Biochemistry, Sixth Edition
©2007 W.H.Freeman and Company



ATP fufiasnnisaarunglanedronuysel

Walawazeu 32 ATP: dus9nanadutiioans 30 ATP

TABLE 19-5 ATP Yield from Complete Oxidation of Glucose

Process Direct product Final ATP

Glycolysis 2 NADH (cytosolic) 3or5
2 ATP 2
Pyruvate oxidation (two per glucose) 2 NADH (mitochondrial matrix) 5
Acetyl-CoA oxidation in citric acid cycle 6 NADH (mitochondrial matrix) 15
(two per glucose) 2 FADH, 3
2 ATP or 2 GTP 2

Total yield per glucose 30 or 32

NADH + H* +  E-FAD NADH +  NAD*
NADH — Cpx I - CoQ — CPX I11 Cytoplasmic Mitochondrial Cytoplasmic  Mitochondrial

—> Cpx IV -> l

FADH, — Cpx II — CoQ —> Cpx

Il — Cpx IV ->

NAD* +
Cytoplasmic

E-FADH,

Mitochondrial

Glycerol 3-phosphate shuttle

Biochemistry, Sixth Ediion
2007 W Freeman and Come

H

NAD* + NADH

Cytoplasmic  Mitochondrial

Malate-aspartate shuttle

Blochemistry, Sixth Edition

WM Freeman snd Company




Fates of pyruvate

P CO,

[Acetaldehydej

NADH

‘ﬂ} NAD*

[ Ethanol ]

Figure 16-9
Biochemistry, Sixth Edition
© 2007 W.H.Freeman and Company

Anaerobic conditions
In some microorganisms

( Pyruvate ]
NADH

“p NAD* » CO,

( Lactate j

Anaerobic conditions

[ Acetyl CoA ]

In humans, animals, i
and some Further
microorganisms oxidation

Aerobic conditions
In humans, animals,
and some
microorganisms
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When O, Is not available, cells use anaerobic
respiration to obtain energy

NADH 0. .0
+ H* NAD* X ,y

1
0 \ / . HO—C —H
O/ \
| Lactate |
dehydrogenase CH;3
CH;
Lactate
Pyruvate
Glycolysis A.Low O
Glucose yéy Pyruvate Lactate (last sezconds of
a sprint)
o, "' H,0 B.Normal
(long slow run)
Mltochondrlon
Cytoplasm
% 'y«

Muscle fiber

Chapter 16 Opener part 2
Biochemistry, Sixth Edition
© 2007 W.H.Freeman and Company



Fermentation

In yeast and certain bacterial species, pyruvate is decarboxylated to form

acetaldehyde, which is then reduced by NADH to form ethanol.

gl) NADH
- H* co + H* NAD*
J o . H (0 H OH
Z NP S i
Pyruvate " Alcohol
CH; decarboxylase CH; dehydrogenase CH;
Pyruvate Acetaldehyde Ethanol
Glucose |
Pyruvate ’
Aspergillus ’ Lactobacillus ‘ Saccharomyces
3 ¢ g )
Lactic acid Lactic acid Ethanol + CO, Ethanol Carbon dioxide

ol wm | Fermentation products

Soy Sauce Cheese, Yogurt Beer Wine Bread
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Aerobic cellular respiration:
@ Glycolysis = acetyl CoA formation = Krebs cycle = ETS

Anaerobic cellular respiration (eg. during exercise, in RBCs):
@ Pyruvate wWasufiu lactate Tow lactate dehydrogenase *

A. Aerobic glycolysis B. Anaerobic glycolysis
Glucose Glucose
2 ADP + 2P; 2 NAD* 2 ADP + 2P, 2 NAD*
XH, Glycerol-3—-P
2 ATP 2 NADH* and 2 ATP 2 NADH*
+ OH* Malate—aspartate + OH*

shuttles

2 Pyruvate » 2 Lactate

2 Pyruvate .
Electron transport chain Lactate dehydrogenase

Mitochondrion



e Glucose tUusseswas (metabolic fuel) veenniraa ¢ O,

WWe9we aziinsd@any glucosesinu aerobic cellular respiration:

A. Aerobic glycolysis

Glucose

2 ADP + 2P, 2 NAD*
mpxmw}% e Glycolysis = acetyl CoA formation
X

+oH* Malate—aspartate

shuttles

= Krebs cycle = ETS/ETC
- CH,,0; + 60, — 6CO, + 6H,0

ucose + oxygen -> carbon dioxide + water)

2 Pyruvate

FAD(2H)

Mitochondrion

- CO, gnmaeeenmatdes tuszuulininesfnimiuan pH
Y29:894 @@ carbonic/bicarbonate buffer
« NAD" regeneration e1u Malate-aspartate shuttle wag

