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(Photosynthesis)

Light energy [
6 CO, + 12 H,0 ———————> C¢H;;06 + 6 O, + 6 H,0 e
Chlorophyll e
Carbon Water Glucose Oxygen Water “

dioxide

Photosynthesis
captures light energy
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Energy stored in glucose
and other nutrients

Carbon dioxide
and water
Energy
Cellular respiration ‘1 v g s
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in glucose molecules
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ana sTHetes fﬁ’:;‘:g;ﬂiton 6 CO, + 12 H,0O + energy (in the chemical bonds of ATP)

* Movement of materials
in and out of cells
* Movement of body #u": Solomon, E.P., L.R. Berg and D.W. Martin. 2011. Biology, Ninth Edition. Brooks/Cole, Cengage Learning, USA.
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Basic overview of
Energy and human life

Chemical waste
- Carbon dioxide

Chemical energy
- Carbohydrates

- Fats |
- Others

Heat

+ nmsuelaszauieas (Cellular respiration)

C6H1206 Ir 6 02 i 6 HZO —
6 CO, + 12 H,0 + energy (in the chemical bonds of ATP)



ATP : Adenosine triphosphate

£ ATP {Juasdunsgnusenauaieny
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o High-energy bonds

T ]
Ribose Phosphate

T
Adenosine

I
Adenosine monophosphate (AMP)  AMP

|
Adenosine diphosphate (ADP)  ADP

|
Adenosine triphosphate (ATP) ATP

http://upload.wikimedia.org/wikipedia/commons/7/7e/230_Structure_of_Adenosine_Triphosphate_(ATP)-01.jpg
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r*-_ A—I—P . ADP CyC le ATP + H,O --> ADP + Pi + 7.3 kcal/mol

ADP + H20 --> AMP + Pi + 7.3 kcal/mol

AMP + H20 --> Adenosine + Pi + 4.6 kcal/mol

(Hydrolysis)

Fully
charged
battery

AN

Anabolism:

Energy from Energy for cellular

catabolism (exergonic, ADP +@) work (endergonic,

energy-releasing araly energy-consuming
T charged

processes) | el processes)

(Phosphorylation)



N15d519 ATP

4+ N15a319 ATP indulagnszulaunisniaail ftsendn phosphorylation fadu
N3N Pi waseugelviun ADP Taeiduujisenidaen1swaseu (endergonic

reaction)

% NITUIUNTTEI9 ATP tnla 3 A5
1. Substrate level phosphorylation
2. Oxidative phosphorylation
3. Photophosphorylation

T T
Ribose Phosphate



N15d519 ATP

+ 1. Substrate level phosphorylation

v Bunsads ATP Tnensenslauvgnoswaanluanavesansnedu
(substrate) undalautanavas ADP (adenosine diphosphate) lagnss
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phosphate group that was -
generated in step 9 forms é—0® + + H " (Ijzo L TP
ATP, completing I |
glycolysis. CH, CH,
phosphoenolpyruvate pyruvate
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N15d519 ATP

+ 2. Oxidative phosphorylation
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Oxidative phosphorylation #vunaunaniigiAgy 3 Vunay
1). N198519 acetyl CoA
2). AININIAYATN
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N15d519 ATP

+ 3. Photophosphorylation
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proton-motive force »  Photosystem |
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@ 2011 Pearson Education, Inc.



Electron carrier

Juansnanunsanuazaunaswivangsomnsiuglvedianasey laeazaiunse
Uaaenasauiazaulisanyn Waiin1sarewmdianasaulugenisudiannsaudue
waseumalazgnilulddansien ATP ieazaunasaulilddaly

NAD" (nicotinamind adenine dinucleotide) Aphom A @“f

NAD" NADH
FAD (flavin adenine dinucleotide) s (Reduced)

FADH,
Energy
Energy +
¥ 2H

2H
FAD



Electron carrier

% proton
(oxidized)

<

J

1. NAD* within a cell,
along with two hydrogen
atoms that are part of the
food that is supplying
energy for the body.

2. NAD* is reduced to NAD
by accepting an electron from
a hydrogen atom. It also picks
up another hydrogen atom to
become NADH.

ﬂ///r"

(reduced) _\
4@ used in later

L\ goes to pick
= up more electrons

used in later
stage of respiration

stage of respiration

3. NADH carries the electrons
to a later stage of respiration
then drops them off,
becoming oxidized to
its original form, NAD*.

