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| : (a) Synthetic work: the process (b) Mechanical work: ‘ (d) Electrical work: the membrane potential of a mitochondrion
EURDEEE of photosynthesis the contraction of a
weight lifter's muscles Active outward transport of ions (protons)
H* +

Ll .

H o+ +7F +
Charge gradient
across membrane

{(membrane potential)

(e) Heat production:
shivering in the cold

(f) Bioluminescence: the
courtship of fireflies

L Active inward
transport of
molecules
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Higher free energy Heat losses
Decreased entropy

Solar energy

Carbon
FIGURE 5-5 The Flow of Energy and Matter Through dioxide
the Biosphere. Most of the energy in the biosphere originates in
the sun and is eventually released to the environment as heat.
Accompanying the unidirectional flow of energy from phototrophs
to chemotrophs is a cyclic flow of matter between the two groups of

Lower free energy

m Increased entropy

. . : . Water
organisms. Solar energy is used to reduce low-energy inorganic
compounds to high-energy organic compounds, which are used
by both phototrophs and chemotrophs.
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o-oheattoattract pollinators ortomelt: - oo g Cabbage, a Plant That Depends on
coverlying snow (Figure 5-6). - Metabolically Generated Heat. The skunk cabbage plant
s (Symplocarpus foetidus) s one of the earliest-flowering plants in the
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: eastern United States. The heat that it generates enables it to melt
el ln gen e ra|’ Z h oweve rﬁ): Ztﬁh:'eﬁ heat qS through overlying snow in late winter and begin growing when
e e Ty ey R NN t other plants are still dormant.
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coonenvironment, representing aloss of i
cenergy fromethe organism, o
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FIGURE 5-7 Open and Closed .
Systems. A system is that o
portion of the universe under
consideration. The rest of the _
universe is called the surroundings
of the system. (a) An open system .-
can exchange energy with its _
surroundings, whereas (b) a closed .-
system cannot. All living organisms .-
are open systems, exchanging '
energy freely with their

surroundings.

Surroundings




ciialternative energy unit, the joule (1), is preferred by oo
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@ ENTHALPY - ENTROPY - FREE ENERGY

[ &7
)

...................... ENTROPY

....................... Ihelawofdfsarderstalestfmfm'lsystemsmovelmmrdsmmdmum e e e e e e e e e e e e e e e e e e e

....................... randomness or disorder.

....................... Entropy (S) is a measure of disorder in a system. The more disordered the LT T T T T T T
............................................. systern the higher the entropy.

................................................

............................................. Thesa threa casasishow dn incréase in disorder

______________________ ® When neatly arranged items are scattered there is an increase in entropy. o,
....................... ® Entropy increases os a substance changes from a solid to @ liquid to o gas. B T T T

....................... @ The total entropy of a solution is greater than the sum of entropies in the S T T

............................................. solute and solfvent vhen each is in its pure state,

............................................. éfm NSNS

...................... Entropyposiﬁvelycauseschaos Coe e x e r w xax waaw s a o aa s a o aa s
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cresultinca decrease in the free energy content of the e
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ﬁ;;} ENTHALPY - ENTROPY - FREE ENERGY L

.............. Y
D PP ENTHALPY DL PSP

R Biery systerns hos lntemal eniergy die 1 the forces within and between e
........................... atoms and molecules, as well as the motion of its particles. This stored energy
NI (heat content) is called enthalpy (H). RN
NN Measuring Enthalpy :::::::::::::::::::::::::::::::

::::::::::::::::::::::::::: Consider @ gas jar filled vith axygen and methane. As the particles are in S
--------------------------- motion and have the potential to react violently, we know that the system
o contains a relatively large amount of enthalpy. OO IO
Lo The_reisnomyo{d}red’ ]ym‘,ﬁng”mlojofenrmyafthisgysm‘

RN Howevey, if the methane and oxygen are alfowed to react at a constant Lt
RO TR pressure the total heat released (change i enihalpy - AH) can be measured OISR

::::::::::::::::::::::::::: using a calonmeter, N NENCNENEE

ENTHALPY

(HEAT)




: E,% ENTHALPY - ENTROPY - FREE ENERGY

SR IO FREE ENERGY

::::::::::::::::::::::::::: If @ reaction is to occur spantaneously then it must release free energy (G)
........................... avalable to do work. Gibbs quantified free energy in terms of enthalpy and
I entropy according to the follovang equation.
SRR Gusmecten sy oy
............. Temrperature n kehin
e Thus: AG = AH - TAS
e ® A change in Gibbs Free Energy (AG) is the overall energy released or
OO absorbed during a reaction.

T ® AG must be negative for the reaction to proceed spontanecusly.
I IR ® Spontaneous reactions are exergonic (AG < 0). Non-spontaneous
L reactions are endergonic (AG > 0).

R R PP PROBABILITY OF SPONTANEOUS REACTION OCCURNING
LT m unmvouw?l»
ERIRSREN SN R N < EATROPY INCREASES
............. CASE ONE

RIRSPIEEN PSP REACTION SPONTANEOUS HIGHIY EXERGONIC.
............. w‘

R R PP REACTION sPONTANEOUS . L DECHEASES
RIS 2 A
........................... CASE EE

........................... REACTION SPONTANEOUS A e e
::::::::::::::::::::::::::: Spontaneous reactions - Free Energy is released
LT ENTROPY DECREASES >
SRR REACTON NN SeONTANEOUS T et

R RSP IR EPE R S

B DR PN REACTION NOW SPONTANEOUS EUHALT GRS . -
ERTIRSRE LN RN ENTROPY DECREASES .
NN RLACTION MO SPONTANEOUS VAL R Ao -
::::::::::::::::::::::::::: Non-spontaneousmcﬁous;ﬁeeinefgyisabsorbed et
........................... cmum:nm
VB G RO - T
..................................... Lecture]_..Bmenerget}Cs






{a) Energetics of glucose

oxidation. The oxidation
of glucose to carbon
dioxide and water is a
highly exergonic reaction,
with a AG value of —686
kecal/mol under standard
conditions. This value is
the sum of the AH and
—TAS terms.

AH=—-673 kcal/mol
—TAS =—13 kcal/mol

{b) Energetics of glucose

synthesis. The synthesis
of glucose from carbon
dioxide and water is
exactly as endergonic as
its oxidation is exergonic.
The AG value of +686
kcal/mol under standard
conditions is the sum of
the AH and —TAS terms.

AH = +673 kcal/mol
—TAS = +13 kcal/mol

(0] (8]
CeHi1206 > + 6 CeH1206

Glucose

P P PSSP + 6

Glucose

—686 kcal/mol
+686 kcal/mol

Free energy (G), in kilocalories/mole

Oxidation of glucose
Synthesis of glucose

AG

AG

FIGURE 5-10 Changes in Free Energy for the Oxidation and
Synthesis of Glucose The exergonic oxidation of glucose shown in
(a) has a large negative A G that is exactly equal in magnitude but
opposite in sign to the large positive AG for the endergonic syn-
thesis of glucose shown in (b).
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- fructose-6-phosphate is too high, and the



- (Notice that Keq is assumed to be 1.0.in this illustration; for other
ilues ok ked, the curve would he thie same:shape but st centered....-

Ly
.................................. o
.................................................................... Equilibrium

.................................................................... f——
Pure A K PureB ot

| o | | | DI DE D
1.0 10 100 1000 PO

0.001 0.01 0.1

Ratio [B]/[A] (in multiples of Kqu

FIGURE 5-11 Free Energy and Chemical Equilibrium. The

amount of free energy available from a chemical reaction depends

on how far the components are from equilibrium. This principle is

equilibrium constant, K, of 1.0. The free energy of the system
increases as the [B]/[A] ratio changes on eithersideofthe "7 .
equilibrium point. For a reaction with a Ky value other than 1.0,



S Table 5-1
- The Meaning of AG"’

- AG®’ Negative (KL, > 1.0)

The Meaning of AG®" and AG’

AG"’ Positive (KLq < 1.0)

AG” = 0 (Kiq = 1.0)

j : " Products predmninate over reactants at
. equilibrium at standard temperature,
" pressure, and pH.

. Reaction goes spontaneously to the right
" under standard conditions.

The Meaning of AG’

. AG Negative

Reactants predominate over products at
equilibrium at standard temperature,
pressure, and pH.

Reaction goes spontaneously to the left
under standard conditions.

A G’ Positive

Products and reactants are present equallyat
equilibrium at standard temperature, pressure, .-
and pH.

Reaction is at equilibrium under standard
conditions.

AG’' =0

. Reaction is thermodynamically feasible as

. written under the conditions for which AG'

- was calculated.

.~ Work can be done by the reaction
" under the conditions for which AG" was
. calculated.

Reaction is not feasible as written under the
conditions for which AG’ was calculated.

Energy must be supplied to drive the

reaction under the conditions for which AG'

was calculated.

Reaction is at equilibrium under the
conditions for which AG" was calculated.

No work can be done nor is energy required -
by the reaction under the conditions for which "
AG' was calculated. '
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B RN I ‘ ] X 10—6 11”' SRR
o AG = —(1.987 cal/mol-K)(298 K) In(0.5) +(1.987 cal/mol-K)(298 K) In ——
BT TP TR PSRN TR RIS 10 X 107°M -
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- will proceed to the right and will liberate 954
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~ energy changes, even though the reaction may
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S P PP PP 3600 FIGURE 5-12 The Relationship Between AG’’ and K.

''''''''''''''''''''''''''''''''''''''''''''''''' The standard free energy change and the equilibrium constant are -

B P PP PP related b}'theequation AG®" = —RTIn K;q. Note that ifthﬁ'ﬁ*qlli- -
librium constant is 1.0, the standard free energy change is zero. -

B 2400

''''''''''''''''''''''''''''''''''''''''''''''''' W 1200

L g ~1200 BTN IIS
v 2400 & N T T T T T

_________________________________________________ 3600

B NI IINIS 0001 001 01 10 10 100 1000 -l
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e AG®T = —RT In Klgg + RT I 1

B ee e = “RT In K R R



IR [Clpr [D]2 o




hetermRTbecomes(1,987 298) =592 oo

......................................................................................

ST = —RTInKeg I
o amd
S ! Clop D it
:-:-:-:-:-:-::::::::::::::::::::::::::::::::::::::::::::::::ﬂG = AG®° + RT In B b ::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
D P PRSI INOIO [Alpr [Blpr il
- can be rewritten as follows, in what are the most useful formulas for our purposes:
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o AGYT = RT In Ky = =592 1In Kl i
B IO = —5921In 0.5 = —592(—0.693)
S = +410cal/mol o
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R AT ’ [ti‘Llctose—ﬁ—phosphate]}“ ''''''''''''''''''''''''''''''''''''''''''''''''''''

S [glucose-6-phosphate],, 000l

BT 14 X 10°° PRSP PP

I = +410 + 592 In I

DR SIS 83 X 107 B ISR

R NN = +410 + 5921n 0.169 PR EMDPIIEIES

Bt R = +410 + 592(—1.78) = +410 — 1054 L

L = —644 cal/mol ~ nnrn
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............................ (A) DIRECT BURNING OF SUGAR (B) STEPWISE OXIDATION OF SUGAR IN CELLS B DR

RIS IN NONLIVING SYSTEM RN
] | ] targe actvation N B HRRR
............................ | energy overcome small activation energies
BRI | | | by the heat from e o o e e el
............................ 3 fira work at body temperature
PR ORI ORI ORI SuGAR + O | || - o -m-\ ; SRR ORI NIRRT
Ll | 'L-“.]ﬁ]- L
'''''''''''''''''''''''''''' I--I *
RO DP PP ORI - | 0 el
L 8 | . . J\J‘.]. some free NI
LD | reloased as hoat W = energystoredin 11T
BRI - | & | none s stored = N e
L | g = L
PR ORI ORI ORI | W\ SRR ORI NIRRT
Ll | U1 = L
DRI L éoen0 - €0, + 1,0 SO
- Schematic representation of the controlled stepwise oxidation of sugar in a-cell, compared: - -
- -with ordinary burning. (A) If the sugar were oxidized to.CO2 and H20 in-a single step, it would -
_____ release an amount of energy much:larger than could be captured for useful purposes. (B) In the
- cell, enzymes catalyze oxidation via a series of small steps in which free energy is transferred in
- conveniently sized packets to carrier molecules—most often ATP.and NADH. At each step, an-
+.enzyme controls the reaction by reducing the activation-energy barrier that has:to be ...
- surmounted before the specific reaction can occur. The total free energy released is exactly the
'''''' Sameln(A)and{B)

......................................................................



(A) COMBUSTION (B) BIOLOGICAL OXIDATION
H, ¥ 0; Hy v 0,

separate into H*
and electrons

w4+ 2@

EXPLOSIVE
RELEASE OF much of the
HEAT enargy is
ENERGY harmessed and
converted to
a stored form

H:0 1@—:,—1&02
k'-. 2H+

A comparison of biological
oxidation with combustion. (&) If
hydrogen were simply bumed, neary all of
the energy would be released in the form of
heat. (B) In biological oxidation reactions,
about half of the released energy is stored
in a form useful to the cell by means of the
electron-fransport chain {the respiratory
chain) in the crista membrane of the
mitochondrion. Only the rest of the energy
iz releasad as heat. In the cell, the protons
and electrons shown here as being derived . 77777

from Hz are removed from hydrogen oo

atoms that are covalently linked to MADH - - - - -0

meculess,. TN







B FOOD MOLECULES FROM CYTOSOL S

'''''''''''''''''''''''''''''''''''''' fatty acids pyruvate
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Phosphoanhydride
bonds

\ Phosphoester

\ bond NT N
o) o) 0 . |

1/ nl N .
‘D—T—G—T‘—O—FI’— |
O- O- O- o
- R
Phosphate groups
L. . S
Adenosine

(a) Structures of ATP, ADF and inorganic phosphate (at pH 7)

Reaction 1:Hydrolysis
(AG™ =-7.3 kcal/mol)

ATP*-+H,0 =<
Reaction 2: ATP synthesis
(AG™ =+7.3 kcal/mol)

ADP* + P2~ + H*

(b) Balanced chaemical equation for ATP hydrolysis and synthesis

FIGURE 9-1 ATP Hydrolysis and Synthesis. {a) ATP consists of -
adenosine (adenine + ribose) plus three phosphate groups attached to .
carbon atom 5 of the ribose. (b) Reaction 1: ATP hydrolysis to ADP -
and inorganic phosphate (P; ) is highly exergonic, with a standard

free energy change of —7.3 kcal/mol. Reaction 2: ATP synthesis by
phosphorylation of ADP is highly endergonic, with a standard free
energy change of +7.3 kcal/mol.



.................................................

oonvarohvrzed 1< nroximatels......... Standard Free Energies of Hydrolysis for
hydrOIVZEd|SapprOX|matEIy Phosphorylated Cofr’npnundsylnvnrved

- high-energy and the low-energy ' anditsHydrolysis Reaction AG” (keal/mol)

" phosphate compounds. | Ml r
e R A R S R IR s+ HyO ——— pyruvate + Py —14.8
T 3 bisphosphoglycerate

T g ——— 3ophosphoglycerate + Py —11.8!

................................... + HgO—’ creatine + Pi —10.3

- phosphorylation:of the compounds:: _+H.0—— adenosine diphosphate + P, 7.3

o belowitinthetable. = oo e e -5
L Glucose-6-phosphate
L T T+ HyO ——— glucose + Py -33







e [ (a) Anaerobic conditions. Under anaerobic (1o oxygen) or hypoxi
T T PR e R R T L UL DL S DL -defi nditions, a mod f

- Biological Oxidations Usually Involve the Removal of = | gty fementation Lacate s themost common enc
........................................................... d I I : d h I bo dl Id
" Both Electrons and Protons and Are Highly Exergonic | _temostcommon sndprocuctnoterorganine.
LT s s e =

- Tosay that nutrients such as carbohydrates, fats; or ... [ 55 Z"E\AT% T syntheticwork
~proteins are sources of energy for cells means that "N __, [—
1 these are oxidizable organic compounds and that their = /S | B
- oxidation is highly exergonic. Recall from chemistry that = [ e |/
e BRI R Y EAG I RO L MGl TR LIy e "

" oxidation is the removal of electrons. Thus; for =0 i

R Bioluminescent work
i example, a ferrous ion (Fe2+) is oxidizable because it - @0\ _

.......................................................... a Heat
- readily gives up an electron as:it is converted toa ferric -

------------------ T e e e e e e e e e e e e e e e e e (b)) Aerobic conditions. In the presence of oxygen, ATP is generated
'''''''''' io.n'(Fe'B'.F R D A PP PP by aerobic respiration as oxidizable nutrients are catabolized
e e e e e e e e e e e e e e e e e completely to carbon dioxide and water. Aerobic respiration
.................................... I+ I+ L ylelds approximately 20 times more ATP per glucose molecule
o e — Fett @ il | than does anaerobc fermentation.

