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Total pathways of pyruvate

PHOSPHOENOL
PYRUVATE
NAD' NADH+H'
pyruvate | , ADP
CH,CH, OH kinase (
ETHANOL  9lcohol
dehydro- ‘ i
genase :
o o 00
NADH*H' NAD*H0 €02 a0
\__(TPP) ,
CH5CO0™ e, BN SR CHyCHO -
oldehyde pyruvate Y
ACETATE dehydro- ACETALDEHYDE  decarboxylose PYRUVATE
genase
pyruvate dehydrogenase complex :;’:g:d':o NADH 4
CoASH CMS-C- S L8N TPP gencse NAD'
- SH s % oo
7 7 . C :
CHoC -SCoA e 7 N\ Lig” Tougcn-Tee 00 HO -CH
ACETYL CoA FAD FADH, CH,
NADHAH' Nl NAD® Copmonfrom Bochemisy, maneo, 1999 L~ LACTATE




PHOSPHOENOL
PYRUVATE

ADP

( ATP




w  Energy calculation of glycolysis
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Energy calculation of glycolysis
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Energy calculation of glycolysis
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Energy calculation of glycolysis
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Energy calculation of glycolysis

GLUCOSE

|
2 ATP

2 ADP

2 TRIOSE PHOSPHATES

|

4 ADP
4ATP

2NAD"
~o-2 NADH

» ACETATE

Copyriaht from Blochemistry, mahidol, 1999

Direct ATP
— (-2) + (+4) = 2 ATP

Indirect ATP
NADH+H?* ...... X 3
Indirect ATP
NADH+H?* ...... X 3



Basic knowledge of enzyme class
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Triose phosphate
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1. Hexokinase
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Hexokinase 1
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-4 hexokinase 1sozymes ( )
In hexokinases I, 11, 111, and IV or hexokinases A, B, C,
and D.

- In subcellular locations and kinetics
- different substrates and conditions, and physiological
function.
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Glucose-6-phosphate isomerase E.C. 5.3.1.9
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Multifunctional proteins

- In Cytosplasm >>> glucolysis + gluconeogenesis
- In Outside of cell >>>> neurotropic factor
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4. Aldolase
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5. Triose phosphate Isomerase
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Triose phosphate isomerase

-Dimer (EC 5.3.1.1)
-250 residues In o/f protein folds (TIM barrels )

- 8 alpha-helices (outside)
- 8 beta-strand (inside)
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6. Glyceraldehyde-3-phosphate d_erhyd rogenase (GAPDH)
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Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

Copyright from by http://en.wikipedia.org/wikl/Glyceraldehyde-z-phosphate_dehydrogenase

-EC 1.2.1.12
-to break down glucose for energy

- non-metabolic processes (transcription activation, initiation
of apoptosis and ER to Golgi vesicle shuttling.



6. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
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3. Phosphoglycerate mutase
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o. Enolase
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9. Enolase
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10. Pyruvate kinase
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Metabolism of Fructose
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Metabolism of Galactose
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Metabolism of Mannose

CH,!D}:] ™ P CHQ‘J?H |
AR U : L opoh o
- » _—
0§ HO . OH HO HH0/
" 0 hesokinase 0 0f !Jhtﬁphomannme el 01
|50Mmerase
i . O H

Mannose Mannose4-phosphate ~ Fructose :phosphate (FG:P



snvazmsiauwvewsu lad Glycogen phosphorylase

1PaSALIU WoAIWS Lad

TNaifALIU + Pi > 1NATALIU + AL -D-NPIAT—-1-WoA I WA
(n ¥uYy) (n—1 Miy)
!:n.ou CH_OH
=l )

& Tslnalaisu
- O -J \ / |(n|Tnl)n

YawunuIfniss

Pi

nglas-1-vamna UmpusuIdrdenaslsinalaisy



nsmnuves GlIycogen pnospnorylase™==
TIUNY

Lgu“lcvﬁ%ﬁﬂéuelumﬁﬁmﬂg|yCOgen

a(1 — 6) bonds
/\ 14 P}**\14:1-P \ \_\
| \/‘\\\,

a(l — 4)

Debrand\ing enzyme
(01.4—0 a‘.4 g‘ucan 1
ransferase) activity

HO
16 G-1-P 2 Debranching enzyme
(amylo-1,6-glucosidase) 9
activity
deksk
16 P




(_)—]'—I

‘““H..
s ﬂ o= e
N
MNonreducimes emndc )

q::r_{:l_ — ) linkage

I—l-(:} CELC H CRlvcogern
(rz grinacosyl uamits)
O = C FH O
/ o=
HO O L CEFLOEL
> >

o O gy ..

