Cellular Pathways that Harvest
Chemical Energy

Sun

| Photosynthesis

N
GLYCOLYSIS

Aerobic U

w Anaerobic

CELLULAR RESPIRATION
* Compleir oxidation
* Waste products: H,OQ, CO,

* Net energy Irapped: 36

7.7 Energy for Life (Page 126)

Reduced

compound A A
(reducing G
agent)

A is oxidized,
losing electrons,

Oxidized A
compound A

FERMENTATION
* Incomplete oxidation

* Waste products: Organic
compound {lactic acid or
ethanol and COy)

* Met energy trapped: 2@

. Oxidized
Bk

B compound B
) {oxidizing
agent)

B is reduced,
gaining electrons,

31 Reduced
~ compound B

7.2 Oxidation and Reduction Are Coupled (Page 127)
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AH, NAD* BH; e e r———
A - B e
I + \ 4l S il N o L NI
| ® e
As compound AH, is oxidized, Elsenwhere, NADH + H' reduces
transferring two hydrogen atorns, compaund B ta BH,, at which time ) _ B e
NAD” is reduced to NADH + H', NADH is oxidized 1o NAD®, » c—
7.3 NAD Is an Energy Carrier {Page i27)
Two hydrogen atoms (2 + 2H") are The ring structure of NAD - — e T R S
transferred to another molecule. acquires 2¢~ and 1 HY ..
‘\l Ea - = 1 L
Oxidircd form (NAD*) Reduced form (NADR) + H+)) o LI . - = oo s ST i
+2H H H
CONH, Rr_dur'tlnn l | CONH,;
= e e Ay e
Oreadation P
o N PSR L S » e
~ |
P—O— CH, .0 .
\O : ...leaving s N T e o
1 HY free,
7.4 Oxidized and Reduced Forms of NAD (Page 127} it o ” o =1 g ;
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7_ _I Cellular Locations for Energy Pathways in Eukaryotes and Prokaryotes

EUKARYOTES

PROKARYOTES

External to mitochondrion
Glycolysis
Fermentation

Inside mitochondrion
Inner membrane

Pyruvate oxidation

Respiratory chain
Maltrix

Citric acid cycle

In cytoplasm
Glycolysis
Fermentation
Citric acid cycle

On inner face

of plasma membrane
Pyruvate oxidation
Respiratory chain

{Page 128)

(7) Glycolysis and cellular
respiration

th) Glycolysis and fermentalion

GLYCOLYSIS

1F}frwatel

GLYCOLYSIS

i
PYRUVATE FERMENTATION
OXIDATION
B
N/

Lactate or alcohoel

7.5 Energy-Producing Metabolic Pathways (Page 128)
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GLYCOLYSIS ENERGY-INVESTING
e&m REACTIONS
Pyruvate CH,OH
FYRUVATE H H 0_ H
L_Bam. '-.Tl[)\.
£ R |
HO OH
H QH
r|
y Glucose
CYCLe
Hexokinase {z@g
El I"IH-IIUIZ‘( —
HCII AW

ATP transfers a phosphate to CILO®

the 6-carbon sugar glucose. " =0 o

|
HO

i OH

Glucose G-phosphate (GoP)

Phosphohesose

BOmerase
CHOP
CH.OH
Glucose 6-phosphate is ‘___,-v-‘ o :
rearranged to form its isomer,

Sr “NH HO

. fructose-6-ghosphate, H o
OH H

Fructase-6-phosphate {F6P)

— @
— @D

Fhosphotructakinase

CH,O®
A second ATP transfers a CHO P
phosphate to create fructose- <0
1.6-bisphosphata. H HO
H OH
Ol H

Fructose-1,6-bisphosphate (FBP)

%
The fructose ring opens, and

Aldolase
the 6-carbon fructose 1.6-

CILO P
|
H—C—0OH
Glyceraldehyde | .
3-phosphate (G3F) L=
{2 molecules) [ll

Triose phosphate —~ 1

dehydrogenase 2 NaD*
2 NapH +(p

(i‘I—IIO i

H—C—0OH

¢ The two molecules of G3P
gain phosphate aroups and
are oxidized, forming two
molecules of MADH + HT
and two molecules of 1,3-
bisphosphoglycerate [BPG).