------------- The only difference in biological chemistry is that the e

"1 oxidation of organic'molecules frequently involves the = @)+ (i) - A7V ommeen
- removal not just of electrons but of hydrogen ions -
o (protons) as well, so that the processis-often also.one - \j —
- of dehydrogenation. Consider, for example, the " | S | Mechanicalveork
- oxidation of ethanol to the corresponding aldehyde: @@ . Stk
R . i L R et The KTPADP Systar e  Hesas f Consreng
L CHy—CHy—OH —— CHy— C==0 + 26 + 2H T 00 e e of (b) aéeabic conditions by he ovidat v
SR Ethanol Acetaldehyde T aboliem of nuirents (leftside) and s used fo do celluar vork
L MBGR0M L L L




............................................ oxidation

-------------------------------------------- CH; CH, OH >CH3— C=0 + [2H] -

...................... {deh}-drﬂgenaﬂﬂ”j

DT T SRR E LN Ethanol Acetaldehyde P PSP

.......................................................................................



..................... reductlﬂn

i CHy G0 + [2H ] >»CH;—CH,—OH -0

......................................... {h}'drggen-aﬂgn:l
......................................... Acetaldehyde Ethanol

....................................................................................



L L
reduction
= C—NH, [+ 2H] ———— C—NH, [+ H
| oxidation | |
4 =N
ﬁ' N+ N
0O—P—0—CH, Nicotinamide
(oxidized form) Nicotinamide
(reduced form)

-Pyrophosphate | The Structure of NAD™ and Its Oxidation and Reduction
bridge 0 HO  OH NH The portion of the coenzyme enclosed in the red box is -
2 nicotinamide, a B vitamin. The hydrogen atoms derived from an
N =N oxidizable substrate are shown in light blue. When NAD" is used as -
H 4( | )\ Adenine ap electron acceptor, two electrons and one proton from the oxidiz- j

O—P—0—CH, N Nf-"" H able substrate are transferred to one of the carbon atoms of
O nicotinamide, and the other proton is released into solution. NAD'

O is commonly the electron acceptor in the oxidation of C—C
~ 2l (carbon-carbon) bonds. In NADP™, a related coenzyme we will .
bose encounter in Chapter 11, the circled hydroxyl group is replaced by a -
HO @ phosphate group. :
e MBGEOR L i 2 GIYCOIySIS And FRmERRIHOR: |1l



...................................................................................

.................................................................................

S NADT 4 2[H] > NADH A H T
o (oxidiged) (reduced) 000D DD D DD D D
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< example; they normally function aerobically but switchto



- power are conserved in the form of ATP and




S I (a) Phase 1: Preparation and (b) Phase 2: Oxidation and ATP (c) Phase 3: Pyruvate formation | - - - - - -
PRI cleavage. The six-carbon glucose generation. The two molecules and ATP generation. Thetwo |- - - - -
DR RN molecule is phosphorylated twice of glyceraldehyde-3-phosphate are 3-phosphoglycerate molecules | - -
DU by ATP and split to form two oxidized to 3-phosphoglycerate. Some are converted to pyruvate,with | -~
DRI molecules of glyceraldehyde-3- of the energy from this oxidation is accompanying synthesis of two | ... . L
IR phosphate. This requires an input conserved as two ATP and two NADH more ATP molecules. DRI
::::::::::::::::::::::::: of two ATP per glucose. molecules are produced. :::::::::::::

@
+

-

............ . > Q00
e Glucose EDEEDETE
SRR + 2NAD+2 + e
i Q ® @0
L QA QA PRI
B 2| Glyceraldehyde- 2| 3-phospho- 2|Pyruvate |
L 3-phosphate glycerate e
B An Overview of the Glycolytic Pathway. During glycolysis, one molecule of glucose is split e
o and partly oxidized, generating two molecules of pyruvate. In the process, energy is conserved as a net gain of L
e two molecules of ATP and two molecules of NADH. This ten-step process occurs in three main phases (a—c), DRI
oo as shown above, Simplified structures show only carbon atoms (gray) and phosphate groups (vellow). N
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............. BG3 S U Leeture 2 Glyco|ys|5 and Fermentation - - - -






H
H—C‘—O—®

o] o] H H |
Il | \ | = c=o0
C—H C—H H—C—OH H—c—0—P) |
| | \ | HO—C—H
H—C—O0H H—C—OH c=0 CcC=0 |
| | \ | H
HO—C—H HO —C —H HO—C—H HO—C—H T
| | —— [ Dihydroxyacetone
H—C—OH @ H—C—OH @ H—C—OH @ H—C—OH Ghd) phosphate
| + | \ + |
H H
H—C—O0H H—C—OH H—C—0H H—C—OH
| | \ | “
H—C—OH H—c—o—P) H—c—o—(P) H—c—o0—P)
| | \ | H—C=0
H H H H [
= H—c—oH
Glucose-6- Fructose-6- Fructose-1,6- H “:
phosphate phosphate bisphosphate H—C—0 _®
\
H
- S
s Glyceraldehyde-
Phase 1 3-phosphate
Enzymes that Catalyze These Reactions NAD*
Gly-1:  Hexokinase
Gly-2:  Phosphoglucoisomerase -
Gly-3:  Phosphofructokinase-1 TH
Gly-4:  Aldelase o
Gly-5:  Triose phosphate isomerase I
Gly-6:  Glyceraldehyde-3-phosphate Cc—0— : )
dehydrogenase Phase 2 < |
Gly-7:  Phosphoglycerokinase H— C—OH
Gly-8:  Phosphoglyceromutase |
Gly-9:  Enolase H—C *0—@
Gly-10: Pyruvate kinase |
H
sphospho-
glycerate
Phase 3 .@
‘
r )
(o] 0 0 o]
Il I I ll
C—0 gt C—O c—o c—o-
| L | | |
c=o VA c—o0—F) H—C—O0 ———=H-Cc—OH
| @19 ! D) ‘ @ ‘
H—c—H @19 H—C @y H—C—OH Gy ®) H—c—o—p)
\ | \ \
H H H H
Phosphoenol- 2-phospho- 3-phospho-
pyruvate (PEP) glycerate glycerate

LT The Glycolytic Pathway from Glucose to Pyruvate. Glycolysis is a sequence of ten reactions
*_ in which glucose is catabolized to pyruvate, with a single oxidative reaction (Gly-6) and two ATP-generating

I MBGROG
o Blochemlstry/Hlkmet Gegkrl

. . steps (Gly-7 and Gly-10). The enzymes that catalyze these reactions are identified in the center box.
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STEP 1 Glucose is
phosphorylated by ATP to
form a sugar phosphate.
The negative charge of the
phosphate prevents
passage of the sugar
phosphate through the
plasma membrane,
trapping glucose inside
the cell.

STEP2 A readily

For each step, the part of the molecule that undergoes a change is shadowed in blue,
and the name of the enzyme that catalyzes the reaction is in a yellow box.

CH,OH CH,O(P)
(@) hexokinase (9]
-
OH + —w Koo ¥ + B
OH HO OH
OH OH
glucose glucose 6-phosphate

reversible rearrange- O\C CH,OH
ment of the & CH,O(P) I’ e i
chemical structure . H—C—OH C=0
(isomerization) |2 ph‘i)sph"gr';;?” 2'
moves the SOme
from carbon 1to - I e 2 l
a ketose from an | ) [
aldose sugar. (See H—CS—()H H—f')L —OH
Vel 2l l l {ring form)
s CH.0(P) sCHO(®)
(open chain form) {open chain form)
glucose 6-phosphate fructose 6-phosphate
e MIBGRA LT
................................ LecturezGlyco|y5|sandFermentat|on



STEP3  The new hydroxyl . . ) .
group on carbon 1is @OHZC 0. CH,OH phosphofructokinase @()H.,C O (—H_-0®

phosphorylated by ATP, in ‘
preparation for the formation HO * * HO + + W
of two three-carbon sugar OH OH
phosphates. The entry of !
sugars into glycolysis is OH OH
controlled at this step, through g
ragulation of the enzyme fructose 6-phosphate fructose 1,6-bisphosphate
phosphofructokinase.
STEP4  The six- C|H20® Cl“-'o
carbon sugar is 5 3
cleaved to produce ® ?'—0 Cl—'o
two three-carbon OH,C 0. CHO :) 7 %
molecules. Only the ¢ . HO—C —H aldolase HO—C —H H\ /O
glyceraldehyde — 135 - | 17 C
3-phosphate can - H—C—0OH %+——mm H |
proceed immediately OH | H—C —OH
through glycolysis. OH H—? —OH |
{ring form) CH»O@ CH30®
(open chain form) dihydroxyacetone glyceraldehyde
fructose 1,6-bisphosphate phosphate 3-phosphate
T NIB G RO T T T T
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STEP5  The other : H\‘ /0

product of step 4, CH,OH = %

dihydroxyacatone ¥ triose phosphate isomerase A

phosphate, is C - > oAl

isomerized to form | N § H‘—'C_-Q"

glyceraldehyde CH,O (':

3-phosphate, 2 @ H,O@

dihydroxyacetone phosphate glyceraldehyde 3-phosphate

STEP6  The two molecules (®) H O O

of glyceraldehyde 3-phosphate \c/ alyceraldehyde 3-phosphate \c/ ®

are oxidized. The energy dehydrogenase *

generation phase of glycolysis l 3 +.1

begins, as NADH and a new H—C—OH 4 +® = > H——OH

high-energy anhydride linkage é _

to phosphate are formed (see H ,»0® Hﬁ)@

e 3135, glyceraldehyde 3-phosphate 1.3-bisphosphoglycerate
T NIB G RO T T T T
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STEP7  The transfer O\ /0® O\ /0-

to ADP of the high- C phosphoglycerate kinase [ X
energymphosphote | - - | + m
group that was H—C—OH + m]: - A Y
generated in step 6 é (|: s
forms ATP. CH, CH,O@
1.3-bisphosphoglycerate 3-phosphoglycerate
(O (O
STEP8  The remaining O\ 7 0\ Ve
phosphate ester linkage in 3- 1C phosphoglycerate mutase C
phosphoglycerate, which has a | > |
relatively low free energy of H—C—OH - H—C—O(P)
hydrolysis, is moved from . 4
carbon 3 to carbon 2 to form H , H,OH
2-phosphoglycerate. ke :
3-phosphoglycerate 2-phosphoglycerate
B RO
................................ Lecture.z.: Glycolys|sand.Fermentat|on. P



STEP9  The removal of L O

water from 2-phosphoglycerate C enolase

creates a high-energy enol — é >
phosphate linkage. H— “0 -

-
STEP 10  The transfer to 0\ 7 )
ADP of the high-energy pyruvate kinase C
phosphate group that was > | + BT
generated in step 9 forms C=0
ATP, completing glycolysis. <!'H 2
Hy
pyruvate
VB G RO



NET RESULT OF GLYCOLYSIS O (o8

N 7/
C
CH,OH v |
O f 3 } } c|=0
HO OH
» O O
OH ) d N/
(AP TP (AP L.
=+
CH;
In addition to the pyruvate, the net products are two molecules
glucose two molecules of ATP and two molecules of NADH of pyruvate



In the absence of oxygen glycoly5|s Ieads to fermentatlon In the
presence of oxygen glycolysns Ieads to aeroblc resplratlon }5;5;:-:--

To aerobic respiration
(see Chapter 10)

0
|(|: — 0 Aerobic conditions (+ 02)
From (‘: —0 Anaerobic conditions (- 02)
glycolysis | (b)

NAD* o

Il
(c) & c—o
H—(|:—0H

. : |

Il CH,

Lactate

(a) Aerobic conditions. In the presence
of oxygen, many organisms convert
pyruvate to an activated form of
acetate known as acetyl CoA. In this
reaction, pyruvate is both oxidized
(with NAD being reduced to NADH)
and decarboxylated (liberation of a
carbon atom as COz). Acetyl CoA then
becomes the substrate for aerobic
respiration, where NADH is oxidized
back to NAD" by molecular oxygen
(see Chapter 10).

(b) and (c) Anaerobic conditions. When
oxygen is absent, pyruvate is reduced
so that NADH can be oxidized to NAD,
the form of this coenzyme required in
Reaction Gly-6 of glycolysis. Common
products of pyruvate reduction are (b)
lactate (in most animal cells and many
bacteria) or (c) ethanol and co, (in
many plant cells and in yeasts and
other microorganisms).

Acetaldehyde NAD*

Enzymes that Catalyze These Reactions |
ADH: Alcohol dehydrogenase
LDH: Lactate dehydrogenase |

PDC: Pyruvate decarboxylase CH
PDH: Pyruvate dehydrogenase

The Fate of Pyruvate Under Aerobic and Anaerobic Conditions. The fate of pyruvate
depends on the organism involved and on whether oxygen is available. The enzymes that catalyze these

L s reactlons are 1dent1ﬁed in the box
_;_f:f:MBG304
L Blochemlstry/Hlkmet Gegkrl
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o * Thenet result of the first three reactions is to convertan oo
- unphosphorylated molecule (glucose) into-a doubly phosphorylated -
- molecule (fructose-1,6-bisphosphate). -
e Reactions 1.and 3. are strongly exergonic (AG™ >=-4.0 kcal/mol), making -
oo themressentially irreversible, o
DO H SEERIE
RIDUOEE e e—o— )
DOSS 0 0 H H | SBEEERE
SOOI . e o H_é_g@ — 1 OSSN
R S o I o—¢—H
R | @P | ) | H RIS
''''''''''''''' HO—C—H HO—C—H HO—C—H HO—C—H
RO | | — | | —— | Piwdrowaceone |1
--------------- H—C—OH H—C—OH H— C—OH H— C—OH phosphate
::::::::::::::: | o o | o | on @ i | on :::::::::::::::::::
_______________ H—C— H—C— H—C— H—C—
S o 1—t-0-®  H-t—0-® i—c—0-@® | o
SRR H H H " T R
j:::::j:j:i:i:i Glucose Glucose-6- Fructose-6- Fructose-1,6- o H_T_OH :i:::::j:::::i:j:j:
phosphate phosphate bisphosphate H_T_O P)
DRI H IS
cnin g Phase | ( obome |



...................

onniilimportant in the regulation of glyeolysis.
“eNext, fructose-1,6-bisphosphate s split: reversibly by the enzyme aldolase to yield two trioses
oo (three-carbon sugars) called dihydroxyacetone phosphate and glyceraldehyde-3-phosphate.
onnirl Weican summarize this first phase:of the glycolytic pathway (Gly-1to Gly-5) as follows: 000
CUIIIIIIINI  gcose H 2ATP T
P P P 2 glyceraldehyde-3-phosphate + 2ADP L
SRR H—C—0—P) oo
R o 0 H H | P
SRR . I, . H—é—o@ = =t L
:::::::::::::::::::::: H—C|—OH H—(|:—0H r|_—0 é o HO—(|:—H :::::::::::::::::::
:::::::::::::::::::::: | | | | H :::::::::::::::::::
Sl HOT O mOTITH T &4: MO0 | [ oibydroxyacetone | 0l

T H—C—OH H— ¢ —OH H— C—OH H—C—OH phosphate L

s H—(|:—OH i+ H—(|:—0H H—r|_—0H H H—cl_—OH B

L e e e || e o

o H H H H | " L

:::::::::::::::::::::: Glucose Glucose-6- Fructose-6- Fructose-1,6- - H_T_OH :::::::::::::::::::
LT phosphate phosphate bisphosphate H—C—0 L
B | —® o
IR J H L
o N




| .
................................................................................................................................................... — cC=0 .
................................................................................................................................................... ‘ ..
~.*Inthis phase, ATP production is linked directly to.an oxidative event. - S
................................................................................................................................................... H .
T R
B L L PR IEIERTIPRAREPOPS phosphate | .-
© -+ The oxidation of glyceraldehyde-3-phosphate 3-phosphoglycerate is highly . .
- exergonic:and drive both the reduction of the coenzyme NAD+ (Gly-6) and the = l®
- phosphorylation of ADP with-inorganic phosphate (Gly=7)...........o L
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: H—é—o P::
R L LN | 5
-+ Historically, this was the first example of a reaction sequence in whichthe 00—
.. coupling of ATP generation to-an oxidative event was-understood. .~ ehosphate | -
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: ® ::
T T e )
e ATP generation by such direct Pi transfer is called substrate-level "~ 0000000 g
Cniphesphorylation.
I L D D D D D g t—0—@®
© '+ Keep in mind that each reaction in the glycolytic pathway beyond glyceraldehyde- = | o
~.3=-phosphate occurs twice per starting molecule of glucose .- n b H
Lt E L L Pt S AR PP EPEPEPEPEPPEPEPEP T
R L LN glycerate
-+ We can summarize this second phase of the glycolytic pathway- (Gly-6 to:Gly-7) as- - @®
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' r’\/\/
o OlOWS:
BN P
Ll glyceraldehyde-3-phosphate + NADT + ADP + Py—— o i b 70
REIEEREEPEEPLS RIS 3-phosphoglycerate + NADH + H™ + ATP ..o N
T H—c—0—@. ..
O PSR E P e PSP E P L PRSP PE L E L P L P PP S PEPE PP EPEPE PR PO PEPE RO PEPEPEREPEPE H 0
::::::::::::::':':':::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: }phosp?&
e MBGRUA T e 24 GlycolySis and Farmentation 1ol i




e PEP hydrolysis is exergonic enough to drive ATP synthesis in Reaction:Gly-10-at: o
i substrate-level hosphorylation.
~ = This transfer, catalyzed by the enzyme pyruvate kinase, is highly exergonic (AG”=-
i 7.5 keal/mol) and is therefore essentially irreversible. - io il il
{18 We can summarize the third phase of glycolysis as: oo
s phosphoglycerate + ADP—— pyruvate + ATP [
_________________________ e iy 7
s 8 N

’ﬁ’ ‘ﬁ' ‘ﬁ‘ ‘ﬁ'

C—O" + C—O" \ C—O" c—oO"

| k‘/ | | |

:|:=0-l ﬁ—o@ ,L > H—L|".—{)4® = > H—fi:—DH
H—C—H H—C H— C —OH H—Cc—0—P

H H H H
Pyruvate Phosphoenol- 2-phospho- 3-phospho-
pyruvate (PEP) glycerate glycerate



........................................................................................