Mechanism of Glycogen phosphorylase

e aewrar v ol i e

CHOHE f’:

e v Gy cogen
j == L ] AT FE O (re—1 glucosywl uaamits)y
O EX = >
1 o

>
e HO OEL CF o OFEL
. O» L ]

<
P
o OEL oy — ---

= |
(] OD

. ) PL=an enzyme-bound
L l pyridoxal group

o limnkage
o phosphate

no Mo BH*= a positively charged
R S amino acid side chain




<: o (E!naiﬂﬁ) au. >

'Gﬂucoklnase _ @

+ glucose @ uazﬁﬂ?uaa’ + atp

woFIwWS 1aaM AL ua

= | woasws aa,

Woains1aa = |

AMP HoaWwI Ina—1 ! ! Ser—o—posz—

______ —~

nalna-1-vemwda

n@ﬁﬂa—s —Wo 1 We

wWSnNIna— s—woa L Wel

IPhosphmﬂructoklnaseggiggg}

WSNINaG—1, e—idawoatwa

P |

ﬂ']ﬁﬂ'a‘lJﬂ‘ll’Jﬂ J,

Glycolysis 1TAS Toa WO L W

NADY _— ADP
ke kst g NADH 7 T by I R

=¥ QPoaainstilunis 3

= o ot S3—WoaTHWNaALTDOLSA
ﬂauﬂugﬂu‘flmu‘lumu l

ot 5o — S
mﬂuﬂﬂﬂuﬂauﬂl‘ﬂ@ 2—HWOoATWNA Lo LSA

l

HWoadITWSuaaIwg L 29

Pyruvatekinase (ID =
I
matalin —— — = =" — 7 - AR 6 e T

“—

~

T - - o=FHasairo

InensStwsay — % o =% s - ivi

CO-> + Hzo

Broaasa< — - — - — _

ATP < — — —

~
\
f
'
'
i
'
'
]
i
1
i
'
1
i
]
I
'
)
i
'
i
!
'
!
i
’

- - -.m.---u—--’

ADP



GLYCOGEN: 2 GLYCOGEN
OUTER BRANCH PHOSPHORYLASE b
[oxd1-+4)GLUCOSYLI, linactive, 4 Ser-OH} -
|
: PEESEEFEES"E"' CALMODULIN
Pi = -\I PHATASE PHOSPHORY-
LASE KINASE
| AH,0 4P {active, Ser-P)
!GL"H'"EDGEI"-.I M
PHOSFHORY-
GLUCOSE = | LASE a (ac-
1P tive, 4 Ser-P)

dADP 4ATP
[e{1-+4)GLUCOSYL, ,



Epinephrine Glucagon
. %

L]

L]

L

L]
4 X M
c-Adrenergic B-Adrenergic Glucagon
receptor receptor receptor

adenylate

C las
yclase  atp

Yy
a .- CAMP
L L

-
oy - -
'Jﬁ‘-w---—‘:‘.