Copyright © 2005 Pearson Prentice Hall, Inc.
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Organic compound + n1swnelaszaulwas 3 2 wuu

l 1. n1svelanuulgoandiau

(Aerobic respiration)
ATP €& Glycolysis

/ \

With oxygen Without oxygen o o -
/ \ 2. nMswglavvuldldaandiau
(Anaerobic respiration,
A i A i .
erobic naerobic Fermentatlon)
respiration respiration

!

ATP



Aerobic respiration

4+ Aerobic respiration Usznaunig 4 Yunau
(1 Glycolysis @ Formation of acetyl CoA

® Citric acid cycle @ Electron transport and chemiosmosis

o 2] © o

Glycolysis Formation Citric acid Electron transport
of cycle and
acetyl coenzyme A chemiosmosis
Glucose
) Ve =Y 2z W

‘Mitochondrion
./ Acetyl
{ coenzyme
A

Electron transport ™|
and
chemiosmosis

Pyruvate

2 ATP <’ 2ATP 32 ATP
m@ | |

fun: Solomon, E.P., L.R. Berg and D.W. Martin. 2011. Biology, Ninth Edition. Brooks/Cole, Cengage Learning, USA.



Glycolysis
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7 I
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¥ Glycolysis NAVUN cytosal 2Ptomhoghcente 2 Posphogycete 5
o
H O Enclasa Hy0 ":: —
Phosphoenolpyruvate Phosphoenolpyruvata E'_'_ ]
(PEF) PEP) &
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OVERVIEW OF GLYCOLYSIS
1 000000 2

6-carbon glucose
Starting material
( g ) v\

2 %ATP??
2NN
P P P P
6-carbon sugar diphosphate 6-carbon sugar diphosphate
P P P P
3-carbon sugar  3-carbon sugar 3-carbon sugar 3-carbon sugar
phosphate phosphate phosphate phosphate
NADH NADH
W\ 1 WA\
2SATPS 2 ATP?
ZYNY YN
00 GO
3-carbon 3-carbon
pyruvate pyruvate
Priming reactions. Glycolysis begins Cleavage reactions. Then, the six-carbon Energy-harvesting reactions. Finally, in
with the addition of energy. Two high- molecule with two phosphates is split in a series of reactions, each of the two three-
energy phosphates from two molecules two, forming two three-carbon sugar carbon sugar phosphates is converted to
of ATP are added to the six-carbon phosphates. pyruvate. In the process, an energy-rich
molecule glucose, producing a six-carbon hydrogen is harvested as NADH, and two
molecule with two phosphates. ATP molecules are formed.

fiun: http:// waww.mhhe.com/biosci/genbio/raven 6b/graphics/raven06b/other/reven06b.09.pdf




Glucose CH,0H

G lyc O ly S i S 1. Phosphorylation of % Cl?exokinase

glucose by ATP. ADP

(]

CH,—0—(@®

Glucose 6-phosphate

®

Phosphoglucoisomerase
followed by a second CH,— 0 —

Glycolysis Usznaunie A

Fructose 6-phosphate

aaa ' ®
1 O U Q ﬂ %’ EJ r] . Phosphofructokinase
4-5. The six-carbon

(]

2-3. Rearrangement,

C.

molecule is split into ADP ®-o-ch 0. S —0—@®
two three-carbon ,
molecules—one G3P, Fructose 1,6-bisphosphate
another that is Aldolase
+ + converted into G3P in
NAD —+ 2 H E— NADH + H another reaction. ®—0—CH, Isomerase T
3 (I: =0 Dihydroxyacetone Glyceraldehyde 3 PEC
e Hre (B 9D ) o . = P
Oxidized \ From G3l ) Reduced 6. Oxidation followed by cI:H oH phosphate phosphate (G3P) (I:HOH
phosphorylation produces 2 éH —o0—@®
two NADH molecules and NAD* P P NAD* =
two molecules of BPG, @
each with one high-energy Triose phosphate -
phosphate bond. dehydrogenase batis ®—o0—Cc=o0
1,3-Bisphosphoglycerate 1,3-Bisphosphoglycerate cl;HoH
(BPG) (BPG)
7. Removal of high-energy CH,—0—(®
phosphate by two ADP
molecules produces two Phosphoglycerokmase o
ATP molecules and leaves CI: =0
two 3PG molecules. i

3- Phosphoglycerate 3- Phosphoglycera1e ‘-ITHOH
(3PG) (3PG) CH,—0—®

.
|

Phosphoglyceromutase

=0
8-9. Removal of water yields
two PEP molecules H=C=0-=
! 2-Phosphogl i 2-Phosphogl| 1
each with a high-energy os:azsg)ycera € os&;g)ycera € CH.OH
phosphate bond. 2
© o
H |
,0 Enolase H,0O b
c—o—@
Phosphoenolpyruvate Phosphoenolpyruvate gH
(PEP) (PEP) 2

10. Removal of high-energy

o
phosphate by two ADP |

molecules produces two Pyruvate kinase c=o0
ATP molecules and two * (I: -0

pyruvate molecules.