~ o ATPand NADH is about -20 kecal/mol, e



The Fate of Pyruvate Débends on Whether
o owments Avallable

To aerobic respiration

(see Chapter 10) (a) Aerobic conditions. In the presence
of oxygen, many organisms convert
© / pyruvate to an activated form of
g — S —CoA acetate known as acetyl CoA. In this

reaction, pyruvate is both oxidized
(with NAD being reduced to NADH)
and decarboxylated (liberation of a
carbon atom as COz). Acetyl CoA then
becomes the substrate for aerobic
respiration, where NADH is oxidized
back to NAD" by molecular oxygen

(see Chapter 10).
0
|(|: — 0 Aerobic conditions (+ 02]
\ . .
From c—=o Anaerobic conditions (- 02)

glycolysis (b) and (<) Anaerobic conditions. When

oxygen is absent, pyruvate is reduced
so that NADH can be oxidized to NAD,
the form of this coenzyme required in
Reaction Gly-6 of glycolysis. Common
products of pyruvate reduction are (b)

o @O © |

lactate (in most animal cells and many
bacteria) or (c) ethanol and co, (in
many plant cells and in yeasts and
other microorganisms).

Acetaldehyde NAD*

Enzymes that Catalyze These Reactions |
ADH: Alcohol dehydrogenase
LDH: Lactate dehydrogenase |

PDC: Pyruvate decarboxylase CH
PDH: Pyruvate dehydrogenase

The Fate of Pyruvate Under Aerobic and Anaerobic Conditions. The fate of pyruvate
depends on the organism involved and on whether oxygen is available. The enzymes that catalyze these

reactmns are 1dentmed in the box

G4 -
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0 .
........................... Koy NAD %

NAD. ...................................................
regenaration [ ..o Lottt

H(|T=O :::::::::::::::::::::::::::::::::::::::::::::::::::

i CH,

2 x acetaldehyde H.C —OH P AP
il DRI

CH;y e S A SRR

CO, 2x ethanol PP
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- ethanol makes the product an alcoholic beverage, and
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 Other Sugars an Glyerol e Also Catabolzed by the ol Pathway

- MBGO4

‘ Lactose |

‘ Maltose ‘ ‘ Sucrose ‘

Galactose-1-
phosphate

l®

UDP-galactose

l®

UDP-glucose

(&

Glucose-1-

Al r
Glucose

Tol25

ADP) <~

Fructose

J@

Glycerol

e

‘/@

Glycerol-3-
phosphate
NAD* —|

@ |

e

@

phosphate

@

phosphate

Glucose-6- | — | Fructose-6- Fructose-1,6-
—~—— LA)

phosphate

Dihydroxyacetone
phosphate

bisphosphate

Glyceraldehyde-3-
phosphate

GD)

Mannose-6-
phosphate

(BDP) =~

it
Mannose

@D

Further catabolism
via the glycolytic
pathway

[Eilg
E2:
E3:

Enzymes That Catalyze These Reactions

Starch phosphorylase
Glycogen phosphorylase
Galactokinase

: Uridyl transferase

: UDP-galactose epimerase

: UDP-glucose pyrophosphorylase
: Phosphoglucomutase

E8: Lactase

E9: Maltase

E10: Sucrase

E11:Hexokinase

E12: Phosphomannoisomerase
E13:Glycerokinase

E14: Glycerol-3-phosphate dehydrogenase

Carbohydrate Catabolism by the Glycolytic Pathway. Carbohydrate substrates that can be
metabolized by conversion to an intermediate in the glycolytic pathway are enclosed in colored boxes. These
include the hexoses galactose, glucose, fructose, and mannose; the disaccharides lactose, maltose, and sucrose;
the polysaccharides glycogen and starch; and the three-carbon compound glycerol. The conversion reactions
are shown by blue arrows. The enzymes that catalyze these reactions are identified in the box at the bottom.
The first six reactions of the glycolytic pathway are highlighted in tan; for the names of the enzymes that
catalyze these reactions, see Figure 9-7. In some cases, other enzymes or reaction sequences may be involved,
depending on the organism and tissue.
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................................................................................................................ . | GLUCOSE |
___________________________________________________________________________________________________________________ *ﬁ T D
___________________________________________________________________________________________________________________ /".
T T T T T T T T T j x
T L L T L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L [, Glucosephosphate |
BN EE NN NDEE 1 t

Fructose-6-phosphate |

B S S OO PRSPPI ORI | @D
......................................................... |j t|

Fructose-1,6-bisphosphate

. Pathways for Glycolysis and Gluconeogenesis Compared. . SRR

IRREE The pathways for glycolysis (left) and gluconeogenesis N[ Difydroxyacetons

U inei - |

.......... (right) have nine intermediates and seven enzyme-catalyzed .

... reactions in common. The three essentially irreversible reactions of | @ GLUCONEOGENESIS
.......... . . . . . . lyceraldehyde-3-phosphate

.......... the glycolytic pathway (in green shading) are circumvented in | e vde s phosphate | .
.+ gluconeogenesis by four bypass reactions (in yellow shading). o _—_j 2 NAD*
... Gluconeogenesis, on the other hand, is an anabolic pathway, | s oyt ] 2 CnaorD
... requiring the coupled hydrolysis of six phosphoanhydride bonds | 2q ,
. (tour from ATP, two from GTP) to drive it in the direction of eI )
.......... . ; § . ' 2 | 3-phosphoglycerate | ]
---------- glucose formation. The enzymes that catalyze the bypass reactions \

... are shown in gold and are identified in the box. In animals, glycolysis - lr

.. occurs in muscle and various other tissues, whereas gluconeogenesis 2| _2phosphoglycerate \'

... occurs mainly in the liver and to a lesser degree in the kidnevs. |

L L T T T R 2 (o)—
P P 2 [ Phosphoenolpyruvate (PEP) |
e e e e e e e e \/"2
................................................................................................................... @Eere® |~ 2 Gom>
e e e e e e e e e e e e e e e 2@k Cz
e e e e e e e e e e e e e T e ) (SR Oxaloacetate
B DO PSP IO RPRO TSRS 1. 2R
SN 2
''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' A J
DRI ICUENEIES 2| PYRUVATE |2
DI ICIENECIES Enzymes That Catalyze the Bypass Reactions
................................................................................................................... of Gluconeogenesis
................................................................................................................... PC: Pyruvate carboxylase
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' PEPCK:  Phosphoenolpyruvate carboxykinase
----------- M- .0-4-----.-.-..-I-.u.u-.-.-.-----.-.-..u.u.u.u-.-. .-----. .-. u.u.u u-.--.-.-- --.-.-. u.u.u.u‘.. FBPase: Fru(tose—1,6—bi5 hOS hatase
....... BG3 T Lecture 2: GIyCOIys'S and Fermentath GPase: Glucoseé—phosghataie




CH,OH P P P PP PP PE DL

Q T
one molecule An outline of glycolysis. Each-of the 10 steps - -
erglucese HO O energy shown is catalyzed by a different -0

inves-tment ............................................

OH to be nzyme. Note that step-4 cleaves a six-carbon -

mﬁ STEP 1 e e'-’.-:y:m;‘-g:-:-:-Q.t-?:-h:-:-:-‘?-:-:p:-:-:F-:-:-:-:-:-:-.q:-:-:-:99-:-:9-:-:-:-:-:
sugar into two threecarbon-sugars, so that the - -

STEP2 e e e e L R Lttt

= l number of molecules at every stage after this:....

s doubles. As indicated, step 6 begins -

POH,C o CHO® L T T

fructose 16 » the energy generation phase of glycolysis......-.---..-
e OH Because two molecules of ATP are hydrolyzed -
OH R T R R R R

S aevageor I the early, energy-investment phase, -0

h;ft:, glycolysis results in the net synthesis of 2 ATP -

three-carbon v

STeps  sugars and 2 NADH molecules per molecule of glucose

0 molecules of (|ZHO (|ZHO ::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
o I B S
CHlOP CHEO P ........................................................................................

m—]  ses B IO E PPN DDOEPIPIS
m— e T L

STEP8 B OO I IO D ORI DDDEIP RIS

sTEP9 energy NIRRT

generation IR IR A PR P L EPEPL PR PEPEPRSPEPEPEPRPPRPENS

mQ-— e — B DD DD DEEMDDENMMDIIIED

(|ZOO_ (|IJO_ ::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

o molecules _ _ RIS IR IR SR O TR e P L L PP L L LD PP U P PSP EPEPL PP EPEPEPEPIRREPS
“of s T T R S L L L N
CH, CH; = N e e e e e e e e e e e e e e T T T
:::::::::::M:BGSQ:{::::::::::::::::::::::::::::::::::::::::::L:e.é.t:l,il:‘.e::2-:!:.C-.ill\:/.CI:(:).I)./:S;i:S;:é:I"iC-j::Fél‘zl’:]’.]éh:’c;:’::\ti:(:):l’i::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::



StEP6  The two molecules
of glyceraldehyde 3-phosphate
zreggl(ldued. T{lde phesp
energy-generation phase of
ghycolysis begins, as NADH and
a8 new high-energy anhydride
linkage to phosphate are
formed {ses Figure 13-5).

- —OH
|
CHO—F

ghyceraldehyde 3-phosphate

St2p 7 The transfer
to ADP of the
high-energy phosphate
group that was
generated In step &
forms ATP.

Step8  The remaining
phosphate ester Inkage In
3-phosphoglycerate,
which has a relatively low
free energy of hydrolysis,
Is moved from carbon 3
to carbon 2 to form
2-phosphoglycerate.

5tep?  The removal of
water from 2-phosphoglycerate
creates a high-energy enol
phosphate Iinkage.

Step 10 The transfer to
apP of the high-energy
phosphate group that was
generated In step 3 forms
ATP, completing

glycolysts.

RET REZULT OF GLYCOLYSIS

CH,OH
o]

H—C—0OH
CH,O—-E
1,3-bisphosphoglycerate

|
H=—C —0OH
CH,0—P
3-phosphoglycerate

H—C=—0O—P
H,OH
Z-phosphoglycerate

|

C—0D—P

CH;
phosphoenolpyruvate

glyceraldehyde 3-phosphate o o
dehydrogenase W —E

T + [0 + e

H—C —0OH
|
CH,O0—P
1,3-bisphasphoglycerate

phosphoglycerate kinase

H—Eli—(}-l
CH,0—F

3-phosphoglycerate

phosphoglycerate mutase
H <|Z -D—p
CH,OH
2-phosphoglycerate

|
C—0—p + HO

+ app + H*

H,
phosphoenolpyruvate

0
b
pyruvate kinase %(Z
1
T
CH;

pyruvete

In addition to the pyruvate, the net products are

,
o
R

o

C
AP '
C=0
CH,
two molecules

two molecules of ATP and two molecules of NADH. of pyruvate

s

rom.

ADP and Pi,




PSP [ aucose | e PRSI
GéP@—b Hexokinase Glucose-6-
B RS SRS PP R PP | e NN
DLLII e A @ [ Frucosesphosphare | DS P
................................................. AMP@

R S SN S S SRRSO - @ Fructose-16- D\ — &) F2.68P I
................................................. ATP — iNase bisphosphatase | <=-____
................................................. - } @me T
CDDDDDDDDD DR e @ (" Fractose 1 S bisphorphate ] NN
B GivcoIvsiS D X L
................................................. o .-....l...l........-.-.-.-......l.
................................................. [Reactions Gly-4
''''''''''''''''''''''''''''''''''''''''''''''''' through Gly-9]
_________________________________________________ y i
L v GLUCONEOGENESS e

PEP
carboxykinase

................................................. ATP@: Fyruvate Lttt
........................ kinase Oxaloacetate

Acetyl LT LT T T
—— @Ay

Pyruvate
carboxylase

''''''''''''''''''''''''''''''''''''''''''''''''' | PYRUVATE

e N | o

LACTATE

------------------------- The Regulation of Glycolysis and Gluconeogenesis. Glycolysis and gluconeogenesis are B

""""""""""""" regulated in a reciprocal manner. In both cases, regulation involves allosteric activation (+) or inhibition (—)

------------------------ of enzymes that catalyze reactions unique to the pathway. For glycolysis, the key regulatory enzymes are those BT

------------------------------------------------- that catalyze the three irreversible reactions unique to this pathway (green). For gluconeogenesis, two of the four -+« « « « « =« o v v v v e
................................................. bypass enzymes (gold) that are unique to this pathway are the main sites of allosteric regulation. Allostericreg- . *.* .. ", . . .. . 000

------------------------- ulators include acetyl CoA, AMP, ATP, citrate, fructose-1,6-bisphosphate (F1,6BP), fructose-2,6-bisphosphate . 7.7, 7. 7. 7.7 7. 7 7 7 7 7 m m 7T,

------------------------------------------------- (F2,6BP), and glucose-6-phosphate (G6P). Acetyl CoA and citrate are intermediates in aerobic respiration. Sttt
''''''''''''''''''''''''''''''''''''''''''''''''' F2,6BP is synthesized by phosphofructokinase-2 (PFK-2). L
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~* We will focus much of our attentiononthe
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" Mitochondrion

Triglycerides

€) PYRUVATE ;
OXIDATION Hydrolysis

Iy i

B mudarlon
@ cLYcoLYSIs
CYTOSOL ﬁ CYCLE

MATRIX

Pyruvate Fatty acids

o ELECTRON
Inner membrane TRANSPORT
and
Intermembrane space PROTON
Outer membrane PUMPING
Crista

9 ATP SYNTHESIS

‘H*

o The Role of the Mitochondrien in Aerebic Respiration. The mitochondrion plays a
- central role in aerobic respiration. Most respiratory ATP production in eukaryotic cells occurs in this
" . organelle. Oxidation of glucose and other sugars begins in the cytosol with glycolysis (stage @), producing

" . pyruvate. Pyruvate is transported across the inner mitochondrial membrane and is oxidized within the matrix

* . to acetyl CoA (stage @), the primary substrate of the tricarboxylic acid (TCA) cycle (stage €). Acetyl CoA
* . can also be formed by 8 oxidation of fatty acids. Electron transport is coupled to proton pumping (stage @),
* . with the energy of electron transport conserved as an electrochemical proton gradient across the inner mem-
* _ brane of the mitochondrion (or across the plasma membrane, in the case of prokaryotes). The energy of the

. _ proton gradient is used in part to drive the synthesis of ATP from ADP and inorganic phosphate (stage 9).
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Inner and outer Rough endoplasmic
membranes reticulum

Cristae

Outer membrane

Intermembrane
space

Inner membrane

Matrix Matrix

Cristae

(a) Electron micrograph ' 1pm (b) Schematic diagram

Mitochondrial Structure. (a) A mitochondrion of a bat pancreas cell as seen by electron
microscopy (TEM). The cristae are formed by infoldings of the inner membrane. (b) A mitochondrion is
illustrated schematically in this cutaway view that shows the traditional “baftle” model of cristae structure. As
noted in the text, however, this model is currently being reconsidered. Recent analysis using EM tomography
suggests that the connections between the intracristal spaces and the intermembrane space are more limited
tubular openings known as crista junctions.