3-Bisphosphoglycerate (BI'G)

C=0
|
op

Phesphoglycerate

{2 molecules)

The two molecules of BPG
transfer phesphate groups
10 ADP, forming two ATPs
and two malecules of 3-
phasphaglycerate (3PG),

3-Fhosphoglycerate (3PG)

kinase Ij—" 2 FATE
CHO®
H—C—0OH
('I_- =0 {2 molecules)
|
o

Ihosphoglyceromutase

CH.OH

The phasphate groups on
the two IPGs move,
forming twa 2-phospho-
glycerates {2PG).

2-Phosphoglycerate (2I°G)

Ennlase
- = 21 Gl]

CH,
il
"—0—@

C=0

—")

O

bisphosphate breaks into the : | 3 (A
3-carbon sugar phosphate [ yravere
DAP and its isomer G3P, . kinase | Mp 2 @
n:lH.:O P
| T4
? . lsomerase F— C—OH CH,
L e, LR |
The DAP malecule 1 = ‘~|’3 —0 x|: =0
is rearranged to CiHL.OH 18
farm another G3P . B H C=0
molecule, Dihydroxyacetone Glyceraldehyde | 1
phosphate (DAP) 3-phosphate (G3P) O
(2 molecules) Pyvruvate

7.6 Glycolysis Converts Glucose to Pyruvate (Page 129}

(2 molecules)

{2 molecules)

el
The two molecules of 2PG
lose water, becoming two
high-energy phaspho-
enolpyruvates (PEP).

Phosphoenolpyruvate (PEP)
(2 molecules)

Finally, the two PEPs
transfar their phosphates to
ADP, forming two ATPs
and two miclecules of
pyruvate,

From every glucose molecule,
glycolysis nets two moelecules
of ATP and two molecules of
the electron carrier NADH.
Two molecules of pyruvate
are produced.



are all slightly endergonic.

ﬁe first reactions of glyco!ysis] [These reactions are the 'enecgyj

harvesting™ portion of glycolysis.

[ Vv

Three exergonic
reactions are
cougled to the
reduction of NAD*
and the synthesis

Change in free energy, AG (in keal/mal)
I
=
T

V

E [\ 4 Glyceraldehyde
- 2 f J-phosphate

2 () +

\2

feeriiesa st 1S

of ATP.

e o2
10

For each glucose:

2 Pyruvate

2NADH + 2 H*

2 ATP are produced.

7.7 Changes in Free Energy During Glycolysis (Page 130}

CELLULAR

PATHWAYS THAT HARVEST CHEMICAL ENERGY
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Pyruvate axidation and the
citric acid cycle take place in
the mitochondnal matrix,

o
| Mitochondrian
C=—0
l
CUVCOLYS 1A c| —0
€= L
Pyaivate Pyruvate
PYBUVATE NAD*
OHIDATION

Coenzyme A

AR + @ £ PYRUVATE

- OXIDATION
. -
CITRIC - Pyruvate is oxidized to acetate,
ACID O with the formation of NADH + H*
SYCIE I and the release of CO; acetate is
C —CoA aclivated by combination with

i coenzyme A, yielding acetyl CoA.