——
Glycogen T ey
-

Endoplasmic glycogen Elycogen

: synthase
reticulum yn phosphorylase

UDP-glucose

uUDP-glucose

pyrophosphorylase G1P

phosphoglucomutase

GEP

Liver cell glucose-6-phosphatase

Glucose



Molecule B ~< | s 7 LS e < 2-fold axis
P W - S of symmetry
o ‘ &t ek T
- \_" \ ,\, -
N— - é ]
Allosteric
effector
site e
/ >- Molecule A
Glycogen

tinding site

LY

\ Carboxyl terminal

Copyright from http://www.mikeblaber.org/oldwine/BCH4053/Lecture27/Lecture27.htm domain

Active site



phosphorylase a

003 P03
phosphorylase b
AT
AMP
- 2
+ —
i
ATP or
glucose 6-F gluose
relaxed- tenge- 1 tense- ralavad-

active nactive Inactive active

http://dwb4.unl.edu/Chem/CHEM869P/CHEM869PL.inks/
www.fordham.edu/Biochem_3521/lect16/lect16.html






Energy calculation of glycolysis

6LUCOSE

1 | beamtea
2 AOP<
|

2 TRIOSE PHOSPHATES

4 ADP ZMZ)’
4ATP -+ 2 NADH

2 PYRUVATE
2 NAD'

— L

_

Direct ATP
— (-2) + (+4) = 2 ATP

Indirect ATP
NADH+H* 2 x3=6ATP

_—

2 ACETYL CoA ‘

Copyright from Blochemistry, mahidl, 1999

Indirect ATP

M) NADH+H* 2 x3= 6ATP

Indirect ATP
Acetyl CoA 2 x 12 =24 ATP
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Pyruvate dehydrogenase complex
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Structure of FMN, Fe-S and Coenzyme Q

(I:H20P0§— Cys
HO—¢—H N ~~
| C}’S - C}?S

HO—C—H
HO—C—H \

I

H5C
Q \f — Cyvs
IFe—S]

Flavin mononucleotlde (FMN)
(oxidized or quinone form) 1T

H;CO CH
1L [He] CH,
|
H;CO (CH;— CH—C —CHy), H
O Isoprenoid units

Coenzyme  (CoQ) or Ubiguinone

I
N N O
H3C oy \f (oxidized or quinone form)
o N N | rezen
| O-
H O

H5,CO CH,
FMINH-e (radical or semiquinone form) H5;CO R
OH
[He]
Coenzyme QHe* or Ubisemiguinone
R H (radical or semiguinone form)
' 1l
He=
N [ 1
H;CO CH,
H;CO R
OH

FMNH, (reduced or hydroquinone form) Coenzyme QH, or Ubiguinol
(reduced or hydroguinone form)
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Protein Complexes of the Mitochondrial Electron-Transport Chain

Mass Prosthetic
Complex (kD) Subunits Group Binding Site for:
FMN NADH (matrix side)
- >
NADH-UQ reductase 850 30 Feg UQ (lpid core)
. , FAD Succinate (matrix side)
Succinate-UQ reductase 140 4 Fe.S UQ (lipid core)
Heme by
Heme by d
UQ-Cyt ¢ reductase 248 11 Cyt ¢ (intermembrane space side)
: Heme ¢; :
Fe-S
Cytcj
Cytochr 13 1H :
ytochrome ¢ eme ¢ Cyta
Heme a
, Heme a3 ,
Cytochrome ¢ oxidase 162 =10 Cua Cyt ¢ (intetmembrane P2 side)
Cup

Adapted from: Hatefi, ¥, 1983. The mitochondnal electron transport chain and omdative phosphorylation system. Annual Review of
Biochemisiry 54:1013-1069; and DePierre, I, and Emster, L., 1977 Enzyme topology of intracellular membranes. Annual Review of
Biochemisiry 46:201-262.
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Ubiquinone Cytochrome ¢
NADH-Q Cytochrome
reductase reductase

AR+ NAD*  Cytochrome
oxidase

Copyrigiht from http://www.angelfire.com/ak2/chemists/leah9.html
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NADH ? NADY (-0.315 V)

! o1 //-A.‘DP+ P,

AF" = 03680V
[ﬂﬂ"-—ﬂﬂ.ﬁk.l-mol‘i]\’
| ATP

Complex

FADH, p — CoQ (+0.045V)

‘I' ADFP + P,
Complex II1
AF" =0190V
(AG®' = -38.7 kJ - mol)
ATP
Cytochrome e {(#+0.235 V)
¥
ADP + P,
Complex IV
AF' = 0.580V
o w112 kJ . moid
ac ) ATP