The F; and F, Complexes of the Inner
Mitochondrial Membrane. (a) This electron micrograph was
prepared by negative staining to show the spherical F; complexes
that line the matrix side of the inner membrane of a bovine heart
mitochondrion (TEM). (b) Cross section of a mitochondrion,
showing major structural features. (¢) An enlargement of a small
portion of a crista, showing the F, complexes that project from the
inner membrane on the matrix side and the F, complexes
embedded in the inner membrane. Each F) complex is attached to
an F, complex by a short protein stalk. Together, an F F, pair
constitutes a functional ATP synthase.

' |
/ ° o . .
/
! F,F, ATP synthase
/ .
! e .
Porins Cristae //
[ F, complex F, complex
" ‘1 “ / .
.
Outer membrane ‘ : ®
Intermembrane space .
Matrix .
Inner membrane ® i
Inner membrane
. . Porin
Matrix (with — Intermembrane space
ribosomes)

- (b) Cross-sectional diagram of a mitochondrion (c) Cross-sectional diagram of a portion of a crista
X showing F F, complexes
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RO RS ERIR SRS PP EL DL P PP PEPL PSS REPEP NAD* RS E SRR P AN EEPE P PR PEPLPEPEPEPIP SRS
T R PRI RIRIEEPEPL CoA s
LT PP PRI 000 — > QO CoA R LS PEP P PSSR EREROS
L LR AR I RIRIREPEPL Pyruvate Acetyl CoA T L S A RECAPUP PPN
RO RSN IR IR SR O R e PP UL PSP EPEPEPE PP CoA SO EIEIE IR IR Pt It IR AR EPEPEPI PSPPSR EPERENS
PP PP SRR R A QP R IR EEERE P PR EEPE MRS PEPEPRN RPN
................................................. e Q00000

S PERE PP ..- P Citrate SRR PERE DL P
s NADY IR
PP NAD* P PP
S S PP THETCA CYCLE R SEE RS E P PE
S S Q@ o
------------------------------------------------- CO, "o
......................... 7 T T T
S R PP o QA NAD™ RIS
@ co,

I B o

NN Overview of the TCA Cycle. Pyruvate from DR
o glyeolysis is oxidatively decarboxylated to acetyl CoA, generating oo
e NADH and CO;. Acetyl CoA enters the TCA cyele by combining oo
e with oxaloacetate to form citrate. Two molecules of CO; are R

------------------------ released and 2 NADH are formed as citrate is converted to succinate - - - - .-

e by two oxidative decarboxylation steps plus an ATP-generating step. Lol
Lo Succinate s then oxidized and converted to oxaloacetate, generating
''''''''''''''''''''''''''''''''''''''''''''''''' FADH,; and NADH. Overall, for each pyruvate metabolized to

................................................. SCO:,_,thereareq.NADH,]__FADH?_,and]_ATPgenerated_
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L pantothenic acid O

B R P NI STR— CHy— S —C o, ol
.......................................................... | ) |
PRI CH, Sulfhydryl cH, Thioester NN
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''' | group | group
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''' H—MN H—N
............................. |
---------------------------------------------------------- ¢=0 formation
---------------------------------------------------------- | Acetyl CoA

CH2

|

Ik
.......................................................... |
.......................................................... C:0 _c:_c:H3 ..........l.'.....................l.'.....................
.......................................................... | Acet .........-.......................-.......................-
............................. yl group
el | R CTOR | fom pyruvare e SRR PPN
e e e e e e e C'|"2 e e e e e
N P PPN P TIPS 0 NH, B R SRS
............................. |
............................. |
.......................................................... _ _ N N
............................. 0O—P=0 N T
_________________________________________________________ | H4</\n/\)\)\ﬂdenine
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''' -
............................. (|) N N H

(8]
Ribose

.......................................................... b"dge | B
.......................................................... O:T—O
NN o-
e e e e e e e Structure of Coenzyme A and Acetyl CoA - - c v
I Formation. The portion of the coenzyme enclosed in the red box 17T
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''' is pantothenic acid, a B vitamin. Formation of a thioester bond
L tttlillelilelelsieleeleele s oo between CoA and an acetyl group generates acetyl coenzyme A. [ e e e e e e e e T e e e e
.......................................................... The acetyl group is formed by the oxidative decarboxylation of
.......................................................... PyTuVate(ReactionPDHinFigurelO—S).ItiStransferredtOCoA f e e e e e e e e e e e e e e e e e e e e e e

............................. from one of the enzymes of the pyruvate dehydrogenase complex. “.".". . . . 0 0




-+ The TCA cycle begins with the entry of acetateinthe =

........................................................................................



From glycolysis

L The Tricarboxylic Acid (TCA) Cycle. The two carbon atoms of pyruvate that enter the cycle via acetyl CoA are shown L T

- in pink in citrate and subsequent molecules until they are randomized by the symmetry of the fumarate molecule. The carbon atom of
. pyruvate that is lost as CO; is shown in gray; as are the two carboxyl groups of oxaloacetate that give rise to CO; in Reactions TCA-3 and
.~ TCA-4. Five of the reactions are oxidations, with NAD™" as the electron acceptor in four reactions (PDH, TCA-3, TCA-4, and TCA-8) and .
* FAD as the electron acceptor in one case (TCA-6). The reduced form of the coenzyme is shown in purple in each case. Note that when CO, -

.. is released, no H is given off during NAD" reduction, thereby maintaining the charge balance of these reactions. The generation of GTP
LT T T o Tt T T T LT L shown in Reaction TCA-5 is characteristic of animal mitochondria. In bacterial cells and plant mitochondria, ATP is formed directly.

. . -'-.. A B .............:'.'.'.'..................'.'.'.'.............Le.GtuFe.B:.KrebS.C C‘e.'.'.'.................'.'.'.'.................'.'.'.'.................'.'.
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\ © | (0]
H.C N H H.C N H
3 3
o= N~ Reduction N~
)% +2[H] - | A
l\ - - ]
H,C N N O Oxidation H,C N N 0]
| AN | |
CH, CH, H |
| Riboflavin | Riboflavin ..
H—C—OH (oxidized H—C—OH (reduced
| form) | form)
H— C— OH H—C—OH
| |
H—C—OH H—C OH
| |
CH, CH,
- | |
0 NH, 0
| |
| |
_ _ N = :
0—P=0 N :
| H % f\/L Adenine '
—
0 N N~ H
Pyrophosphate _ |
bridge] O— |r|> —O0—CH, FADH,
0] Ribose
HO OH
FAD

- Structure of FAD and Its Oxidation and Reduction. The portion of the coenzyme enclosed
.+ in the red box is riboflavin, a B vitamin. The arrows point to the two nitrogen atoms of ribotlavin that acquire
.. one proton and one electron each when FAD is reduced to FADH,;. The half of the molecule that includes

.. ribotlavin and one phosphate group represents the structure of flavin mononucleotide (FMN), a closely related

© coenzyme.
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Pyruvate Pyruvate
dehydrogenase dehydrogenase
(inactive) (active)

Malate
dehydrogenase

Isocitrate
dehydrogenase

a-ketoglutarate
dehydrogenase

Regulation of the TCA Cycle. The pyruvate dehydrogenase reaction and the TCA cycle
are shown here in outline form, with full names given for regulatory enzymes. Major regulatory effects are
indicated as either activation (+) or inhibition (—). Allosteric regulators include CoA, NAD™, AMP, and ADP
as activators and acetyl CoA, NADH, ATP, and succinyl CoA as inhibitors. In addition to its allosteric effect on
pyruvate dehydrogenase activity, ATP activates PDH kinase (E;), the enzyme that phosphorylates one

- component of the PDH complex, thereby converting it to an inactive form. The enzyme PDH phosphatase
“.  (E;) removes the phosphate group, returning the enzyme to its active form.
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Figure 3.1.8-2. Citrate Cycle
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= TCA(aka. Krebs Cycle, Citric Acid Cycle) cycle






~* The process of coenzyme reoxidation by the
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o NADH + HT O+ %OE————; NAD" + I—IEO e

o AG” = —52.4 keal/mol ::innoiiiinis

B FADHE -+ %02———} FAD + HEO L

SIRIREEPRMPPEEEMP SN AGY = —45.9 kcal/mol









= Another example is the TCA cycle enzyme succinate
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................................................ : HBC_O \C|:/ s
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B I N B R R N H,C—0 | NN R NN
RSN NOR PPN OH  CoQH, (dihydroquinone) PRI DD,
:::::::::::::::::::::::::::::::::::::::::::::::: Oxidized and Reduced Forms of Coenzyme Q. :::::::::::::::::::::::::::::::::::::::::::::::::
oo Coenzyme Q (also called ubiquinone) accepts both electrons and L
Lo protons as it s reversibly reduced in two successive one-electron S P P
e steps to form first CoQH (the semiquinone form) and then CoQH, SN RE SR
e (the dihydroquinone form). e e e T T T T T T T T T
U NIBGRA e e e e e e e e e e e e e e e D D L e D D D D e e e e e
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BRI HEME PRI,
NN The Structure of Heme. Heme, also called -+ -+

Cosiiiiesliii b ¢ and ¢ A similar molecule, called heme A, is present in B I
Ll cytochromes ag and as. The heme of cytochromes cand ¢ is L
cooocccssss s s s ccovalently attached to the protein by thioether bonds between the o

s sulthydryl groups of two cysteines in the protein and the vinyl P P P P

coccccssss s s ss s In other cytochromes, the heme prosthetic group s linked I RE RIS ROt NI AP EPEPE PP E P OO
colllllllillil i noncovalently to the protein. DDl
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- volts(V), of the affinity a compound has for electrons.



~ referenceand is assigned the value 000V
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e . . Tho rot V. ) anthoe £ .+t - nct - Standard Reduction Potentials for
-*."The redox pairs inthe table: the most = e e for

_____________________________________________________________________________________________ DU Redoxpar No.of ,
5:5:5:5:5.:Qn:ozrzszsiazndz:z:ezrzrc:ez:t.he:5s:t5rzo:nge:5t:5r5ez:dzu:¢:m:g;:;:;‘.:?;':;jif‘;::w_; e S
coagents)atthe top.: o ke — acketoglutarate 2 067
T T T Acetate — acetaldehyde 2 060
e Bephosphoglycerate —

“»The reduced form of any redox pair will -~~~ sheniides® e
............................................... a-ketoglutarate — isocitrate —0.38

n
-_O.
©)
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S
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3’
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o
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o
N
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Q.
o
(@]
-
3
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Z
=
T
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T T 1 3-bisphosphoglycerate —
e glyceraldehyde-3-P 2 ~029
::::::::::':':::::::::':::::::':::::::::::::::::::::':::::::::::::::::::::::::':::::'::::::::::::::::::::Acetaldehyde—!-ethanol 2 —0.20
“*Thus, NADH can reduce pyruvate to - pyuvie— hcate 2 019
L A A . TR g pd ey o g abataaliitarata . FAD — FADH, 2 —0.18
~|lactate but cannot reduce a-ketoglutarate - i .
T T T T T R T T IO LT Oxaloacetate — malate . 0.1
cocctodsocitrate. s Fumarate — suceinate 2 ~0.03
L s Hy 2 0.00°
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::COQ—>C0QH2 2 +0.04
o EAr avamala NEAL Far Fhe tranefar (f o Cytochrome b (¥ — Ee*) 1 +0.07
o Forexample, AE0’ for the transfer of = e o
............................................. T L L T T L yto{,hron]eg,(l:e — Fe ") 1 +0.25
~electrons from NADH to O2 is calculated as cyodwomea e — ) !
- follows, with NADH as the donor-and Q2 oechromea e = Fe ) ;
........................................................................................................ Fe" — Fe" (inorganic iron) 1 +0.77
@S TN@ GCCePTON (it 0, 2 B0 2 +0816
P P L LLtLtLtutLtotltliltitliltltl *Each AE, value is for the following half-reaction, where n is the number of -
&Eﬂ — E‘D,HCCEPIDI - Eﬂ: donor e electrons transferred:

i T oxidized + nH" + ne” — reduced form.
o = 40816 — (=0.32) =+ LA36V e R . .
......................... By definition, this redox pair is the reference point for determining values
T T T T T of all other redox pairs. Tt requires that [HT] = 1.0 M and therefore specifies
......................................................................................................... pH 0.0. At pH 7.0, the value for the 2H"/H, pair is —0.42 V.
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el ARG is-a measure of thermodynamic spontaneity for the redox reaction
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o AGY = 2F AE) = —2(23,062)(+1.136) i

B R IR IR E IR = —52,400 cal/mol = —52.4 kcal mol -






0.4 —
o2y 110
= Complex I: i
NADH-coenzyme Q _Complex I
oxidoreductase Succinate-coenzyme Q
oxidoreductase
oor 108
r - =
[F]
o
Complex IlI: g
= 0.2 Coenzyme Q-cytochrome ¢ 406 2
e oxidoreductase <
L =
i 4 e
=
+0.4 J o %
Complex IV:
Cytochrome ¢
+0.6 - |
oxidase 0.2
< 4
08T 100

=50

-30

-20

. Major Components of the Respiratory Complexes and Their Energetics. Major
"+ intermediates in the transport of electrons from NADH (—0.32 V) and FADH; (—0.18 V) to oxygen (+0.816 V)
. " are positioned vertically according to their energy levels, as measured by their standard reduction potentials

" (Ep', left axis). The four respiratory complexes are shown as large brown ovals, with the major electron carriers

" in each complex enclosed within inset ovals. Coenzyme Q and cytochrome ¢ are small, mobile intermediates

. that transfer electrons between the several complexes. The red lines trace the exergonic flow of electrons
" through the system. On the right axes are the AEy" and AG®’ values relative to oxygen (i.e., the changes in the

* . standard reduction potential and the standard free energy for the transfer of two electrons to O;).
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7.7 Properties of the Mitochondrial Respiratory Complexes N
| :: : : : : : : : : : : Respiratory Complex Electron Flow o
''''''''''''' Number of Prosthetic Protons Translocated . . . . .
L Number Name Polypeptides* Groups Accepted from Passed to (per electron pair) . . .. .
B I NADH-coenzyme Q 43 1 FMN NADH Coenzyme Q 4 R
L oxidoreductase (7) 6-9 Fe-S centers B
ERERERRER, (NADH dehydrogenase) R
: :: : ) : : : : : : : : 11 Succinate—coenzyme Q 4 1 FAD Succinate Coenzyme Q 0 : : : : : : : : :
DENEREIEE oxidoreductase (0) 3 Fe-S centers (via enzyme- s
SRR (succinate dehydrogenase) bound FAD) SRR
SEBERCITIRE 111 Coenzyme Q-cytochrome 11 2 cytochrome b Coenzyme Q Cytochrome ¢ 4+ BRI
EOEIEERENE ¢ oxidoreductase (1) 1 cytochrome ¢; L
RPN (cytochrome b/c; complex) 1 Fe-S center el
LT A% Cytochrome ¢ oxidase 13 1 cytochrome a Cytochrome ¢ Oxygen (O3) 2 T
SRR (3) 1 cytochrome a; RIS
R 2 Cu centers ERENE
DEEDEREIEN (as Fe-Cu centers o
L with cytochrome a;) R
: ' : ' : : : ' : ) : ) . *The number of polypeptides encoded by the mitochondrial genome is indicated in parentheses for each complex. IR
| . **The value for complex I1I includes two protons translocated by coenzyme Q.
RN =1 1S 13 A N R P S N N N NN NN BN






(a) Complex I receives 2
electrons from NADH
and passes them to CoQ
via FMN and an Fe-S

(b) Complex Il passes electrons

from CoQH, to cytochrome ¢
via cytochromes b and
and an Fe-S protein. CoQH,

(c) Complex IV receives

electrons from cytochrome ¢
and, via cytochrome a and
a,, passes them to molecular

(d) ATP synthase uses
the energy from
the proton
gradient generated

protein. During this carries 2 H across the inner oxygen, which is reduced to during electron
process, 4 H* are membrane and 2 more H* water as 2 more H* are transport to
pumped out of the are pumped out of the pumped from the matrix by synthesize ATP
matrix by complex 1. matrix. complex IV. from ADP and P,.
10H* INTERMEMBRANE SPACE
A
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[Dehydrogenases] MATRIX
-/ ae| 2o\
Oxidizable
substrates

The Flow of Electrons Through Respiratory Complexes I, Ill, and IV Causes Directional
Proton Pumping. (a-c) Electrons derived from oxidizable substrates in the mitochondrial matrix flow exer-
gonically from NADH to oxygen via respiratory complexes I, III, and IV. (d) During the transport of two
electrons, 10 H' are pumped across the inner membrane, and 3 ATP are synthesized by the F,F; ATP synthase.
Two extra H' (shown in parentheses) are pumped when the Q cycle operates.
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~* How can ATP synthesis, which is a dehydration



(a) Complex I receives 2
electrons from NADH
and passes them to CoQ
via FMN and an Fe-S

(b) Complex Il passes electrons

from CoQH, to cytochrome ¢
via cytochromes b and
and an Fe-S protein. CoQH,

(c) Complex IV receives

electrons from cytochrome ¢
and, via cytochrome a and
a,, passes them to molecular

(d) ATP synthase uses
the energy from
the proton
gradient generated

protein. During this carries 2 H across the inner oxygen, which is reduced to during electron
process, 4 H* are membrane and 2 more H* water as 2 more H* are transport to
pumped out of the are pumped out of the pumped from the matrix by synthesize ATP
matrix by complex 1. matrix. complex IV. from ADP and P,.
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[Dehydrogenases] MATRIX
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The Flow of Electrons Through Respiratory Complexes I, Ill, and IV Causes Directional
Proton Pumping. (a-c) Electrons derived from oxidizable substrates in the mitochondrial matrix flow exer-
gonically from NADH to oxygen via respiratory complexes I, III, and IV. (d) During the transport of two
electrons, 10 H' are pumped across the inner membrane, and 3 ATP are synthesized by the F,F; ATP synthase.
Two extra H' (shown in parentheses) are pumped when the Q cycle operates.