RNESFIRATORY R
CHAM <l I'{

Acetyl CoA

Marate is oxidized to oxaloacetate,
with the formation of NADH + H*,

Oxaloacetate can now react with oo C|OO’
kacet}d CoA to reenter the cycle, ) | CH The tac-carbon acetyl group and
o=C _» W, 2 four-carbon oxaloacetate combine,
NASH) + @ L|“H ﬂ i HO — C— OO forming six-carbon citrate.
P |
NAD* COOr CH,
Oxaloacetate CIOO CO0r
COO0 !
f Citrale (citric acid) g  CH,
HO-—CH |
i,H HC —CO0"
| 2 HO—CH Citrate is rearranged
COO | to k_)rrn i1s isomer,
Malate COO isocitrate.
EA Fumarate and _ Isocitrate
water react, A E,[']:MQAC[D
forming malate. / CYCLE NAD*
s (’?00' ~ (NADH) + @
CH coo -
I | oy
HC CH,
| I
COO CH, Isocitrate is oxidized
F b b te a-ketoglutarate,
pman ;, Qj=0 yielding NADH + H*
i FADHZ! oo and €O,
Succinate is oxidized D ¢-Ketoglutarate

to fumarate, with the
formation of FADH,.

Succinyl CoA releases coenzyme A,

becoming succinate; the energy thus @ewglmarale is oxidized to succinyl CoA, with
released converts GDP 1o GTF, which the formation of NADH + H* and CO,; this step is

in turn converts ADP 10 ATP. TP L almaost identical to pyrnuvate axidation,

Succinyl CoA

7.8 Pyruvate Oxidation and the Citric Acid Cycle (Page 132)
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Change in free energy, AG (in keal/mel)
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PYRUVATE

GLYCOLYSIS OXIDATION CITRIC ACID CYCLE

2(ATH) +
2 ZATR :

ATP

10

Pyruvate 2(NADH) + (HY [ ——
!Al_’rﬂ}-!-f_'n.i'. ’) 2 +@ - .- Sieia
S

-600 L 20 D + (4D B S Ea
700 Oxaloacetate |
7.9 The Citric Acid Cycle Releases Much More Free Energy Than Glycolysis Does (Page 133) R . R
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F i B T o

G |

PYRUVATE
OXIDATION

Mitochondrion

AREN

) rELECTRON TRANSPOR_T‘ - il ‘ | ATP SYN.'I'[-IE?;iS
. T
i g1 [ S
. & Cytuchrome ¢ H @ ® 2 Cy:toc‘r\mmec " ® HY o [H+} Egh (H+] %
ﬁ:z'l:brane NADH-Q reductase Cytochro e A:n; : H+] concentration
e e Ubiquinone y S ﬁ L @' @ & ‘lasc @ of H
fiv8 TG b AR ] e

Mitoctondrial .

e i Low
: =5 o
matrix concentration
of H*

FAD

sy o

: 2H 4+

o [ |\

Electrons (carried by NADH and FADH, ) from Froton pumping creates an imbalance
glycalysis and the citric acid cycle “feed” the and charge difference between the inter-
electron carriers of the inner mitochondrial rembrane space and the matrix. This

membranz, which pump protons {H*) out of imbalance is the proton-rnotive force. } @+GH i %
A

the matrix to the intermembrane space.
Because of the proton-motive force, protons return to the
matrix by passing through an ATP synthase in the inner mem-

brane. This “relaxation” of the proton imbalance is coupled
with the formation of ATP in the ATP synthase complex.

7.12 A Chemiosmotic Mechanism Produces ATP (Page i36)
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[ Etectrons from NADH + H* are accepted

by NADH-Q reductase at the start of the ot

respiratory chain. J

\\ Electrons also come from succinate by way of - '
FADH,; these electrons are accepted by succinate — E—
% | dehydrogenase rather than by NADH-Q reductase. )
0 i T [ -
() + @

=

2 Succinate dehydrogenase o d

= -19

=

= / g T s
5 NADH-Q

s reductase — S—

w =20 I~ complex

g e 1 ==

"._J'

= Cytochrome ¢ ", "

2,'3': 30 1= reductase Cytochrome ¢ =~

g complex oxidase L -

EE complex

£ =B e el

B 40|

=

L] - ——

=

o

= “@
| . .