, Pyruvate Pyruvate CHg
#311: http:// www.mhhe.com/biosci/genbio/raven 6b/graphics/raven06b/other/reven06b.09.pdf



“Pyruvate” Wawanan Glycolysis

Glucose

glycolysis » Aerobic conditions

(10 successive .

reactions) = conversion to acetyl CoA
hypoxic or
anaerobic — anaerobic (pyruvate dehydrogenase)

diti yruvate diti .

mny Sl for use in TCA cycle and

""::?'f oxidative phosphorylation

2 Ethanol + 2CO, conditiqns |3 | actate
2¢O . for ATP production
Fermentation to ethanol : Fermentation to P
in yeast lactate in vigor-
2 Acetyl-CoA ously contracting
muscle, in erythro-

citric cytes, in some . .o

s A eolli wed » Anaerobic conditions

cycle in some micro- " Lactate (animal muscles)

organisms
= Ethanol (plant, yeast,
4CO, + 4H,0 .
some bacteria)

Animal, plant, and many microbial
cells under aerobic conditions



Aerobic respiration

4+ Aerobic respiration Usznaunig 4 Yunau
(1 Glycolysis @ Formation of acetyl CoA

® Citric acid cycle @ Electron transport and chemiosmosis

o 2] © o

Glycolysis Formation Citric acid Electron transport
of cycle and
acetyl coenzyme A chemiosmosis
Glucose
) Ve =Y 2z W

‘Mitochondrion
./ Acetyl
{ coenzyme
A

Electron transport ™|
and
chemiosmosis

Pyruvate

2 ATP <’ 2ATP 32 ATP
m@ | |

fun: Solomon, E.P., L.R. Berg and D.W. Martin. 2011. Biology, Ninth Edition. Brooks/Cole, Cengage Learning, USA.



Formation of acetyl CoA

Glycolysis Formation Citric acid Electron transport
of ac and

coenzyme A chemiosmosis

4
m N135631749 acetyl coenzyme A

pyruvate (3C) #iléann glycolysis vindfnsennu

coenzyme A lagandataulasl pyruvate
dehydrogenase ¥l Acetyl CoA (2C), H* uay CO, 0

B N158579 Acetyl CoA laifinnsa319 ATP

Carbon
dioxide

a A

m U)n3enan mitochondria e
NAD" /“ Coenzyme A
B AUN5IIUVBIUANTEN [NAGH]
2 pyruvate + 2NAD " + 2 CoA——> . C_C//O
2 acetyl CoA + 2 NADH + 2 CO, T Ys—coa

Acetyl coenzyme A

i Solomon, E.P., L.R. Berg and D.W. Martin. 2011. Biology, Ninth Edition. Brooks/Cole, Cengage Learning, USA.



Citric acid cycle

Formation Citric acid Electron transport
of acetyl cycle and
coenzyme A chemiosmosis

= oS
PP
L |

4 Citric acid cycle

# Krebs cycle %
# Tricarboxylic acid cycle (TCA cycle) e Sm2

& UHnseAaN mitochondria

@ dUn135UVBIUANTeN

2 acetyl CoA + 6 NAD" + 2FAD + 2 ADP + 2P, + 2H,0 —>
4 CO, + 6 NADH + 2 FADH, + 2 ATP + 2 CoA

(16 H* 16 aznau lag 12 H" + NAD* —> 6 NADH + H* (6 Tuwana)

4 H* + FAD* —> 2FADH, (2 luana))

fiwn: Solomon, E.P., L.R. Berg and D.W. Martin. 2011. Biology, Ninth Edition. Brooks/Cole, Cengage Learning, USA.



OVERVIEW OF THE KREBS CYCLE

1

Citric acid cycle

CoA-0O0
(Acetyl-CoA) CoA

00800
4-carbon molecule

(Starting material) 6-carbon molecule

2

o800

6-carbon molecule

o
CO,

4-carbon molecule  5-carbon molecule

o,

Glycolysis Formation
of acelyl

coenzyme A
Glucose

Citric acid

cycle

Electron transport
and

chemiosmosis

Pyruvate

QOO0

4-carbon molecule
(Starting material)

4-carbon molecule

The Krebs cycle begins when a two-
carbon fragment is transferred from
acetyl-CoA to a four-carbon molecule
(the starting material).