2e

2H + /20, H,O (+0.815 V)



Inhibition of NADH dehydrogenase

Reduced
NADH ‘Y FMN Fe-S Q
NAD «”\s FMNH Oxidized Fe-SX QH,

FAD
y FADH,

NADH dehydrogenase



Inhibition of Cytochrome reductase

“.CAZ/‘\
O— (‘- CH’—CH(('Hﬂg

NH—CHO
(CHy)g— CH;

Anu-ych A

tb(+2

Fe-S ("'2) Cyt c
1 (+3) t
Cyt b (+3)X X ch c (+2)

Fe ~S (+3) Cyt ¢ (+2) Cyt ¢ (+3)

Cytochrome reductase




Inhibition of Cytochrome reductase

CO N, To=N
<: azide Cyanide
Cyt ¢ (4) (Yt a (43) oyt 83 (+2)

Cytochrome oxidase —



1. MSsdIgMmoad 1 Snasoauan NADH 1UIHHU Fe—-S 1u NADH—-Q *
Fdr A G° = —12 Araunaed ua

2. mMisdismoad i&nesousIn Cyt b TUIH Cyt c; 1u Cyt
J#an AG°, = —10 HMounaaT/ sua

3.msdignead 1§NAMsouIIn Cyt a 1MWV O5 1u Cyt

e

87 AG = —24 Hiaunasd/Sua

7

NADH + 1/2 Oy + H¥ ——> H,0 + NAD* A G = -52.6 Aiaunaed/iua

ADP + Pi + H* ———> ATP + Hy0 A G° = +7.3 faumaed/ua

anudeidanisadie ATP Fu 3 1uuaoadasd01ntaoasoq NADH fignoens-
1ndwSosdonileormouvosoondisu n1sad1e ATP 30 ADP uar Pi a1 Aagaauiiunis

drunend i Ssnasouluis niswiulrati Tunida Oxidative phosphorylation

NADH + HY + 1/2 O5 + 3ADP + 3Pi > NAD* + 3ATP + H,O
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123500 =24 ATP

2Pyruvate 2CoASH + 6P1 + 6ADP + Oy > 2AcetyIC<>A + 200, + 6ATP + 8H

L

> ;Pyruvate+ 2ATP + 2NADH + 2H' + 2H0

|
I »ATP 6 ATP

G|UCOS€+ 38Pi + 38ADP + 60> > 6CO, + 38ATP + 44H50

Glucoser 2pi + 2app + 2nAD*
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H Wang and G Oster (1958) Nature 356 279-282



Coverslip coated with Ni-NTA

Copyright from http://www.mech.northwestern.edu/courses/389.S502/images/NojiSchematic.gif
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Oxidation fiedmewen Mitocondria
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1. Malate-aspartate shuttle
2. Glycerol phosphate shuttle




Oxidation fiedmewen Mitocondria

-untlyvn NADH dehydrogenase sumwiz H a1 matrix

19 A

- AN
9
H* 21 cytoplasm deserdeizmsimanil

1. Malate-aspartate shuttle

2. Glycerol phosphate shuttle
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M_alate-aspartate shuttle

S rEgTaTialcu e CyLosol (o), completing the
vele.

Intermembrane OH Malate- Matrix
space u-kotoglutaratc
00C — CHy—C — CO0 o~ trangporter OH
H OO0 —CH,— € COO
\{ +
NAD* NAD
Malate Malate
malnts -
NADH % Lehvdrogenase NADH
0 g -
OO ’*CH2* o000
Oxaloac HyN HN Oxaloacetate ?
00C—CHa— - COC
O0C - CHz— CHy—C — COO 00C  CHz—CHy— € COO e CHy— A OO
‘ H
Glutamate Glutamate