~+Transfer of two electrons from NADH down the respiratory -



- * The number of protons required to drive the synthesisof
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~into the matrix of the mitochondrion, thatis. =






BTN : 2.303(1.987)(37 + 273)(1.0 | BORRNNE
oseopmt = 016 + ( ( ) _ ) )) = 0.16 + 0.06 = 0.22V .0
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- ATP Synthesis: Putting It All Together

- frespiration: ATP synthesis. ... . ... o









LT Inner Outer Dissociation and IR

s mitochondrial mitochondrial Reconstitution of the Mitochondrial LT
S F, spheres  membrane membrane ATP-Synthesizing System. (a) Intact AR
mitochondria were disrupted so that s
fragments of the inner membrane formed """,
(b) submitochondrial particles, capableof .7.7.7."."."
both electron transport and ATP synthesis. *.".".".".".
(¢) When these particles were dissociated .".".".". "
by mechanical agitation or enzyme treat- """
ment, the components could be separated .-."."."." .
into (d) a membranous fraction devoid of *.*.". " .-,
(b) Submitochondrial particles ATP-synthesizing capacity and (e) a soluble .*.".".".".-
Electron transport? Yes fraction with F, spheres having ATPase TR
(@) Intact mitochondrion ATP synthesis? Yes activity. (f) Mixing the two fractions U
Electron transport? Yes ATPase activity? No reconstituted the structure and restored L
ATP synthesis? Yes G ATP synthase activity. L
Q ’ (c) Dissociated particles SRR
? o - Electron transport? Yes S
b » 3 ATP synthesis? No R
. R ATPase activity? Yes EDEIEE
.- B,
o 7 0N
o L,
v ¢ . BRI
. SR
L4 R
- 4" EICILIEIENE
- ¢ v L
Y e e
L I * R
(d} Membranous fraction (e} Soluble fraction with F, spheres IEAEERE
Electron transport? Yes Electron transport? No
ATP synthesis? No ? » o ?e ATP synthesis? No EDEIEEIE
ATPase activity? No - - » ATPase activity? Yes ORI
L SNPAT YDA PR
IS Y YR s
r‘ "’. {f) Reconstituted particles S
¢ Electron transport? Yes
ATP synthesis? Yes RN
ATPase activity? No EDEIEEE
RPN MBG3O4 ''''''''''''''''''''''''''''''''''''''''''''''''''''' Lecture-4: ETC-and OP- - -



Polypeptide Composition of the E. coli F,F| ATP Synthase (ATPase)*

Structure Polypeptide M'&I':icgul'll?r MNumber Present Function
F, a 30,000 1 Proton channel
b 17,000 2 Peripheral stator stalk connecting F, and F,
c 8,000 10 Rotating ring that turns y subunit of F, -
F, a 52,000 3 Promotes activity of 8 subunit
B 55,000 3 Catalytic site for ATP synthesis
o] 19,000 1 Anchors 335 ring to stator stalk of F,
V 31,000 1 Rotates to transmit energy from F, to F;
& 15,000 1 Anchors y subunit to ¢y ring of F,

*Mitochondrial F,F| complexes are similar to the bacterial complex but with somewhat different polypeptide compositions for F, and F;.



BRI INTERMEMBRANE SPACE ST

oo (@) The F, static component consists of (b) The F,mobile component consists of a L
o one g and two b subunits. The a subunit ring of 10 ¢ subunits. Only one c subunit  ~.".".". """
LT forms the proton channel and is can form an ionic bond with the a RPN
SEDEUERERE immobilized in the membrane. The b subunit at a time. For each proton L
B subunits form the peripheral stalk and translocated, the ring rotates one-tenth -~ - "-1-1- -
----------- are attached both to the a subunit and of a turn as the adjacent c subunitinthe .-.-.-.-.- ..
:j:j:j:j:j: toF,. ring bonds with the a subunit. j:j:j:j:j:j:j
| (e) The F, static component consists of the (d) The F, mobile component consistsof | - -
Lo 8 subunit plus a catalytic ring formed by the € and -y subunits, which form the DN
R a hexagon of alternating « and g central stalk that is firmly attached to S
L subunits. The « 3, ring is the site of ATP the ¢, ring of F . As proton EIEEEREINE
o synthesis and is immobilized by the & translocation turns the ¢, ring, the y IR
L subunit, which connects it to the b, subunit rotates inside the o, 8, RPN
B peripheral stalk of F... catalytic ring of F . o
DR MATRIX RIS
R F, and F| Components of the E. coli F,F| ATP Synthase. This illustration shows the B
-+ -+ subunit composition of the static and mobile components of the F, (a) and (b) and F, (¢) and (d) complexes DR
~.+.+ - that comprise the functional F,F; ATP synthase in E. coli. As 10 H" move through the F,, proton translocator, e
... the ring of 10 ¢ subunits in F, rotates once, resulting in the synthesis of 3 ATP by the 335 catalytic ring of F. L
''''''''''' MBG304Lecture4ETCaﬂdOP
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@ A120°rotationofthey Tl T

ATP is then synthesized subunitconvertsthe&subunit .........
by the 8, subunit, completing - Into its L conformation, causing
................. 2 ' ; i di
'''''''''''''''''''''''''''''''''' one full cycle of catalysis. - loose binding of ADP and P,. s
N 7y Protonflux | _ O B T
thrOUghFO; ~J
.................................. X \ y rotates 120°
@Athirdmﬂ':'rotationof S @Atthispoint,ATPis
.................................. the y subunit returns the g, synthesized by one ofthe - - - - "+ . ..o
:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.subunittotheOconformation 1 othersubunits(B3Jand
---------------------------------- and results in release of the Proton flux released by yet anotherof ~ ~. " .77 "L T
.................................. newly formed ATP molecule. Proton flux v the subunits (B,). S
................. through F_; .
................. - o throughF_; LT
RTINS yrotates 120 yrotates 130° SRR
PPN - e
@Thisresultsinthe @Asecondﬁ@“rotationof
.................................. condensation of ADP and P, the y subunit induces a shift of L L
NSRRI o a molecule of ATP at the B, to theT conformation, SRR
.................................. B, catalytic site. causing tight binding of ADP
.................................. and P, to its catalytic site.
The Binding Change Model for ATP synthesis by the 8 Subunits of the F;F| Complex.
L According to this model, each of the 8 subunits of the Fy complex is in a different conformation at any instant.
'''''''''''''''''''''''''''''''''' Each undergoes a sequence of conformational changes from the O (open) conformation through the L (loose) R
Lt conformation to the T (tight) conformation. These conformational changes are driven by the rotation of
'''''''''''''''''''''''''''''''''' the y subunit. The process of ATP synthesis begins with one of the 3 subunits (arbitrarily identified as 3,) oLt
L i dits O conformation and involves the six steps shown, involving three 120° rotations and synthesis of
'''''''''''''''''''''''''''''''''' 3 ATP per full 360° rotation. Notice that the same sequence of events occurs at each of the other sites, but it is
L LLLetleelelelelelllle | offsettemporally. EEIEIEIIE I
B G ROA
..................................... LectureZ].ETCandOP
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- conformations with quite different affinities for =



o ADP + P+ H'  ——= ATP + H0 e
DRI AG®' = +7.3 kcal/mol SRS

::::::::::::::::::::::::::::::::::: (a) ATPs;.rnthesisin :::::::::::::::::::::::::::
NN dilute agueous solution NN

AG® =z 0 kecal/mol

L (b) ATP synthesis from B AR

B protein-bnundADPandPl Sl

----------------------------------- Comparative Energetics of ATP Synthesis. The o

''''''''''''''''''''''''''''''''''' energy requirement for ATP synthesis difters greatly, dependingon =000

s the environment. (a) In dilute aqueous solution, ATP synthesis SO
SLLDDDLLEEEEEEEEED from soluble ADP and Py is highly endergonic, witha A G”' of L

ol +7.3 keal/mol. (b) At the catalytic site of a B subunit in its ULULIEOEOE ORI B PEOEICIE

----------------------------------- T conformation, however, the environment is drastically different ...

................................... and the reaction has a AG®' close to 0 (i.e., the Keq s closeto1)and -

coocioccccseeees can therefore proceed spontaneously with no immediate energy
requirement. ...........................



“glucose or other hexoses: " 38ADP + 38P; 38ATP

DU O O 4+ 60, N 6CO, + 6H,0 -
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AN | 7 R 900
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Fumarate R
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= 3 RN
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.. 3 MATRIX - - e
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Dynamics of the Electrochemical Proton Gradient. Respiratory complexes I through 0000

IV are integral components of the inner mitochondrial membrane. Complexes I, I1I, and IV (but not complex RN

II) couple the exergonic flow of electrons (red lines) through the complexes with the outward pumpingot ...

protons (blue) across the membrane. The proton motive force of the resulting electrochemical proton gradient RN
drives ATP synthesis by F as protons are translocated back across the membrane by the F, complex, which is A

also embedded in the inner membrane. e e e e e e
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- Mitochondrial

glycerol-3-
phosphate
dehydrogenase

NAD*

CH,—OH
Cytosolic 2
glycerol-3- H—C —OH H—C —OH
phosphate |
dehydrogenase CH,—0 @ CH,—0 _®

Glycerol-3-P Glycerol-3-P

MATRIX

Porins

Intermembrane
space

CYTOSOL

Outer mitochondrial Inner mitochondrial
membrane membrane

The Glycerol Phosphate Shuttle. The inner mitochondrial membrane is impermeable to

. NADH, so electrons from cytosolic NADH are moved into the mitochondrion by one of two shuttle mecha-

. nisms. Cells of skeletal muscle, brain, and other tissues use the glycerol phosphate shuttle for this purpose. The

" red line traces the path of electrons from cytosolic NADH to oxygen. €@ The cytosolic enzyme glycerol-3-

.+ phosphate dehydrogenase (GPDH) uses electrons (and protons) from NADH to reduce dihydroxyacetone

.* phosphate (DHAP) to glycerol-3-phosphate (glycerol-3-P), which € can cross the outer mitochondrial

. " membrane by diffusing through a porin channel. € Glycerol-3-P is then reoxidized to DHAP by an FAD-

" linked GPDH in the inner membrane, with concomitant reduction of FAD to FADH,. Because NADH is a

"+ more energy-rich coenzyme than FADH),, the inward transport of electrons is exergonic, driven by the differ-
.. ence in the reduction potentials of the two coenzymes. The cost of this inward transport is a decreased ATP

" . yield because @ electrons from the FADH, generated by the mitochondrial GPDH bypass complex I, thereby

-1+ -+ Biochemsitry/Hikmet

" . reducing the number of protons pumped across the inner membrane.

U MBG3O4

G Ll IO O
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INTERMEMBRANE

L MBG3O
... . Biochemsitry/Hikmet

+
Pyruvate H
{(a) Pyruvate
carrier
Pyruvate
Malate
Fumarate el
Succinate Fumarate (b) Dicarboxylate
carrier
Succinate
Citrate Citrate
. } { . (€) Tricarboxylate
Isocitrate Isocitrate =TT
(d) ATP-ADP
carrier
MATRIX

(e) Phosphate
carrier

SPACE 2

Gegkil~11 11111

~ Major Transport -
Systems of the Inner Mitochondrial
Membrane. The major transport
proteins localized in the inner
mitochondrial membrane are shown
here. (a) The pyruvate carrier
cotransports pyruvate and protons
inward, driven by the pmf of the
electrochemical proton gradient. The
(b) dicarboxylate and (c) tricarboxyl-
ate carriers exchange organic acids
across the membrane, with the
direction of transport depending on
the relative concentrations of

dicarboxylic and tricarboxylic acids on *.".".

the inside and outside of the inner
membrane, respectively. (d) The ATP-
ADP carrier exchanges ATP outward

for ADP inward, and (e) the phosphate : : : : L

carrier couples the inward movement
of phosphate with the outward move-
ment of hydroxyl ions, which are
neutralized by protons in the inter-
membrane space.
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~ aretypically regarded as discrete organelles.
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Calculation of the Maximum ATP Yield from Aerobic Oxidation of Glucose

g Glycolysis Pyruvate Oxidation TCA Cycle
- Stage of Respiration (glucose — 2 pyruvate) (2 pyruvate — 2 acetyl CoA) (2 turns)

 Yield of CO,

- Yield of NADH

- ATP per NADH

" Yield of FADH,

" ATP per FADH,

. ATP from substrate-

. level phosphorylation
. ATP from oxidative

. phosphorylation

. Maximum ATP yield
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An Overview of Photosynthesis.

This diagram of a chloroplast, the site of photosynthesis in eukary-
otic cells, shows the location of major photosynthetic processes , *
within the chloroplast. Photosynthesis can be divided into two
major stages: energy transduction and carbon assimilation. The
energy transduction reactions occur in the chloroplast thylakoids |
and include €@ light harvesting, @ electron transport to

NADPH with simultaneous proton pumping, and @ ATP syn-
thesis. The carbon assimilation reactions include € the Calvin

0 sucrose biosynthesis in the cytosol.

uwww.the-:ellplace.com Photosynthesis

Quter ENERGY TRANSDUCTION REACTIONS
membrane
Light Light

Inner . Thylakoid @ Electron
membrane @ Light transport and

harvesting = Proton
Intermembrane pumping
space
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Sucrose
synthesis

Triose
phosphates
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@ Starch
synthesis
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cycle

- MBG3O4
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cycle and & starch biosynthesis in the chloroplast stroma, plus .