7.11 The Complete Respiratory Chain {Page |36) T
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GLYCOLYSIS

2 Pyruvate

s 2(NADH) + 2
\\»ZNAD‘

FERMENTATION
CO0y
H—C—0OH
CH,

2 Lactale

~.<\/.__

7.14 Lactic Acid Fermentation (Page 139)

——r — — — — ——

2(ADB; + 208

» G

CHO

!
i

2 Acctaldehyde

CH.OH
T

CH,
2 Ethanol

7.15 Alcoholic Fermentation (Page 139)



GLYCOLYSIS

Glucose

‘—i or
Pyruvate 2 Ethanol

- 26

| FERMENTATION

2 Lactate
{3 carbons)

{3 carbons) {2 carbons)
= +2C0;
" o
by
2 (NADH) ~— FYRUVATE OXIDATION {5 5 O,

| ~S—
2 Acetyl groups as acetyl CoA
(2 carbons)

__,_v‘\}—‘

RESPIRATORY CHAIN
0. ] 6 H.0

> 32 ZATR:

Summary of reactants and products:
Cofliz06 +6 03— 6CO, + 6H,0+ 36 AT |

7.16 Cellular Respiration Yields More Energy Than Glycolysis Does

(Page 140)
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GLYCOLYSIS

Some

amino acids

PYRUVATE
OXIDATION

\.__k:’__ Fatty acids »] AoetleoA!

Pyrimidines
(nucleic acids)

Purines
{nucleic acids)

i1

Some

amine acids

Y

$ .E.é

e

==

\ Proteins |4

b
L

7.17 Relationships Among the Major Metabolic Pathways of the Cell (Page 141}
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r-Ketoglutarate is an
intermediate in the Glutamate is an ES PR ot —— e ===
citric acid oycle . amine acidl.
N =
ICOO“ s = i
?=o H—T:Nm+ o ~ B
+ . -
{I:,Hz NH, THz )
CH, CH,
| I e S e e
COO~ cOoO
7.18 Coupling Metabolic Pathways (Page 141)
’ Compound G inhibits the T - T T
enzyme for the conversion
Compaund G provides of Cta F, blocking that — e —
positive feedback to the raaction and ultimately its
enzyme catalyzing the own synthesis, S S e —————————
stepfromDtoE.
oE e =l
‘ Nepgative e s s
feedback
T}.\ Positive
feedback i
7.19 Regulation by Negative and Positive Feedback (Page 742)
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GLYCOLYSIS

ADP or AMP [ Fructose 6-p hG-_‘phnlﬂ
stimulate

phosphofructo- ADP

kinase to operate or = @

faster. AMP

Priospho-
fructokinase

L (O] < ~

[ l Fructese 3, f)—bisphnsphat;l

| Pyruvate )

ATP inhibits
phosphofructo-
kinase,

- -
PYRUVATE OXIDATION
la
i /L Fc‘t!l"}.’
acids

@J-

ATP or NADH
inhibit this
Bnzyme.

o

Citrate activates
this enzyme, —

\

Citrate

CITRIC
ACID
CYCLE

[s-:\c11[a!|‘—|

.

ie-Ketoglutarate

SESwm e

RESPIRATORY CHAIN

il

TATP: or (NADH)

{ Citrate inhibits
phosphaofructo-

kinase.

ADP or NAD*
activate

ey
‘JATP or NADH

7,20 Feedback Regulation of Glycolysis and the Citric Acid Cycle (Page 143)

isocitrate
ADB) or NAD* ~ dehydrogenase. -

inhibit isocitrate = }
dehydrogenase,
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GLYCOLYSS
Mitochondrion

Cell cytoplasm

...and are transferred to
a series of molecules.

Electrons enter the respiratory
chain from NADH. ..

Intermembrane

Matrix of - T
mitochendrion Finally, electrons R —
are transferred to
molecular oxygen, - — - e
m + @ NAD* which picks up
protans and elec- 3 b
trons ta form water.
7.10 The Oxidation of NADH + H* {Page 135)