Then, the resulting six-carbon mole-
cule is oxidized (a hydrogen removed
to form NADH) and decarboxylated

(a carbon removed to form CO,). Next,
the five-carbon molecule is oxic?lized
and decarboxylated again, and a
coupled reaction generates ATP.

Finally, the resulting four-carbon molecule
is further oxidized (hydrogens removed

to form FADH, and NADH). This
regenerates the four-carbon starting
material, completing the cycle.

fiun: http:// www.mhhe.com/biosci/genbio/raven 6éb/graphics/raven06b/other/reven06b.09.pdf




Oxidation of pyruvate

NAD* (o0
‘Jl:‘~=~___,”

The cycle begins
&—Con ycle beg

when a 2C unit from
“3: o acetyl-CoA reacts
‘ with a 4C molecule
CH, (oxaloacetate) to
produce citrate (6C).

Citric acid cycle

Acetyl-CoA (2C)

* UfAzenEunu
Mitochondrial

membrane
Krebs cycle

oxaloacetate + acetyl CoA —— citrate + CoA
COO™
| CoA-SH (elolon Four-carbon Two-carbon Six-carbon
The dehydrogenation O=? lCH2 compound compound compound
of malate produces a CH
2

third NADH, and the |
cycle returns to its coo™

@ Citrate
synthetase

2 < %4
starting point. Oxaloacetate (4C) Citrate (6C) (1:00‘ = acetyl CoA (ZC) 39UNU
cCOO™
%
® (::H2 oxaloacetate (4C) @
Aconitase =
il Malat HC—COO < oy o o
(IZOO NAD* ®cie'ah:der099nase ® L‘Uu citric aC|d (6) Las
HO—(I)H ; HO—?H <
CH, Isocitrate (6G)  coom Uaae CoA WJuodasy
| Malate (4C) Oxidative
COO™ decarboxylation
o s T eioase of citric acid &9
J Fumarase @ dehydrogenase —_— VCWO e release o
2¢ 1
H,O a
. o wWasuwlaslunang
| - %
G Fumarate (4C) e JunU laedinisan
HC
I Siecinate a-Ketoglutarate (5C) coo™ ° ¢
coo @ denydrogenase ® NAD* (::Hz I7UIUATTUBU 37N 6C -
CoASH _ Ghvarogenase C__ CHs -> 5C --> 4C mUEIAU
dehyd
st Succin I»Zo).; rogenasef—c A-SH HARE (|:=O v
Succinate (40) \ oyrihomse ° L 16 oxaloacetate (4C)
The oxidation Coo” SucamyCoR (40) oA S XA
of stechate cle Cl>00‘ NAUAUUN L‘U‘U’)ﬂﬁ]ﬂi
produces FADH,. 1 ate GOP F CH, A second oxidative
?Ha : ([3H decarboxylation prgduces '
coo" T a second NADH with the L e[u%'g‘vi’g"]ﬂﬂ']i
c=0 release of a second COs. ,
v
§—Gon wWasuwUasazld H uag

ABDR ATP

fian: http:// www.mhhe.com/biosci/genbio/raven 6b/graphics/raven06b/other/reven06b.09.pdf

ATP



Aerobic respiration

wassuitlaannisaateiinangleg 1 luana

glucose
£
8 .
= v 7 lycolysis e
E 2 "T TP _:b *_—/ ¢ glycoly: \E\\/L/f
S et V“ - 2 NADH w4 OF 6 ‘iATP_-_
2 pyruvate WX
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- 2 NADH C  — 6 A__ATP —
2 acetyl CoA e 4 J‘\\
2
w
]
S -
8 2 CO, g M7
S = 6 NADH E e 18 = ATP -
g E /’ff\r\'.\:\
§ P Citric acid H
‘\I‘\ VL9
S 2 SaArPe cycie Mg
NN —>- 2 FADH, — 4 ZATP—
4 CO, 220N
subtotal WA subtotal S
4 =SATE o 32 :é—“‘_‘_ATPi}
AN or3d AN

| ?«J//f |
> 36 or 38 /ATP“

4 total A IN
NU1: http//:highered.mheducation.com/sites/d/free/.../mad25502_ch08.pdf