- chloroplast is coupled to unidirectional proton .
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~* Toincorporate fully oxidized carbon atoms
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ek nboth oxygenic and anoxygenic phototrophs, the light=



o cells by the light-dependent generation of ATP.and NADPH. -
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- The Chloroplast: Photosynthetic Organelle



Cell wall

Starch grains

Nucleus

Chloroplasts

Mitochondrion

(a) Chloroplasts in a 5 | (b) Chloroplasts in algal cells —
plant leaf cell

Chloroplasts. (a) The prominence of chloroplasts in a leaf cell of a plant is demonstrated by
this electron micrograph of a parenchyma cell from a Coleus leaf. The cell contains many chloroplasts, three of
which are seen in this particular cross section. The presence of large starch granules in the chloroplasts indicates
that the cell was photosynthetically active just prior to fixation for electron microscopy (TEM). (b) This light
micrograph reveals the unusual ribbon-shaped chloroplasts in cells of the filamentous green alga Spirogyra.
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_____ Outer and inner Stroma Outer membrane

BEREERE membranes

Intermembrane space

Inner membrane

RN Stroma g
R thylakoid Stroma
RO &,

Granum

(stack of
thylakoids) Thylakoid
_____ Stroma thylakoid
EEIENE (c) Cutaway illustration of chloroplast
R Thylakoid lumen Thylakoids
..... )
R Granum <
RO . i s thylakoids
BN (b) Electron micrograph of grana and ' 0.5 um '
L stroma thylakoids (d) lllustration of grana and stroma thylakoids

_____ Structural Features of a Chloroplast. (a) An electron micrograph of a chloroplast from a
. leaf of timothy grass (Phleum pratense) (TEM). (b) A more magnified electron micrograph of the chloroplast
""" in part a shows the arrangement of grana and stroma thylakoids (TEM). (¢) An illustration showing the three-
dimensional structure of a typical chloroplast. (d) An illustration depicting the continuity of the thylakoid
membranes, the arrangement of thylakoids into stacks called grana, and the stroma thylakoids that inter-
connect the grana. The thylakoid membranes enclose a separate compartment called the thylakoid lumen.
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~ooonnof the thylakoid or cyanobacterial oo sdechan )y,

oo membranes, anchoring the light-0 0 \ The Structures of
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~* Because chlorophylls absorb mainly blueand




B CHO in chlorophyll b
o /CH2 CH, in chlorophyll a

=— Saturated in bacteriochlorophyll

H,C
Intensity of the sun's cH
radiation at the Earth's 3
surface
H,C
3 CH,
H e
M (9] 0 |
1

..... L 1 I I CH
---------- 300 400 500 600 700 800 900 1000

..... Wavelength, nm \

SRR Key: Chlorophyll a (green) === Phycoerythrin (red) Phytol

L === Chlorophyll b (green) === Phycocyanin (blue) side chain

SRR === f3-carotene and lutein (orange) CH,

RN The Structures of

SRR The Absorption Spectra of Common Photosyn- Chlorophylls a and b. Each chlorophyll

: : : : : : ) : ) :thetic Pigments. The graph shows absorption spectra of various molecule has a Mngr—containing central

... .chlorophylls and accessory pigments (colored lines) and compares porphyrin ring (green outline) and a DR
.. them with the spectral distribution of solar energy reaching the CH; hydrophobic phytol side chain. Chlorophylls -
... Earth’s surface (black line). The small reference strip below the graph aand b differ only at the indicated position -1~
- -.- - shows the color that each wavelength appears to the human eye. (green box), and bacteriochlorophyll has a

o saturated carbon-carbon bond in the

: : : : Z cH, porphyrin ring (arrow).
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Electron
transfer
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~* Theseantenna pigments {00 e etor 1

i absorb photons and pass: chlorophyl

BRI R PP The Transfer of Energy to the Reaction
theenergytoa Center of a Photosystem. Light energy absorbed by antenna -
T pigments is passed along by resonance energy transfer until it
ceeserrne |gh borl ng : ChIOrOphyl I: -~ "-7 reaches a specific chlorophyll a molecule at the reaction center of - - -
s s a photosystem. The energy is conserved as an excited electron that ..
MO Iecu Ie Oor-accessoryvy. - is ejected from the chlorophyll and passed along to an organic
L e e e el acceptor molecule.
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En
:E H__w-’“f Photosystem |
= g{iﬁgﬁt ' Z scheme of photosynthesis. Red light -
=1 absorbed by photosystem 11 (PSID) produces a strong
Photosystem |l oxidant and a weak reductant. Far-red light
absorbed by photosystem [ (P5]) produces a weak
oxidant and a strong reductant. The strong oxidant
generated by PSII oxidizes water, while the strong
reductant produced by P51 reduces NADP*. This
scheme is basic to an understanding of photosyn-
thetic electron transport. PEB0 and PT00 refer to the
wavelengths of maximum absorption of the reaction .
center chlorophylls in P5II and PSI, respectively. L
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I Photosystem |l Photosystem | e
:::::::::::::::::::: Detailed £ scheme for O,-evolving photosyn- acceptors (), and Oy, which are plastoquinones. (4) The ::::::::::::::::
Lo thetic organisms. The redox carriers are placed at their mid- cytochrome by, f complex transfers electrons to plastocyanin =~ 777070
s point redox potentials (at pH 7). (1) The vertical arrows rep- (PC), a soluble protein, which in turn reduces PT00" {oxd- 000000
'''''''''''''''''''' resent photon absorption by the reaction center chloro- dized P700). (5) The acceptor of electrons from PT00* (Agiis -0
o phylls: PR80 for photosystemn 1T (PSIT) and PT00 for photo- thought to be a chlorophyll, and the next acceptor (&) isa -0
e system 1HPSI). The excited PSIT reaction center chlorophyll, quinone. A series of membrane-bound iron-sulfur proteins -2 0202000
Lo PBEOY, transfers an electron to pheophytin (Fheo). (2) On (FeSy, FeS,, and Fe5g) transfers electrons to soluble ferre-  ~.7.7.770 0
cocco s the oxddizing side of PSIT (to the left of the arrow joining doxin (Fd). (6} The soluble flavoprotein ferredoxin-NADP 0000
'''''''''''''''''''' PE80 with P680"). PEE0 oxidized by light is re-reduced by reductase (FINE) reduces NADP* to MADPH. whichisused .-~
oo Y, that has received electrons from oxidation of water. (3) in the Calvin cycle to reduce CO, (see Chapter 8). The SRR
e On the reducing side of PSII (to the right of the arrow join- dashed line indicates cvelic electron flow around PSIL ST
Lo ing P80 with PERDT), pheophytin transfers electrons to the I
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High
. § Electrochamical
HO o o7 @ @ Plastacyanin @ potantial
2 \_\\—_ gradient
Cocidation

of water

LUMEN {high H*)

gradient. These protons must then diffuse to the ATP syn-

The transfer of electrons and protons in the
thase enzyme, where their diffusion down the electrochem- =~

o thylakoid membrane is carried out vectorially by four pro-

- tein complexes. Water is oxidized and protons are released
. inthe lumen by PSIL PSI reduces MADP* to NADPH in the
.. stroma, via the action of ferredoxin (Fd) and the flavopro-
- tein ferredoxin-MNADP reductase (FMNE). Protons are also

ical potential gradient is used to synthesize ATP in the
stroma. Reduced plastoquinone (POH,) and plastocyanin
transfer electrons to cytochrome b; fand to PSI, respec-
tively. Dashed lines represent electron transfer: solid lines

transported into the lumen by the acton of the cytochrome represent proton movement.

o be feomplex and contribute to the electrochemical proton
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el sists of a large multisubunit complex, CF), attached onthe -0
e stromal side of the membrane to an integral membrane por-- -
:::::::::::::::::::::::::::::::::::::::::: tion, known as CF . CF, consists of five different polypep- ::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
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.......................................... probably four different polypeptides, with a stoichiometry ...
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(a) Photosystem Il removes electrons
from water and passes them
sequentially to a manganese-
stabilizing protein (MSP), a tyrosine
residue (Tyr) on protein D1, a
special pair of chlorophyll a
molecules (P680), pheophytin (Ph),
and two plastoquinones (Q, and
Q). Oxygen is released as water is
oxidized.

(b) The cytochrome b /f

complex receives
electrons from PSII
and passes them to
PS-l via plastocyanin
(PC). Simultaneously,
protons are pumped
from the chloroplast
stroma into the
thylakoid lumen.

(c) Photosystem | accepts
electrons from PC and
passes them to ferredoxin
(Fd) via another special pair
of chlorophyll @ molecules
(P700), a modified
chlorophyll amolecule (A ),
phylloguinone (A]J, and
three iron-sulfur centers
(Fy, F oy and Fp).

Electron excitation

Photon

Protons (H*) released
into thylakoid lumen

Photosystem I

Protons (H)
pumped into
thylakoid lumen

Photon

Electron excitation

2NADP* + 2H*

(d) Ferredoxin-
NADP* reductase
(FNR) transfers
electrons from

ferredoxin to NADP.

Photosystem |

e Noncyclic Electron Flow in Oxygenic Phototrophs. The flow of electrons from water to
.. NADPH (red arrows) involves a linear pathway through (a) photosystem II (PSII), (b) the cytochrome bg/f
* . complex, (c) photosystem I (PSI), and (d) ferredoxin-NADP" reductase (FNR). Note how absorption of photons
*. by chlorophylls P680 and P700 causes a large decrease in their reduction potentials (vertical axis), enabling
" . them to donate excited electrons to an acceptor with a highly negative reduction potential. Figure 11-9 shows

. j Blochemlstry/Hlkmét Gegkrl

. the orientation of these components plus the ATP synthase complex withina thylakmd membrane.
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(a) PSHl includes 25

polypeptides, two of
which (D1 and D2)
bind chlorophyll P680
and components of the
electron transport
system. The cluster of
four manganese atoms
aids in the oxidation

of water.

(b) The cytochrome b /f
complex contains seven
polypeptides and includes
two cytochromes (bﬁ and f)
and an iron-sulfur protein
(Fe-S).

4 Photons

Photosystem Il

STROMA

Cytochrome b,/f complex

(c) PSI contains more than

ten polypeptides and
binds chlorophyll P700
and several additional
electron carriers.
Electrons are transferred
to NADPH via soluble
ferredoxin (Fd) using
ferredoxin-NADP™*
reductase (FNR).

(d) The ATPsynthase | - -~~~
complexusesthe | .~. . . . . . . .00 T
protongradient | ..o
generated by
electron transport

to synthesize ATP.

4 Photons

Photosystem |

2 NADP*

THYLAKOID LUMEN

A Model of the Orientation of the Major Energy Transduction Complexes Within the

ATP synthase complex

4 L
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-+« The total proton motive force (pmf) across the

~ thylakoid membrane can be calculatedby
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..................................................................... complex uses the

............ P P proton gradient
RS .o....;|;n;.chI.or.op;'a.sts.a.s;ln ------------------------------------------------------------------ generated by

,,,,,,,,,,,,,,,,,,,, electron transport
:-:-:-:-:-:-:-:-:-m:tto.crho:n.d:rira:r:and::b:acterrla:,::th:e:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:; to ynthesize ATP.
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- only generates two NADPH molecules but also
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Electron excitation

Photon

= the cytochrome bg/f complex.. i

:_::::: woal me—TPC ) | [ oaacvanin (PC) Recatice thic cvelie
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protons %) ~membrane, excess reducing power is -

thylakold lamen ~channeled into ATP synthesis. o

o gk e e NP PP DDIIEIES




(a) PSll includes 25 (b) The cytochrome b_/f (c) PSI contains more than (d) The ATP synthase | .. A A AT e AL A
polypeptides, two of comp‘:ex contains :even ten polypeptides and complex uses the . The . mOdeI Shown ‘n I
which (D1 and D2) polypeptides and includes binds chlorophyll P700 proton gradient B IR~ TR AR T R
bind chlorophyll P680 two cytochromes (b, and f) and several additional generated by e Ieft re prese nts the R
and components of the and an iron-sulfur protein electron carriers. electron transport | L wt Lt
electron transport (Fe-5). Electrons are transferred to synthesize ATP. | .. entire L
system. The cluster of toNADPHviasoluble |  —— S
four manganese atoms ferredoxin (Fd) using o p-h Qtosynth etic e nergy .
aids in the oxidation ferredoxin-NADP* [ e T e T e e e e e
of water. reductase (FNR). “transduction: Sys.te'.m o

4 Photons 4 Photons
2 Qnor)
STROMA

2 NADP*

-summarizedin. o

“terms of the following -

Photosystem| |

4HE ~.component parts: ...

4H++ Cytochrome b/f complex AP

Photosystem I THYLAKOID LUMEN R

e MIBGREA LT



s mobile electron carrier,






- 3.Photosystemlcomplex o
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- flexibility in the relative amounts of ATP and
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RIS Triose SR
i chiorephyt phosphates o
R 0, *;ﬂ'f?_rﬁffﬁn NADPH COp+HO
Light reactions Carbon reactions
The light and carbon reactions of photosynthe-
oo sis, Light is required for the generation of ATP and o
oo NADPH. The ATP and NADPH are consumed by the car- 0000
o bon reactions, which reduce CO, to carbohydrate (triose
~ o phosphates). R
L BGARA L L



CALVIN CYCLE 6(P)
(C fixation)

6 | Glyceraldehyde-3-

:5:;:;:5:5:E:E:E:Ephﬂtgtrgphs;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:; Fixed carbon for synthesis | ohosohate

-------------------------------------- of other organic molecules




PP PP PP P PP PP Stert of c-:y.cl.e. S

Ribulose-1,5- P
bisphosphate %CGE+HEO B
Carboxylation S
3-phosphoglycerate S

il B S

TR Glyceraldehyde-3-
SRR phosphate B NI I TSI

| oomm i

RN Sucrose, starch e e e e e e

N EIRIRER IR LN REP The Calvin cycle proceeds in three stages: (1) L

o carboxylation, during which €O, is covalently linked to a L
oo carbon skeleton: (2) reduction, during which carbohydrate AR AT
conn 0 is formed at the expense of the photochemically derived SRt E P
cocccssssssss s ATP and reducing equivalents in the form of NADPH; and R R L
occccssesss s (3) regeneration, during which the CO, acceptor ribulose- L
e 1Lh-bisphosphate re-forms. e
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6 napp+ ~Molecules of 3-phosphoglycerate are:
reduced to six molecules of
“glyceraldehyde-3-phosphate.

CALVIN CYCLE s®) NI NN RIS I OIS
(¢ fixation) “More ATP is used as five of these
glyceraldehyde-3-phosphate molecules -
°00-®)  arereamanged toregenerate
“three molecules of Ru-P,, which-will.-..-.-
000-(») accept three more COp. 0000
200 () B SO I IR

6 Glyceraldehyde-3-| fixed, leaves the cycle for synthesis of

Fixed carbon for synthesis phosphate L B e e e B e e
of other organic molecules “other organic compounds inthe cell. -
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6| 3-phosphoglycerate

H—C—OH
|
H—C—OH
|
e —P)
H
3 Ribulose-1,5-
bisphosphate

THE CALVIN CYCLE

Enzymes That Catalyze These Reactions

3aoR
carboxylase/oxygenase (rubisco)

3 T CC-2:  Phosphoglycerokinase

CC-3: Glyceraldehyde-3-phosphate

Ribulose bisphosphate

i _C‘ =l dehydrogenase
= CC-4:  Phosphoribulokinase (PRK)
H —(‘: —OH
H—C —OH
H —c‘ —o—P)
!

3‘ Ribulose-5-phosphate |

Five out of every
six molecules

A series of reactions
to regenerate
ribulose-5-phosphate

/

The Calvin Cycle for Photesynthetic Carbon Assimilation. During one turn of the

o}

g—o@
H*C‘. —OH
H—c‘ —o—P)

;

Glycerate-

= 1,3-bisphosphate

o

6NADP*

s ®)

Gy

o}

ll

C|. —H
H—C —OH

|
H—c—o0—P)

|

H

6 Glyceraldehyde-3-
phosphate

One outofevery .". . . . .7
sixmolecules -7

Biosynthesis of sucrose,
starch, or other organic
molecules

-+ Calvin cycle (CC), 3 CO; molecules are fixed, forming one molecule of triose phosphate. CO; is fixed in
* Reaction CC-1, forming 3-phosphoglycerate. Reactions CC-2 and CC-3 use ATP and NADPH to reduce

E 3-phosphoglycerate to glyceraldehyde-3-phosphate. One out of every six glyceraldehyde-3-phosphate

" molecules is used for the biosynthesis of sucrose, starch, or other organic molecules. The other five

"+ glyceraldehyde-3-phosphate molecules are used to form three molecules of ribulose-5-phosphate. The
*. ribulose-5-phosphate is then phosphorylated using ATP in Reaction CC-4 to regenerate ribulose-1,

" _5 blsphosphate the acceptor molecule for Reaction CC-1, thus completlng one turn of the cycle ]
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- * The five remaining triose phosphates are required in






~ synthesized, which is three ATP and two NADPH for each

~* This provides all six of the NADPH molecules and eightof
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" The Biosynthesis of Sucroseand Starch =~~~ @ o @ e
- -from Products of the Calvin Cycle oo e 12 2 g
= Thetriose phosphates glyceraldehyde-3- o4 i

- phosphate and dihydroxyacetone @E &

. phosphate from the chloroplast stroma I =~ I
L g oy N P I f ..... - PN h ..... t - E E -

- are exchanged for inorganic phosphate = @

‘oo fromthe cytosol via.a phosphate v | ey B2 (omen),
“translocator. (@) Sucrose synthesisis s e BT o uw
T T T T T T T T T /_\’/ _ ! ! \PP

- confined to the cytosol, whereas (b) -~~~ @4 = @

. starch synthesis occurs.onlyinthe - ey = 22

~ chloroplaststroma. . e
CLENDIEDDI DD (e g g TN
T T @/‘@_@ ‘ —
- * Theenzymesandisoenzymesthat = [we) —— mesn
Crcatalvze these reactions are restricted to 0 @swossmmes = =8 mswasmes

...........................................................