Glyceral-3-phosphate shuttle



eun O, laiiaowaiumaudiosn1svedtas asin1swaanNa99Nw

Uy anaerobic cellular respiration waz regenerate NAD* lo

Wae pyruvate = lactic acid = lactate + H”

B. Anaerobic glycolysis

Glucose

2 ADP + 2P, 2 NAD*
2 ATP 2 NADH*
+ 2H*
2 Pyruvate » 2 Lactate

Lactate dehydrogenase

=X

o Lactate —> Liver wowlduunaudlu glucose @133
gluconeogenesis

o H+ 9l pH yeoideeanas waziduwdu H,CO, low
H,CO, 2-H+ + HCO,"



Gluconeogenesis

the generation (genesis) of new
(neo) glucose

nszuIumMsasIenglasiuanlnaain
fsuszneufilailsaslulsiase
Substrates for gluconeogenesis:

Lactate, glycerol and

glucogenic  amino acids
Aelunnizisrenudisenisnaled
wazldsuarsermsaslulsiasali
AIRENT

Heannludy wulule arl&uan

P;
6-phosphatase < H,0

Glucose 6-phosphate

Phosphoglucose l

Fructose

6-phosphate

C.
1, 6-bisphosphatase H,0

Fructose 1,6-bisphosphate

|‘ [ Triose phosphate

Aldolase
Dihydroxyacetone oo ooC Glyceraldehyde
phosphate 3-phosphate
/CHZ0H
o= Glyceraldehyde

CH,0P0;2-

3-phosphate
dehydrogenase

( P, NAD*
NADH

1,3-Bisphosphoglycerate

Phosphoglycerate
kinase

< ADP
ATP

3-Phosphoglycerate

Phosphoglycerate
mutase

2-Phosphoglycerate

Enolase

N H,0

Phosphoenolpyruvate

Phosphoenolpyruvate
a ina

Figure 16-22

Lactate
Some amino acids

carboxykinase

carboxylase

Biochemistry, Sixth Edition
© 2007 W.H.Freeman and Company

GDP, €O,
( GTP

Oxaloacetate

ADP +P,
e
ATP, HCO,

Pyruvate



Glycolysis and gluconeogenesis are
repiprocally regulated

%
\ .
1 e Pathways not active at the
GLYCOLYSIS } GLUCONEOGENESIS
7 N Fructose 6-phosphate - same 'hme
F-2,6-BP (3
AMP (3 (®F-2,6-BP
ATP@ PhosIZ:ngeucto- LG-mZS:;:;iatase @AMP o RGgUlaTed bg prOdUCTS Of
Citrate © (® Citrate .
WO reaction and precursors
Fructose 1,6-bisphosphat o = . .
R — e Inhibitors in glycolysis
Several steps
i could be activators in *
Phosphoenolpyruvate &y AB
Finesptye) gluconeogenesis ex. F-2,6-
FLGAFC Pyruvate carz);l’):]yvlfi;ease
ATP : .
Alanineg kinase PyruVatgxaloacetate Bp9 AMP9 C”ra"'e.
carboxylase
(® Acetyl CoA
ADP
© ¥

. Figure 16-28
Riochemistry, Sixth Edition
107 W.H.Freeman and Company
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P
)@..W,...

Glucose 6-phosphate

T

Fructose 6-phosphate

Py
%mo 1,6-bisphosphatase

Fructose 1,6-bisphosphate

Dihydroxyacetone-P <«—— QGlyceraldehyde 3-phosphate

........... . t t

-----------

----------

%

Substrates for
gluconeogenesis 9

Lactate, glycerol,

some amino acids



Gluconeogenesis

/— Glucose
> ENTPQ
Pyruvate
NADH
T LDH
— NAD'
Lactate
Liver
. [NAD™] ﬁ
high _
( SN INADH] ) —~
Blood
\xw
Glycolysis Glucose
I >
} 2NTP
Tuvate
NADH - By
() J/LDH
NADT
Lactate —-/'I
Muscle
( [NAD™] )
low
[NADH]

Glucose is synthesized from lactate (the Cori cycle)



Pentose phosphate pathway (PPP)/ hexose
monophosphate shunt

*

i shunt (“nieuan™) vee glycolysis e supply NADPH was

Ribose-5- P*

NADPH flufidoenisves biosynthetic pathways tdu FA
biosynthesis, cholesterol synthesis tfugiu waztdordlud
e1@9n159@9 detoxification t¥u reduction of oxidized

glutathione

° Ribose-5-P «flu precursor 429n1589tA31:% nucleotides
2. Regulatory enzyme @@ gluclose-6-phosphate DH (¥1a
ulwdiliientaz G6PD deficiency)