Electron transport and chemiosmosis

£ N19018N2ABLaAN3dU (Electron transport chain)

- ETC Usznaunle electron carrier molecules (775U e)

ﬁagﬂu inner mitochondrial membrane

- Q15U @ LSULRNIE e

- H* azgnUdagaanuiuasgndeaanluil intermembrane space

& ASU-daBANTIUNEIAY LAkA

NADH + 3ADP + 3P, + 30, —> NAD™ + 3 ATP + H,0

FADH, + 2ADP + 2P, + 10, —> FAD" + 2 ATP + H,0

& Ufnsefinf mitochondria

& Judedlannsaundgaiing Ae O, lagazsaudanu H* 1a H,O



Electron transport and chemiosmosis

Cytosol
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coenzyme Q
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o
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Complex | = NADH: ubiquinone oxidoreductase + '
Complex Il = Succinate—ubiquinone reductase N

Complex Il = Ubiquinone—cytochrome c oxidoreductase
Complex IV = Cytochrome c oxidase

Matrix of
mitochondrion




Electron transport and chemiosmosis

Complex | = NADH: ubiquinone oxidoreductase
Complex Il = Succinate-ubiquinone reductase
Complex Il = Ubiquinone-cytochrome c oxidoreductase

Complex IV = Cytochrome ¢ oxidase

coenzyme Q = uasluanadniifignslassadeiinivasareluladuldd vinndinsu
8LANAT9W 31N NADH H1un1e complex | waziudLannsauain FADH, W1un1e complex |l
WWadsl# complex Il #id

cytochrome c Wuldsauniidu (heme) Wuasausenau wWisuldwlaunudlulnadundu
Wstuludiadanuas wilalalasutiazvimdnniudianaseu Wildsu O, willswdlulnadu Taen
lolalasy c azsudianmsauan complex Il Wadeld complex IV

Complex V = ATP synthase WU protein complex yutinfigaasizd ATP Fazvinauldlaeg
A15laNIUYR9e H n15d519 ATP wuuil 1380791 chemiosmosis



Aerobic respiration

& msdevendinasauaziinlululnaoueds (Mitochondria) Wity #atiu NADH liin
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meluluinaousisdrenszurunsiidudon — NADH fiindululsinaaueds azgniudsy

Tl ATP Taen15618ManBiannsouNagnsvaInIsaendianasaudainy 3 ATP anuwiu

- dauluilaigananuilaangduad waznanutidantglun1stuvaaias — NADH 2
dealusnaunazdianasauluds FAD® 39lanasenuiiies 2 ATP

4+ naTmveInsHosaanenglaaluilade wala du wazla fidwindy
6 ATP - 2 ATP + 3(10ATP) + 2(2ATP) = 38 ATP

4+ wasuvasmstesaatenglag Tuillaiendaileans auss waznduilefldlunistuvesuuasiiaindu
6 ATP - 2 ATP + 2(2ATP) + 3(8ATP) + 2(2ATP) = 36 ATP
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PROTEINS || CARBOHYDRATES || FATS .
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Anaerobic respiration

Organic compound

v

1) Y a
Glycolysis + niswelanuulilyaandiay

(Anaerobic respiration, Fermentation)

With oxygen Without oxygen

Pyruvate \
H,O ) NAD*
02 ->,|
p

v
Krebs
ot Ethanol

" | actate (animal muscles)

= Ethanol (plant, yeast,

some bacteria)

i http:// www.mhhe.com/biosci/genbio/raven 6b/graphics/raven06b/other/reven06b.09.pdf



Anaerobic respiration

Glucose H
| :
H—C—OH 4+ Alcohol fermentation
2 ADP iy
3
5 NAD* 2 Ethanol
@ = Pyruvate decarboxylase
(2
> NADH ®= Alcohol dehydrogenase
H
; I
| =
c=0
| / CH,
(|3= O 2 Pyruvate > 2 Acetaldehyde
CHj o

Alcohol fermentation in yeast

fiun: http:// www.mhhe.com/biosci/genbio/raven 6b/graphics/raven06b/other/reven06b.09.pdf

Summary reaction for alcohol fermentation:

C¢Hy; O —— 2 CO, + 2 ethyl alcohol + energy (2 ATP)



Anaerobic respiration
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Lactic acid fermentation in muscle cells

i http:// waw.mhhe.com/biosci/genbio/raven 6b/graphics/raven06b/other/reven06b.09.pdf

Summary reaction for lactate fermentation:

CeHy; O — 2 lactate + energy (2 ATP)
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