15 P FLaty

AMINOLYansiersse

nspasrtaty

it ransferns

a-Ketoglutarate a-Ketoglutarate
Q Q
00C—CH;— CHy - C—CO00O

OOC— CHy — CHy— C— COO

H,N Aspartate

Aspartate HyN
00C—CH; € C00

00C  CHy— C—COO
H
Glutamate—-aspartate

transporter Copyright from http://www.bioinfo.org.cn/

book/biochemistry/chapt18/sim5.htm



2. Glycerol phosphate shuttle

MADH + H” MNAD

CH,OH SR

,D=.|:“f HO C—H
CHLOPO5<~ CHLOPO5*
Dihydroxyacetone Glycerol
phosphate J-phosphate

MNitochondrea
glyceral 3-phosphate

delwdropenase

Cytosol
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Alantran franenart chiittlae in thea mitacrhAandrial
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Inhibition of oxidative phoshorylation

_ 2, 4 dinitrophenol
Couple reaction Diumarol
Salicylanilide
Carbonyl cyanide phenylhydrazone

Valinomycin

lon carrier L2
Gramicidin

Oligomycin

ATP synthesis Rutamycin
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Pentose phosphate pathway
Targets of this pathway

1. To generate reducing equivalents

[ NADPH ]

2. To produce materials for nucleic acid

Riburose-5-phosphate [R5P]

3. To rearrange C skeletons of dietary carbohydrate into
glycolytic/gluconeogenic intermediate




Overview
Glucose

l

G6P

F6P l \G"P

Glycolysis Glycogen

@toss phosph@




Overview

é @ Oxidative phase
[©]
NADPH lochanose— NADPH CO, _ Vb
G6P &-PG >-PG J 2 Ribulose- sphate
lactone
@ Nonoxidative phase |0vEtRp e ——
v & Wolore
. : Nucleotide
c. Ribose-5-phosphate — synthesis
v Ca T
m > g5 < -
o 6
CAL-8-F ] C,
# i”*"‘“’“(j Ut Intermediates

( Pt



Oxidative Stage of Pentose Phosphate Pathway
Glucose-6-phosphate

NADP’
Glucose-6-phosphate
dehydrogenase
NADPH
L

6-Phosphogluconolactone

H.O
D Gluconolactonase
Hf
Y
6-Phosphogluconate
NADP’
6-phosphogluconate
NADPH dehydrogenase
Cco

2 !
Ribulose-5-phosphate

copyright 1996 M W King

Non-oxidative reactions



Pentose Phosphate Pathway

[ b Hexose monophophate shugtet:.) 0,
Co0

CHOB oy CHOB BO O H NADPH
*: } - HO—C—H (=)
0
GEP

y OF: ﬁﬁﬁ Glrnafictuie H—C—0H  §-Pelume H-C—0H

OH R Y

| |
f-P-gluconalictone CH, OF; CH,0P;
b-F-gluconat: RuS-P




Non-Oxidative Stage of Pentose Phosphate Pathway

- copyright 1996 M VWKing
Ribulose-5phosphate

Ribulose.5.phosphate

2 Ribulose-5.phosphate
3-epimerase

isomerase

Xylulose-5-phosphate Ribose-5-phosphate

Transketolase

Y y
Sedoheptulose-7-phosphate Glyceraldehyde-3-phosphate

Transaldolase

Erythrose Copyright from
4-Phosphate http://themedicalbio

I chemistrypage.org/
pentose-phosphate

-pathway.html|

Transketolase
Y
Glyceraldehyde Fructose Fructose

3-phosphate 6phosphate 6-phosphate



Pentose Phosphate Pathway

( & Hexoze monophophate shunt etz

G-6-F
\ IHEEI
Fhaspdadapas
PRI
CHEOH CHEOH HO— C—H
50 =0 1 e
CH,OR H—?—OH H—C—0H
H5F H _? _OH H—Cll—OH
Thurebetadess : CH,OP
CHyOPS A, mopsaifaiee F-El-EP
Aedoheptuloze
Y
-7-F
|
H—-C—H 0 g H 0
| th Y
H—(f—OH Cl, (|!
H—?—OH H—Cl—OH H—t.lz—OH
CH,0P: CH, 0P H—flﬁ—OH |
R-3-F (34-3-F CH,0Pi H—Cll—OH
G Al sy EOUORAE CH, 0P