Pentose phosphate pathway (PPP)

PHASE 1
(oxidative)

Glucose 6-phosphate

2 NADP*

Ribulose 5-phosphate

Ribose Xylulose
5-phosphate (Cs) / 5-phosphate (Cs)

>

Sedoheptulose
GAP (C3)  7phosphate (C;)

g

Fructose Erythose
6-phosphate (Cg)

4-phosphate (C,)

PHASE 2

Fructose
(nonoxidative) 6-phosphate (Cg)

Xylulose

5-phosphate (Cs)

N

GAP (Cy)

(fielu cytoplasm

wdotdu 2 phases

e Oxidative phase:
Oxidation of G-6-P e
#3579 NADPH

e Nonoxidative phase:
(6 phosphorylated 5
carbon sugars (pentoses)

GAP a@unsnwd glycolysis

&



laififiaedad lulanouwads

@@@@ d@ﬁ@ﬁ@@@@ o astliavaonwag (RBC) dauwn

WAIIIUIIUIYAUNAIN glycolysis
waz Pentose phosphate
pathway (PPP)

0,
Mitochondrial respiration, ionizing §
radiation, sulfa drugs, herbicides,

antimalarials, divicine

Superoxide ‘() -
radical )
EH*f‘ e PPP #5719 NADPH fusulfiuden

"_\,Ill. ith Lone petl xida

\ T2 glutathione Audlesiuttadves RBC

UNo9tBadaaINNIILLASELIADDNTLATU

Hydrog_en H.O,
peroxide -

H" =

2GS
Hydroxyl ‘Ol \

H,;0 asse
o OH / (oxidative stress) a1n H,0, was
- hlll ithion H
J, du \ free radicals due
Oxidative damage to NADPH + HY a « D
lipids, proteins, DNA \ / o ffimnuunwissidulvdlu GePD lu
Glucose » 6-Phospho- ° o & o -
6-phosphate &l glucono-5-lactone PPP m‘luwmamumﬂmmomo bb@1

G-phos || ite

dehyds genas
R * ée Wulafiears (anemia)
http://www.herbs-hands-

healing.co.uk/pictures/superfood/redbloodcells.jpg




Glycogen metabolism:
glycogenesis & glycogenolysis

' %0, Glycogen:
ot
, § Gy &% expanding from a
oy o P 9
CH, CH,OH

% O o—1,6—-Glycosidic
u—1,4—-Glycosidic bond Core Sequence
bonds Oﬁ”
6 Q Q bound tfo a protein

TN (glycogenin).

O Glucose residue linked o—1,4 @~ Reducing end attached
to glycogenin

® Glucose residue linked —1,6 @ Nonreducing ends

o Glycogen: a storage form of glucose, very large and branched

e It is mainly stored in liver and muscle.

o Glycogenesis is the synthesis of glycogen from glucose; mainly occurs
in muscle and liver.

e Glycogenolysis is the breakdown of glycogen (n) to glucose-1-

phosphate and glycogen (n-1). 59



Glycogenesis & glycogenolysis

. Glycogen Glycogen Glycogen .
GlgCOQGﬂOlQSIS degradation synthesis Glgcogenems
debrancher glycogen synthase
enzyme 4:6 transferase Enzgme-
(branching enzyme) )
@ Glycogen primer glgcogen
Glucose UDP-G ====» Other pathways
(small synthase
amount) UDP—glucose
pyrophosphorylase
glycogen
phosphorylase UTP
Glucose—1-P
phosphoglucomutase
_.» Glycolysis
@ Glucose—6—P =======--- +--% Pentose—P pathway
glucose 6- -° hexokinase *# Other pathways
phosphatase glucokinase
(liver only) » (liver)
. ATP
Pi™ A Glucose

1
Cell membrane ‘ ’
' 60

Glucose



Glycogen synthesis (glycogenesis)

Glucose
e Glycogen is synthesized when blood s W
. ADPD exoKinase
glucose levels and ATPs are high. '

) N Glucose-6-phosphate
e This occurs in liver and muscle

phosphoglucomutase

cells. \
' . . Glucose-1-phosphate
e Stimulated by the hormone insulin. UTPDqugoseLphosphate
e Uridine diphosphate glucose (UDP- | 7= "I
glucose): activated form of glucose; | H/ %% v fk/“i
OH H ﬁ ﬁ N0
building block for glycogen I G
. H H
synthesis. UDP-glucose "+
HO OH
. . glycogen
e The rate-determining enzyme of uoleg'nge" G

glycogenesis is glycogen synthasel

Glycogen +1 glucose,

http://themedicalbiochemistrypage.org/glycogen.php



O | Glucose residue
O | linked 00—1,4

UDP—-Glucose
UDP

6 UDP—-Glucose
6 UDPD

<

@® | Glucose residue
® (linked 0.—1.,6

Glycogen core

lglycogen synthase

Glycogen core

glycogen synthase

-

Glycogen core

Glycogen branches
formation

NstiewIudvedlnalatay

Glycogen core

4.6 transferase
(branching enzyme)

Glycogen core

UDP-Glucose igycogen synthase

Continue with glycogen synthesis
at all non-reducing ends
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Glycogenolysis

= glycogen breakdown  Feo

..........