...... . . . A1 A | g | . 4= e LT Enzymes That Catalyze These Reactions
ooelther tr :e.-:Cy:t:Q_SQ-I.-:(.C:).-Q-r:t-h:e.-:S-t-rQlil:la_-:-: Yo St Akdolseand
.......................................................................................................................... fructose-1,6-bisphosphatase
.......................................................................................................................... S-2:  Phosphoglucoisomerase
.......................................................................................................................... $-3: Phosphoglucomutage

............................................................. S-4c: UDP-glucose pyrophosphorylase

............................................................. S-5¢: Sucrose phosphate synthase

-------------------------------------------------------------------------------------------------------------------------- S-6¢: Sucrose phosphatase
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' S-4s: ADP-glucose pyrophosphorylase

............................................................. $-5s: Starch Synthase
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~ o about 75% of the reduced carbon presentin oo

. dioxide, itis also referred to as photorespiration.



Chloroplast Peroxisome Mitochondrion

g

Glycolate Glyoxylate Glycine
}

H,0, Glutamate
o-ketoglutarate

- - > [Gieie |

Glycine

o T Ribulose1 5- | Calvin
'''''''''''''''''' bisphosphate

pyruvate
NAD* Glyoxylate

Glycine

s The Glycolate Pathway. Glycolate arises as a result of the oxy- Enzymes That Catalyze These Reactions

.l genase activity of rubisco. The immediate product is phosphoglycolate, which is GP-1: Phosphoglycolate phosphatase

L converted to free glycolate by a phosphatase localized in the chloroplast membrane GP—2: Glycolategof{i dase

- .-~ (Reaction GP-1). Free glycolate diffuses out of the chloroplast stroma and is metab- GP—3; Glutamate: glyoxylate aminotransferase
.-+ - olized by a five-step pathway (Reactions GP-2 through GP-6) that occurs partially in GP-4: Glycine decarboxylase and serine

... ... the peroxisome and partially in the mitochondrion. Glycerate then diffuses into the hydroxymethyl transferase

.~.~.7... ... chloroplast and is phosphorylated to form 3-phosphoglycerate (Reaction GP-7), GP-5:  Serine: glyoxylate aminotransferase

.o which enters the Calvin cycle. The oxygen uptake and carbon dioxide evolution GP-6: Hydroxypyruvate reductase

... characteristic of photorespiration occur in the peroxisome (Reaction GP-2) and GP-7: Glycerate kinase

o mitochondrion (Reaction GP-4), respectively. Note that two molecules of glycolate GP-C: Catalase

... arerequired to form one molecule of 3-phosphoglycerate. L J..
''''''''''' MBG304Lecture5ph0t05ynthe5{5
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~ confined to chloroplasts in the bundle sheath
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-+ CAM plants, unlike most C3 and C4 plants,
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- cycle. The high carbon dioxide and low oxygen
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- chloroplasts, which .contain an:internal membrane system
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s w s arythrose 4-phosphate (E4P) used inthe synthesis: oo
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e Cells have a second currency, reducing power.

~* Many endergonic reactions, notably the

o NADPH in addition to ATP. =
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S Pathways requiring NADPH o

- | Synthesis S

SRR Fatty acid biosynthesis B PRPPPSS

| Cholesterol biosynthesis o

B PR Neurotransmitter biosynthesis P IO

SEIEIEIEIEIIP TP PIPIEOe Nucleotide biosynthesis RO E ORI EIEOE ORISR

BIEBENRSIINE Detoxification e

LN Reduction Of OXidiZGd glutathione LLLnLLLL L

EOEPEPEPEPEPESEIEITITINS Cytochrome P4SO monooxygenases EOL I LIS







'''''''''''' factor, which causes vasodilation by | CH, NO askilinse CH,

. relaxing vascular smooth muscle. CH, CH,
CODIIIIILI L GH CH,
-+ NOalsoacts as a neurotransmitter, - | HONHg* HCNH*
oiiiprevents platelet aggregation, and playsan | OO 0, coo" |
~-essential role in-macrophage function. - | Arginine L-Citrulline| -







" Glucose 6-phosphate

L Glucose P NADPG‘_\J s
R NI 6-ph()5phﬂl’€ ..............................

R RIS dehydrogenase |, NADPH + H® SRR PR

“iociiit o 6-Phosphogluconolactone Snm

R ~— H,0 S

S
_______________________________ GIUCDHO]&C‘IOT’I&‘SE

R e s P Oxidative

L \ stage i

DI 6-Phosphogluconate R NI

IR _— NADPY e

............... N 5 N
SO dehydrogenase |2 NADPH LD

O > CO, R IR

............... W

. Ribulose S-phosphate — i



~* Flux through the oxidative pentose phosphate



- Nonoxidative phase of pentose phosphate cycle

Ribulose Rihose
S-phosphate S-phosphate
-epimerase Isomerase
A L
e ~,
Xylulose Ribose
S-phasphate S-phosphate
_./I I\-._ _ _ ___r'l
T'J'run:ih.'lnlu.‘x:
|/- 5 ) -‘.\u
Sedoheptulose Glyveeraldehyde Non-
T-phosphate 3-phosphate oxidative -
| | Sage Tl
bt Ao s
Irmnsm.n.w PP
I_(-- - b H\‘. ...............................................
Erythrose
4-phosphate
— ___,,r'
-\-\'\
j'r'runsh‘.ual:w:
A
-\\
L e PR
IR ilyeeraldehyde Fructose Fructose PR
f-phosphate t-phosphate R




Oxidative reactions Nonoxidative reactions “The: PPP: opeéerates: N

(irreversible) (reversible) L
—_— | ———— N AV ol rand
thecyt050|and

i LT e RN NSRS PP

Reductve anabolc H-C-OH coxidation-of glucose:

pattways 0 C=0 Ho

C-H  HO-CH 0 H-C-OH -:-p_r:o;d-u;ces:-:3;4;,-5-,;6-,-7:-:(3:-;-;-

H“(I?‘UH H-(li-UH (IE—H fIJZO e e e e e e e e

Nuclelc acid ¢ HC-od  Heon  Heon  HooH sugars;  NADPH:and:

biosynthesis l i i i S-9euldy . INMALL T AL

H-(IZ-OH H—(lt—DH H—(IE-DH H-(ll—OH .

M M 00 keo® Heo® weo® CO2DULNOTATP

A A h h f I 1

Ribose 5-  Sedoheptulose Erythrosed-  XylUlOSE S .- o oo o o oo e e e e

phosphate 7-phosphafe  phosphate  phosphate "1

3 BN NN

0 NaDP| O Napp' - K 1 L

CH c-0- H H H-C-0H e e

. H-C-OH H-C-OH H-C-OH H-C-OH Y e
I H,0 I CO; | I & 3 s
- HO-C-H HO-C-H c=0 c=0 0 HO-C-H O
- [HOC , 0y € 0 , D
. HG-OH ; H-C-OH 3 H-(I:-GH‘(_HD-(IIH CH H-C-OH C-H e e e e e
T HC-OH H-C-OH HG-OH HCOH  HCOH  HC-OH  HOOH 0.l oioiiiiiinlll
'::: H—(E—O-@ H-(Ii-{)-@ H-?—O-@ H-(II-O-@ H—?—O—@ H—?—O—@ H—(E—O—@ :::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
H H H H H H H :::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
.+ Glucose 6- 6-Phospho- Ribulose 5- Xylulose 5-  Glyceraldehyde  Fructose6-  Glyceraldehyde -
.. phosphate gluconate phosphate phosphate  3-phosphate phosphate dphosphate - - - - o e e
Glycolytic pathway N RN

et MBGROA e e B Pentese Phosphate: Pathwaly i i



Ll derived

SRS from niacin

SRR (vitamin B3)

SRR CHy O

R | H H

IR | . Y ;H Deficiency of Niacin causes

----------------- HO I

R, ] pellegra (a.k.a. rough skin)which
U o /P]E( is a disease characterized by the
BRI N

S flf* ”( /“\ Sy “three Ds” - dematitis, diarrhea,
S o=P—om Sy N and dementia.

nmmn 0 CH, O

R H H/

L H

Ll HO  OPOI
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~* These,in turn, react to cleave fatty acid C-C bonds, thereby
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Glucose 6-phosphate dehydrogenase
deficiency impairs the ability of an

erythrocyte to form NADPH, resulting
in hemolysis.

ERYTHROCYTE

Oxidant stress

Certain drugs
Infections
Fava beans

|

H;0,

SR Glucose 6-phosphate Glutathione
""" dehydrogenase reductase

Glutathione
peroxidase
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- The GSH Is critical for destroying hydrogen peroxide
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Metabolic characteristics {

Role of glucose 6-phosphate

of pentose phosphate pathway and NADPH dehyrogenase
Pentose phosphate
pathway
[(Cytosol ool 6-P Gluconate
R ]
Ribose for DNA, produces f a L -
RNA synthesis | Ribose 5 P/ NADPT — Tt > Rate-limiting step ]
e Glucosﬁ 6-P catalyzed by
Tissues active Sedoheptulase 7.9 Fructoss 6P ¥

in reductive

biesynthesis

* Liver

« Adipose
* Adrenal cortex
* Gonads
* Erythrocytes

® Fatty acid synthesis

® Steroid synthesis

® Drug metabolism

* Glutathione reduction

* Generation

by NADPH

oxide in phagocytes

of super-

oxldase

1
noteworthy
because

NADPH oxidase gene

[ Mutations In

DNA of l

.reaE:f to

activity

l Deceased enzyme l

leads to

[ chronic granulomatosis)

"3:MBG304

% . Blochemlstry/Hlkrhet Gegkrl

ocCurs
primarily in

Ghyceraklehyds 2P

Erythrose 4.8 3"

Fructoss 1,6bis-P
JsDHaP
Glycerakiebyds 3.5

NADF*-dependent
malate dehydrogenase
(except for erythrocyte)

consumed by

consumed by

produces

HY
NADPH

inhibits

Glucose 6-phosphate
dehydrogenase (G6PD)

noteworthy
because

Mutations in
DNA of GEPD gene

Iea:‘.f to
¥

Enzyme activity ]
.reacll'sto
¥

Production of NADPH |
leads to
¥

Reduced glutathione |
leads to
¥

‘I Reactive oxygen
intermediates
leads to
¥

Damage to eryt hrocyleJ

cell wall
lead's to

Hemolysis ]

.reaclrs io
¥

[ Hemolytic anemia |

Lecture 6 Pentose Phosphate Pathway
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Glucogenic
Ketogenic

Both glucogenic

and ketogenic
S ———  O-K.E€10










- foundin glycolysis. Hexckinase (resction1) -

B NN M Glucose ﬁcmms"’ L

DT TP P PP UL PSP ATP ADP DRSNS

- include the enzymes  Proshoenclpyruvate T Pymvate



P Glycolysis

~Irreversible steps 1 (G
| —
O P Glu-6-P

............................................. '"'

:-:-:-:-:-:-:-:-:3_-3G-Iuc:ose-:6—:p:h-o:sph-a_tase:-:-:-:-:-:-:-:-:-:-:- Fro-6.p

T L L Step3 |
cosiiiirreaction: L) i F:::;} L

B RO RO TSRO P S EO PR RO PSP EPEPEEPOPEPEE PP Fru-1,6-bP

e Lo biphosshae /3

.................................................................................................. : GAII:I G

.................................................................................................. P;; NAD" NAD" P, . ::::::::
 ePyruvatecarboxylase MWy —woinr

~ [pyruvate —> oxaloacetate) and = i —= [ —

................................................................................ 3PG 3PG

-~ phosphosenol pyruvate) = woe—y —p

;E;E;E;E;E;E;E;E;E'E:E:E;i:E;E:E;E:E;E:E;il'éii:i;E;E;:;:;;;E;E;E;E;E;E;E;E;:;E;E;E;E;E;E;E;E;E;E;ESten 10 PEP PEP] Step10)
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..................... Glucose

NI hexokinase glucose 6-phosphatase IR
s Glucose 6-phosphate S
P PP phosphohexose isomerase ' phosphohexose isomerase DD
B PRI Fructose 6-phosphate B PP
s ; i fructose S T
Dl e e Phosphofuctokinase-1 1,6-bisphosphatase 11+ -1 Ll
'::::::::::i:i:::::::::::::::::::::i:i:::: Fructose 1,6-bisphosphate

S IR ——

DRI aldolase aldolase

P Dihydroxyacetone | ¢ < Dihydroxyacetone

'''''''''''''''''''''''''''''''''''''''''' phosphate phosphate

o e ,

.......................................... triose phosphate ‘\\‘ // triose phosphate

B < i isomerase

S IR n Glyceraldehyde 3-phosphate (2)

B R SRR o glyceraldehyde phosphate glyceraldehyde phosphate

.......................................... — dehydrogenase L dehydrogenase

1,2-bisphosphoglycerate (2)

phosphoglycerate il phosphoglycerate
kinase kinase

3-phosphoglycerate (2)

phosphoglycerate phosphoglycerate
mutase mutase

2-phosphoglycerate (2)

enolase ﬂ ﬂ enolase

Phosphoenolpyruvate (2) <\PEP carboxykinase ..o

.......................................... pyruvate kinase Oxaloacetate (2) e

IS Pyruvate (2) pyruvate carboxylase L.t
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. breakdown of carbohydrates (mainly glucose}
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RRRIOOBESSN fat molecule RIS
SR fatty acids RSP
oo glycerol L : RS
IR H ° RIS
Lo H=C—OM#HO-C~CH,~CH,~CHCH,~CH _~CH,~CH,~CH_~CH ;- CH ~CH,~CH ;CH,~CHCHCH-CH_ ..
B stearic acid DN
SRR o RS
ol H—G—0H4+HO~C~CH,~CH,~CH~CH,~CH ~CH_~CH_~CH=CH~CH_~CH_~CH_~CH_~CH ~CH ~CH_~CH, . =
B PSSR o oleic acid SR
B H—ul:i.‘-“l‘.'.‘li-l-i-HGH'E--EI-Ezul:I-Ef-GI-E;CI-EQ--GI-Ezul:I-E2—-—E‘:H2-4::I-E2-EH;EI-E;I'...—“H;I::I-EQ——EH;GI-E{—EI-E R
B # carboxyl palmiticgeid 0




ffffffffffm Stored Metabolic Fuel in a 70-kg Person

Energy Dry Weight Available Energy
| Constituent (kJ/g dry weight) (g) (kJ)

Fat (adipose tissue) 37 15,000 555,000

| Protein (muscle) 17 6,000 102,000
Glycogen (muscle) 16 120 1,920
Glycogen (liver) 16 70 1,120
Glucose (extracellular fluid) 16 20 320

“ | Total 660,360
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14 3 alnitic acid (C16:0
H—C — + COOH — {CH:}IE ------- CH ; stearic acid (c18:0) |::>
inoleic acid (C18:24212












S| Acid Number of Carbon Atoms Formula Melting Point (°C) |- -1l
Clnlnl | Laurie 12 CH,(CHs),,CO.H 44 NN
:::::::::::::::::::::::::::::: Myristic 14 CH,(CHs),,CO.H HE ::::::::::::::::::::::::::::::::::
Lo | Palmitie 16 CH,(CH,),,CO,H 63 EROEIROP SRR
s | Stearic 18 CHj(CHg),,CO,H 71 L
oo | Arachidic 20 CH,(CHg),5CO-H 77 P P

Typical Naturally Occurring Unsaturated Fatty Acids

: : | Acid Number of Carbon Atoms  Degree of Unsaturation® Formula Melting Point (*C)
I Palmitoleic 16 16:1—A CH4(CH,),CH=CH (CHs);COH —0.5
Oleic 18 18:1—A CH,(CH,),CH=CH(CH,),CO,H 16
Linoleic 18 18:2— A2 CH;(CH,),CH=CH(CH,;)CH=CH ({CH,),CO,H -5
.| Linolenic 18 18:3—A%1210 CH;(CH,CH=CH),(CHs);CO.H —11
.| Arachidonic 20 20:4—A"ALI CH;(CH,) ,CH=CH{CHs),(CHs),COsH —50
T MIBGRO  T
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Cholesterol

CH, OH CH,

Testosterone Estradiol Progesterone




N O et
S O ) S
IO | | RRN
| CHROCR CH;OCR SR
R 'ﬁ’ H,0 . 'ill' H,0 tﬁ RIS
BUEEEE pases Phospholipases RO
Soocoool CHOCR N = RCO™ =~ — CHOCR N
DRI \ Free ' el
L O Glycerol Fatty Glycerylphosphorylcholine O L
RENRR I acids I . SRR
S| CHROCR CHEDTDCHECHEN (CHg)y |
G| e | 5 o
BRI Reuse Phosphatidylcholine R
o or SRR
DRI oxidation L
NG A
i The release of fatty acids for future use. The source of fatty acids-can‘be:a: 0o
s triacylglycerol (left) or a phospholipid such as phosphatidylcholine (right). oo i
e Sl
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n_—Receptor

Adenylate cyclase

s

ATP cAMP

Protein kinase Protein kinase
(inactive ) (active)

ATP {\X—V ADP
Triacylglycerol )
lipase (inactive) Triacylglycerol
lipase (active)

.