Glucose

l

Glucose-6-Phosphate
l Ghicose-6-Phosphate Dehydrogens e

6-Phosphogluconate
i (rultiple wactions)
Ribulose-5-Phosphate

Rab clarase
| Ribose I == Ribose-5-Phosphate = | PRPP I

Copyright from
http://www.mrphysicalfitness.com/images/ribose-4.jpg




¥
Adenosine ————— AMP —» ADP—»| ATP |

£ & Adenine
Phosphoribotransferase

B o S
| PRPP|

Adenme

Copyright from http://www.mrphysicalfitness.com/images/ribose-4.jpg




Roles for NADPH

1. Biosynthetic pathways

FA synthesis (liver, adipose,mammary)

Cholesterol synthesis (liver)

Steroid hormone synthesis
(adrenal, ovaries, testes)
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Roles for NADPH

lanosterol monooxygenase uxu:latmns

NADPH + 0, — NADP™ + H,0

% 1 - %X%

CH,0H CHO

Hi
SUCCeSSIVe demethflaunns HED
> —14 methyl
— 4 methyl
“"—} 40 methyl
W@w
.ﬁﬂ 24_cpolestadienol cholesterol

Copyright from http://www.chembio.uoguelph.ca/educmat/chm452/lecturl?7.htm



Lholesteral

s Roles for NADPH

(3p-HSD)
Pregnenolone » Progesterone
(P-430_,,) (P-430_;4)
H5D P-430 (P-430,54)

17-0H Pregnenclone MIT-UH Progesierone {—"J{‘Lt[-]]m:ymnun] _ i, Cortisol
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Copyright from
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Roles for NADPH

1. Biosynthetic pathways
FA synthesis (liver, adipose, mammary)
Cholesterol synthesis (liver)
Steroid hormone synthesis (adrenal, ovaries, testes)

2. Detoxification™
(Cytochrome P-450 System) — liver



Roles for NADPH

Polymorphisms

Drug Induction :
A IPRICE l Regulation
/ \\ \

| /
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Bioactivation l

/ \ Hormone I
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7
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Roles for NADPH

1. Biosynthetic pathways
FA synthesis (liver, adipose, mammary)
Cholesterol synthesis (liver)
Steroid hormone synthesis (adrenal, ovaries, testes)

2. Detoxification (Cytochrome P-450 System) — liver

3. Reduced glutathione as
an antioxidant (RBC)
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peroxidase
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pentose pathway
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Roles for NADPH

1. Biosynthetic pathways
FA synthesis (liver, adipose, mammary)
Cholesterol synthesis (liver)
Steroid hormone synthesis (adrenal, ovaries, testes)

2. Detoxification (Cytochrome P-450 System) — liver
3. Reduced glutathione as an antioxidant (RBC)

4. Generation of superoxide
(neutrophils)



Roles for NADPH

Step 1.Production of superoxide
Hb-Fe2*-0,  ------- >  Hb-Fe3* + O,
Spontaneous rxn, 1% per hour

Step 2 02- + 2H20 """"" > 2H202

Both O, & H,O, can produce reactive free radical
species, damage cell membranes, and cause hemolysis



Roles for NADPH

Copyright from http://pmj.bmj.com/content/77/907/329/F2.large.jpg I 1€X0S€ mMmonophosphate shunt
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Roles for G6PD

ATP s ADP :
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Roles for G6PD

Copyright from
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G6PD Deficiency
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G6PD Deficiency

Recessive sex-linked mutation
X-chromosome
Rare in females (two X-chromosomes)

A B C D E
Father  Mother Father Mother Father Mother Father Mother Father  Mother
healthy  carrier deficient '|E.E|[|"|- deficient  carmer  hea [h'r deficient  deficent  deficient

L T AT (&)R (L)) (&)Y [RJ{R)

WW WW /N

o) o (x)y oy (e oy (x)(x) (x yoxy x(x)  (y  (x)(x)  (x)y
5% K% 2% 1% S0%  S0% 19N 15-.-5. 15.-.-5. 5% % W% 50% 0%

X Mormal Chromosome  (X) Mutznt Chromosome

Inheritance of G-6-PD Deficiency
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G6PD Deficiency