Glucose—1-P

!

Glucose—-6-P

o only the nonreducing ends are shorthened.

o nonreducing ends = the ends lacking a

Glycolysis

.........

C1-OH group.

o there is a nonreducing end in every oo :

branch P i e
. > o o
H H H H H OH
Non-reducing end 4K . | J N OH H ) Reducing end
HO 0 H
3 2 3 2
H OH H OH

Maltose

g o, " Glycogen : )
2 o4 e N Liver
g 5 J oy /' Glucose-1-P
4> *

% a—1,6-Glycosidic
o bond Glucose—6-P
Crons o Gy Pv/ | glucose 6—phosphatase
CH,OH CH, CH,0H e -oooeee ; //
0 0 0 Glucongo- ' Glucos.i,7—w
—0-N\OH 0—NOH 0—N OH - genesis " .
I (I)H I (I)H OH » . B |0 Od
—
| Glucose

O Glucose residue linked ¢—1,4  {@nr Reducing end attached
to glycogenin

® Glucose residue linked c—1,6 @ Nonreducing ends



Glycogenesis & glycogenolysis

. Glycogen Glycogen Glycogen .
Glycogenolysis  degradation synthesis Glycogenesis
debrancher glycogen synthase

4:6 transferase
(branching enzyme)

enzyme

@ Glycogen primer
Glucose UDP-G ====» Other pathways
(small
amount) UDP—glucose
pyrophosphorylase
glycogen
phosphorylase UTP
o Requires 3 enzymes :
1. Glycogen phosphorylase Glucoge—1-P
: phosphoglucomutase
2. Glycogen debrancing enzyme lT "> Glycolysis
3. phosphogmcomufase @ Glucose—6—-P--=------ ¢--% Pentose—P pathway
glucose 6- -° hexokinase *“# Qther pathways
phosphatase glucokinase
(liver only) + (liver)
ATP

P A Glucose

1
Cell membrane ‘ ’
1

Glucose
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Nonreducing ends

Glycogen breakdown \o sl
1. Glycogen phosphorylase catalyzes . - A
ycogen
glycogen phospholysis (bond cleavage |
glycogen
by the substitution of a phosphate gr.) Phosphorylase |
Glycogen + Pi = Glycogen + GIP A '@"’
0000 0000000
This enz. leave 4 residues along each 10 laecl phspea
branch. g
debranchin
2. Glycogen debranching enzyme has active iy
b
sites: O-0-0-0-0-0-0-0-0-0—
. Transferease shifts a block of 3 residues (a1-6)
glucosidase
fromm one outer branch to the other. de;:;:'c';!;:; S
« 0(-1,6-Glucosidase removes the rest residue, SI=g
0000000088
leaving linear chain. anranche d (a'1—>4) polymer;
3. Phosphoglucomutase converts GIP o G6P ,f.‘.‘i’:;féfy‘.‘;’si“a’ii‘.ii,

Figure 15-26 65
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company



Glycogen

Glycogen ,_, " Glycogen phosphorylase

Glucose 1-phosphate

v

[ Glucose 6-phosphate ] PENTOSE Be processed

Phosphoglucomutase

PHOSPHATE
GLYCOLYSIS .~ Muscle,  Liver  PATHWAY by PPP
/ brain Glucose \
6-phosphatase
Pyruvate Ribose + NADPH
W v
Lactate CO, +H,0 Glucose
Used as a fuel for aerobic & | Converted to free glc
anaerobic metabolism Blood foruseby IN liver for release into
other tissues
Figure 21-3 blood.

Biochemistry, Sixth Edition
© 2007 W.H.Freeman and Company
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Insulin and glucagon

Glucagon

P
»'OW glucose —&L an:::ree:s J secretion
a. \

- glycogenesis
+gluconeogenesis
+glycogenolysis

<+ glycogenesis
- gluconeogenesis
- glycogenolysis

MUSCLE, ADIPOSE
+ glycogenesis

4glucose transport
+glycolysis

, Pancreas Insulin
-hugh glucose —O-L g-cell —] secretion

http://chemistry.gravitywaves.com/CHE450/19 Insulin%20&%20Glucagon.htm