Phosphatase

Plasma membrane

Triacylglveerol

AN

Fatty acid

Diacylglycerol

Monoacylglycerol
MAG

lipase

-

Glycerol




- Fatty-acid oxidation oo
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B CoA-SH Acyl-CoA
L Cytosol
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membrane -’
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Q)G) Tl) (|3H2§(CH3)3 (lleitI(CHs)s

e e RC — O — CHCH,CO0™

B =it = B Anslcarmitine

CHOHCH,COO~

Carnitine
‘- -
"| £ CArNILNE 1y 4y »

4'»0@00&
, “l acyltransferase
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\

Inner L
membrane ..

CoA-SH

o
SRR o CHyN(CHg)g RC—S—CoA

+
(ileN (CHg)g
''''''''''''''''''''''''''''''' RC — O— CHCHyCOO~ ¢ CHOHCH,COO~

............... Acylcarnitine B-Oxidation Carnitine




oo o o - membrane. Long-chain acyl-CoA cannot'pass ===

oo through the inner mitochondrial membrane, butits

S metabolic product, acylcamitine, can.
.......................................................................................... Cytoplasm

Cytoplasm ) Pyrophosphatase FUVUN Y Rt o U WY Y YV YUY Y cuter _

ATP AMP + PPi Y“PPiSP m acyltransferase mitochondrial

uhHLliHa I ANARANAR AR ) menbrane

Fattyacid |1|CoA

Acyl CoA

Acyl | CoA Acyl |carnitine

' Agyl CoA (huter

synthetase mitochondrial S 'ty carnitime  gfgtyty'y’;  Carnitine/ IITHT‘[T' Inner .
memnbrane ST "'acylh‘ansferase””' acylcarnitine ”"'l'l”'
R T I LA TR BLEECRR ARAARARAA manbrane
Intermitochondrial S -
m enhrane space Acyl Cod CoA R Acyl |carnitine
_.+. | Acyl |carnitine Acyl |CoA Mitochondrial
Inner F matrix
mitochondrial -
e e y
DD D D DENENERENE Fatty acid oxidation
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P P P P|I P|I (ﬁ)
Theodation of .o A O O

‘saturated fatty acids H H

“involves a cycle of four - Hoo Faity acyl-CoA
| ‘ﬁ’

FAD
‘enzyme-catalyzed 4o dos—cm

-------------------------- R—CH,—C . S — CoA Acyl-CoA

dehydrogenase

“reactions. Eachcycle i AceitCod

Fatty acyl-CoA
(4 shortened by two carbons

#< \

ca
Cleavage Oxidation |

Thiolase |

_ g FADH,

liberates acetyl-CoA, ==
‘resulting ina fatty acid

L S I / Successive cvcles Y
I

Ldidi i twid bal BULIS. O'IH 0 H O
[ |

i At s R— CHy— C—C—C—S— CoA R— CHy— C=C— C—S—CoA -

........................... |B |e.1' |'|9
B H H

L}

“bond, and the number : - p-Ketoacyl-CoA trans-A%-Enoyl-CoA

R . - H0
Oxidation Hydration / M

Enoyl-CoA
hydratase

‘bond (based on counting "

TR R ST AR NAD*
~carbonane). R— CHy




Fatty Acids

Even-Numbered Ghains

| i

Odd-Numbered Chains

(common in lipids of plants and marine animals)

-Oxidation Pathway - Cycle 1

e ey

acyl-CoA dehydrogenase ks
* FADH;

.
| 3 ]
=
Vg

CoA-SH
acyl-CoA acetylfransferase

{thiolase)

[<hydroxyacyl-CoA
dehydrogenase

Subsequent Cycles

(shortened by 2 Carbons
each cycle)

Even-Numbered Chains

o~
S Q\ \:;\41 |

1 1
Odd-Numbered Chains

y

T N




o i = g
reaction 1 H—“ﬁ"' 2—'5::"2 —C—S5—CoA o H—G=T—G—E—Gn.n.

SEBEIEREIE H

SRR Acyl-CoA o, B-Enoyl-CoA

SRR H o OH H O

S reaction2 n— N8 1 o .., @ > b b s con

o .', o

RS o, p-Enoyl-CoA 3-Hydroxylacyl-CoA

RO ‘NAD* (NADID) +9

S, OH H © | 0 0

reaction 3 n—r!:—;l:—é— S— CoA fi- H—!‘Zl:—cHz—{:—E— CoA

i s b "

BRI H H

SR 3-Hydroxylacyl-CoA p-Ketoacyl-CoA

L 0 0 5 o
i reaction 4 H—%—Euz—ulrl.—s—nunq. COASH) ————— R—C—S— CoA + GHg —C—S—CoA
SRR B-Ketoacyl-CoA Acyl-CoA Acetyl-CoA .
O et g ipld metabig L
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- eewcococco Fatty acid catabolism

RIS CoA-SH SR
ST AMP 2P, HO o SRDBEE
SN GH,=(CH,),— CH,=CH,—&—S - CoA SERII

DOSEEN ~ FAD ARDERNE
RS FADH, - ~ SRS

PRI 0 0 ROSERIEIS
S | CHy=(GH),,~C=CH_~C =S~ CoA
S CoA—-SH RIS
'''''''''''''' a 0
R ] ] L
S0l \SCH,=(CH,),,~ C=S=CoA+CH,~C—=5= CoA ROREINO,
RN Acetyl CoA RIS
S | v R
RIS Krebs\__ coenzyme—2H —|  Oxidative RUSERIS
RIS phosphorylation L o
R co, SR
e MBGEOR L e e LI AREEABOIIS L



Palmitic acid CH3(CH,),4,COOH= (16:0) S

Acyl thiokinase (2 ATP are used) SR
B- Oxydation (7 turns) S

S | RIS
- F FADH2 [7 NADH + H S
|ETS |ETS 8 acetyl-CoA R

- [{4ATP 3T ATP s

Krebs Cycle R

| _
ATP

Ik
r o]

ETS ‘ETS-:-:-:-:-

16 AIP 72ATP]

Net ATP yield: 131-2 = 129 ATP/palmitic acid S
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L CH(CHY)gC— S —CoA + 8 FAD + 8 NAD* + 8 H,O + 8 CoA-SH — |10l
RIS O RIS
IR 9 CH,—C—S—CoA + 8 FADH, + 8 NADH + 8 H* |00 00000

oeseiiiel 9CH,C—S—CoA + 9 FAD + 27T NAD* + 9GDP + 9P, + 27 H,O — L

Lo 18 CO, + 9 CoASSH + 9 FADH, + 27 NADH + 9 GTP + 27 H* [0










r--»EHz 8 iyl ot Ci4g — Acetyl -CoA
T e C1o — Acetyl -CoA
N (G () Aty Coa
@é‘? 0 | o Ce — Acetyl -CoA
S ¢, K )— Acetyl CoA

NADH,FADH; |




o Oth 8th 7th 6th 5th 4th drd 2nd Ist _
R - —h i — i — i — — i — — — Two-carbon units

N N N N N N N N “

Sth 7th Gth 5th 4th 3rd 2nd Ist S — CoA
77777777777777777777777777777777777777777777777777777777777777777777777 Cycles of B-oxidation
- *Stearicacid (18 carbons) gives rise to nine 2-
- carhon units after elght cycles of oxidation. - | R EILG e
| The breakdown of fatty acids takes place in the
~*The ninth 2-carbon unit remains esterified to. | mitochondrial matrix and proceeds by successive
- CoA after eight cycles of ~oxidation have ' | removal of two-carbon units as acetyl-CoA. Each
S I R SNt P IO L cleauageofatwo-carbgnmgiet}rrequiresafgur-
- removed eight successive two-carbon units, - : s
T T BT L s step reaction sequence called B-oxidation. The
~starting at the carboxyl end onthe:right. "= | complete oxidation of fatty acids by the citric acid
- | eyele and the electron-transport chain releases
T ts of _

- sThus, it takes only eight rounds of ~oxidation to [ 2" % 7 T

- completely process an:18-carbon fatty:acid to. ..o
SACELYI-COAL il
e MBGROA. T e @ e REEABOIIST . el L L



NAD & FAD

Electron transport Proton grﬂdientgféf

NADH & FADH 3 > chain . ATP production:
- Acetyl CoA
8 NAD' & FAD
] Citric acid
\ cyde NADH & FADH;
IIMBGRO I e



~-acidsalsoundergo - s )

~ boxidation. o, ) 50 5o
* Thelastcycleof
- beta-oxidation FEE

.................................................................. CHS ATP ADP +';__P,: CHS CH.

| :
éfb HG— oo™ B ) e,
i

CO—S—CoA CO—5—CoA

LTINS I ropionyLS-CoA SuccinyL§-CoA
:-_':-:-:P:r.o:p_|_0n. I-CoAis T \ _J’ -

Citric acid

................................. A AN I
“succinyl-CoA, which /1 '\\ 1 T
- then enters the citric Thr Tle  Met Val
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-~ Synthesis of the ketone bodies leo ! Acetoacetyl CoA S

 acetoacetate, -hydroxybutyrate, I o

............ OO O I I A, CHy= C~ SCoA
andaCetone ......................................... HMGCoA ¥~ ° s
e T T ynthase I\ CoASH RIS
T oH o AR
L L L L L CHy=C = CH, = C=0 BRI
BRI NIRRT I IO CoH, AR
------------------------------------------------------------------------------ o : 3-Hydroxy-3-methyl
B PRI IO ; C=0 ; glutaryl CoA RN
i ' SCoA (G CoA) SRR,
IO HMG Goa [ 17r=-=msny SRR
s |ys.aseI\t;AcetyICoAi S
L 0 o BRI
T g e bate /o NADH AR
DN N DD DE RPN dehydrogenase . H Spontaneous SRR
DD NAD*  iCO, NP
LT L L L L ‘OGN —— 0 AR
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' S /,O ]
IO CHy= CHe# CHp= C_ CHy— C—CHy SR
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DR NN DN II IS o-B-Hydroxybutyrate Acetone AR
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s Gluemse= Gy, O e T R
B B 2
CU42Hi12x1=12 oo Inotherwords, the same gram amount
BOSIEe i TR I PRI
CiTotal A8 g el AR
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o BaTalsopossesses o great capacity for glucose uptake and metabolism, -
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Endoplasmic reticulum (ER) :
(Chain lengthening,

introduction of double bonds)

Nucleus

Cell membrane -

e LR R LA S A A R R R RN 0 (Anabolism, formation

“owhilethe anabolic oo daatted -






Mitochondrial
membrane

CoA-SH

CoA-SH,

M1 I ) .
Pyruvate 7 Acetyl-CoA J ) Citrate M Gitrate\, JiAcety-CoA | -
v .

TV Ve V
o |
|
Oxaloacetate |
Some Lipids
antino acids

------------------------------ Oxaloacetate
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SN | Bioti SR
Sl HeG—C—S—CoA + ATP + HCO, m'? L

_______________ Acetyl-CoA BRI

RN 0 S
PRI I ORI

RIS “O0C—CH,—C—S—CoA + ADP + P + H' RIS

SIS Malonyl-CoA IR







A Comparison of Fatty-Acid Degradation and Biosynthesis

Degradation Biosynthesis
1. Product is acetyl-CoA Precursor is acetyl-CoA
2. Malonyl-CoA is not involved; no requirement for biotin Malonyl-CoA is source of two-carbon units; biotin required
3. Oxidative process; requires NAD ™ and FAD and produces ATP Reductive process; requires NADPH and ATP
4. Fatty acids form thioesters with CoA-SH Fatty acids form thioesters with acyl carrier proteins (ACP-SH)
5. Starts at carboxyl end (CH;CO; ™) Starts at methyl end (CH3;CH; ™)
6. Occurs in the mitochondrial matrix, with no ordered aggregate  Occurs in the cytosol, catalyzed by an ordered multienzyme
of enzymes complex
7. -Hydroxyacyl intermediates have the L configuration B-Hydroxyacyl intermediates have the D configuration
':':':':':'M:BGSQA':':':':':':':':':':':':':::::::::::::::::::::::::[_'elczt:u'r'e":g;:]_:rbid:niétébohém:':':':':':':':':':':':':':':':':':':':':':':':':':':':':':':':':':':':
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RIDOES + I O CH;z
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::::::::::::::: Phosphatidylserine ::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
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~ Cholesterol and in the other steroids that are derived
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- * Isoprene units are often added to proteinsto
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Gha GIn Arg Pro His Tyr Phe Leu Lys Trp Glu GIn Pro Arg
V 1o TpLex 1

o-Ketoglutarate [ l | o-Retoglutarate
/ Acetoacetyl-CoA \3
( Anabolic
Citric acid \ reactions
|
|

N
cycle - AcetyhCoA B - |
Succinyl-CoA [ . |II || Citric acid
{

Catabolic

/ A cycle
reactions // Oxaloacetate
Pyruvate
t Fumarate

Val Ile Met T

Phosphoenolpyruvate
Tyr Phe
Trp Ala Gly Ser Thr Cys +
v Phe Tyr Trp Asp Asn Lys Thr Met Ile

Ala Gly Ser Cys Val Leu Lys

Catabolic breakdown of amino acids Anabolic formation of amino acids
produces citric acid cycle intermediates uses citric acid cycle intermediates
as Precursors










IR c|c-c-— r|:oo— SO
RIS N CH, R CH, R EROEREITIRIRES
B | | Pyridoxal-phosphate- - | | SO
SUEIEEIEIEIEIPEI CH, T C=0 < CH, + H—C— NH} DERUIIEIIEEIE
EOR SR IR ISR OP ORI | | dependent | | EOEIEIE IR
ol H—C — NHg COO™ aminotransferase C= COO™ TP
NN NN | | N,
SRR COO~ COO~ L
Lol Glutamate a-Keto acid aKG a-Amino acid RIS
R r|:oc-— r|:oo— SEE
::::::::::::::::::::::::: | | Glutamate— | | ::::::::::::::::::::
T CH, + CHy, 3 =~ CH, + CH, SEIRIEIERE ISP
BRSNS | | aspartate | | L
e H—C—NH; C=0 aminotransferase C—= H—CT—NI—];: L
EOEIEIRIEOEPESRIIEOEOEN | | | | RIIEOEOPIRIBEORE
::::::::::::::::::::::::: COO™ COO™ COO~ COoO™ ::::::::::::::::::::
Glutamate Oxaloacetate a-KG Aspartate




- * Inaddition to transamination reactions, one-

o amino acid biosynthesis,
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Amino Acid Requirements in Humans

| Essential Nonessential
| Arginine® Alanine R
| Histidine' Asparagine R
250 Isoleucine Aspartate
Leucine Cysteine
Lysine Glutamate
Methionine Glutamine
Phenylalanine Glycine
7| Threonine Proline L
Tryptophan Serine
S Valine Tyrosine SR
* Mammals synthesize arginine but cleave most of it to urea (Section 23.6).
o TEssential for children, but not necessarily foradults.
e MBGROA. e O NG Bl MBEABOIISTT g









e Breakdown of the carbon skeletons of amino
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Glucogenic Ketogenic Glucogenic and Ketogenic

SR Aspartate Leucine Isoleucine L

NN Asparagine Lysine Phenylalanine .

cocccccss | Alanine Trj,rptophan DRI

S| Glyeine Tyrosine S

.................. Serine

| Threonine SR

oo | Cysteine PR
S| Glutamate RRR
s Glutamine S
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.................. PerlinE.'

S Histidine g
valil'lﬂ ..........

cooccososs | Methionine SESREES













- Nitrogen-containing products - NH, s

- ofamino acid catabolism - .

PP PP PP + L

B R LI NH,

T T T T T Ammonium e

- nitrogen as ammonia, terrestrial
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e Arcentral pathway in nitrogen metabolism-is the urea -
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- thatprovided by nitrates.
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e e e e e e on alfalfa roots.