Type 1. Homozygous mutation:
high hemolysis and anemia

Type 2. Heterozygous mutation:
Normally asymptomatic

Other chemicals known to increase oxidant stress
Sulfonamides (antibiotic)
Asprin and NSAIDs
Quinadine and quinine
Napthlane (mothballs)
Fava beans (vicine & isouramil)



Regulation of PPP

Glucose-6-P dehydrogenase

GIupnse-E-pPRsphate 1-dehydrogenase |: First step
NS NG Rate limiting
O-glucona-1 5-lactone-GP Allosteric Regulation
I s
E-phnsphnglicnnnlacmnase 3.1.1.31 Feedback inhibited by NADPH
B-Phospho-D-gluconate
|/-V MADP*
B-Phosphogluconate dehydrogenase [1.1.1.44
colysis
i ; €O, MADPH +H+
1 I D-Rikuloze-5P | Furine Metabolism
| | Ribulose-phosph -~ \R'I:u hasph T
I Ihulose-phosphate Ibose phosphate
I : 2131 J-epimerase ISOMmEerase 2318 :
B/ '
—Hp D-Fructose-6F  D-Xylulose-5P D-Ribose-5P ——7m= P S-Phospho-Deribose.
I : 1-pyrophosphoric acid
I Ribo se-phnsphate 5T ET \
| mTransketnlase pyrnphusrhukmase — I
1 1
I ATP AP I
IS D-Glycer-
12 Transketolase aldehyyde Ip D-sednheptuln se-7 P *
: [F'g,rrimidine Metahnlism]
* 2212 Transaldnlase®
D-Glycer- v A
aldehyde-3P O-Erythrose-4F D-Frucise-EF'
|

1
Acetaldehyde wDeuxg,-rihnse-phnsphate aldolase|d4.12.4

2-DeoxyD-ribose 5-phosphate



L8]

St Glycogen

‘Im Phosphoglucomutase :
u,av Glycogen synthase

Pyruvate

V.. 1
+ _."Acetyl CoA

Cholesterol

Kerb cycle

Fatty acid 4 __5

CO,+H,0 ATE

DMV ABNVBIIMAIUAY

amino acid, Glycerol
Lactate

Propionate ,Glycogenic

Glucose
lwaoa

N Qs
TP """ 1 pathways =

NADP, Pentose phosphate |




Gluconeogenesis
Pathway

{



clucose luconeogenesis

H,O
clucose-a-phosphate
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fructose-é phosphate
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L 2 pyruvate + 2 NADH + 4 ATP + 2 GTP >

P, + ATE w3
HCO,™

1.3-hisphosphoglvwocerate

o Fh I 1
ATP ospho glvwcerate Kinase

S-phosphoglycerate
FPhosphoclvcerate Mlutase

b ATE Prriavwrate Carbozmyl ase Copyright from

py¥ravate CGluconengernesis yconeo.htm

Pij Glucose-6-phosphatase From Pyruvate

glucose + 2 NAD* + 4 ADP + 2 GDP + 6 P;

http://rpi.edu/dept/bcbp/molbiochem/MBWeb/mb1/part2/gl



From Lactate The Cori Cycle

Glucose

2 ATP'-/

L
2 Pyruvate

Gluclzose

K6 ATP

2 Pyruvate

|

2 Lactate ==

2 Lactate
Blood

Liver Muscle



| Alanine From

e glucogemc amino acid

Sarine
Threonine Leucine
- Lyzinea
Glucase _
202 £l = Isaleucine Fhenylalanina
Leucina Tryptophan
Trypophan Tyrosina
Fyruvate
Phaosphoanol- Y
pyruvata ¥
Acelyl Cah - sAcetoacaelyl Cod
Asparagine . : &
Aspariate * Dxakacelala
Azpariale _
Phenylalanine » Fumarate Litrate
Tyrosine
nine
Argini
lzoleucine Succinyl re-Kalo- g:":f'ﬁ mﬁ'_lle
Methioning  ~_» CoA glutarate R
Threonine Copyright from Proli
Valine http://img.sparknotes.com/figures/9/94eebfc3ef3ec roline
1b04fe8b91e5bfalflf/figl0.gif




Glucogen synthesis
Pathway

{



L8]

St Glycogen

Pyruvate

V.. 1
+ _."Acetyl CoA

Cholesterol

Kerb cycle

Fatty acid 4 __5

CO,+H,0 ATE

DMV ABNVBIIMAIUAY

amino acid, Glycerol
Lactate

Propionate ,Glycogenic

Glucose
lwaoa

N Qs
TP """ 1 pathways =

NADP, Pentose phosphate |




Step 1. Reaction of phosphoglucomutase

6
CH20P03® CH,0H
Phosphogluco-

H . H mutags,e
H —
OH H .
HO OH
H OH H OH

a-D-Glucose 6-phosphate  -D-Glucose 1-phosphate

Principles of Biochemistry, 4/e
© 2006 Pearson Prentice Hall, Inc.,



a-D-Glucose 1-phosphate

cHaon Step 2.

H O H
H o

N b oo Reaction of

T N ™ e (dlycogen synthass

eo—P—o—P—o—s;—o—cm2

(l)@ é@ o
H HH
OoH OH
H,O
/ UDP-glucose
2P; = PP, pyrophosphorylase
Pyrophosphatase
CH_,OH
H O H
H O o
OH H il I
HO O—P—O—P—O—CH,
o e +
H OH o (o)

H OH

UDP-glucose

Principles of Biochemistry, 4/e Glycogen (n residues)
© 2006 Peasrson Prentice Hall In<.

l Glycogen synthase

CHLOH CH,L,OH
o o H S T H T
o 1] Il H H
o—r;—o—l;—o—u:idane “+ pha H = oH - =
o o HO
H OH OH
upDP Glycogen (n + 1 residues)

Pvinstigldes of Bia<havwwintry e
O 2008 Pearvon Premtice Mall, e



Regulation of glycogen synthesis

Glycogen
synthesis
Glycogen .
synthasea_ 7~ AN\
ATP ADP
Epinephrine cAMP

. (Phosphorylase
kinase

: ATP ADP q
ogen : VA Glycogen
phorylase b phosphorylase a

!

Glycogen
degradation

Principles of Biochemistry, 4/e
© 2006 Pearson Prentice Hall, Inc.



PHOTOSYNTHESIS
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PHOTOSYNTHESIS

Autotrophs, as are some bacteria and protists

— To produce own organic matter through photosynthesis

Energy tranformation from sunlight energy to stored energy in
the form of chemical bonds

£

/4

(d) Cyanobacteria

(a) Mosses, ferns, and
flowering plants



Photosynthesis

Carbon dioxide (CO,) requiring process
that uses light energy (photons) and
water (H,O) to produce organic
macromolecules (glucose).

CARBON DIOXIDE

WATER
B OXYGEN

6 CO, + 6 H,0 + light energy — C;H,,0, + 6 O,



leaves: Pla
a. stoma - pores

b. mesophyll cells

Mesophyll
Cell =—*

@ Chloroplast
W
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Chloroplasts

T ue .”1'(’".:},‘{‘, o~ ¥R"

: 0. (\. o . .90 “ .-7.“?‘
| 'gfofzé,»*:zf °°° 2 Plant Cells
e AR : ! ° ’°§’ s
B M oo o = | have Green
C N\ R ,o" go : % 45‘“
gL gg% Chloroplasts
| o P00

Stroma
—

The thylakoid Thylakoid

membrane of the Graniki
c (stack of
| chloroplast is thylakoids)

.+ impregnated with nermembrans
»  photosynthetic
J‘:,_~ ,_‘ plgmentS (i.e., Imngrerlrbrane

chlorophylls, o
carotenoids).




Stroma

Thylakoid Granum

Chlot'épl

Thylakoid Space

Granug hylakoid Membrane
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Thylakoid membrane
has chlorophyll Molecules:

in the center

Energy absorbtion in certain wavelengths
(blue-420 nm and red-660 nm)

Plants are green because the green
wavelength is reflected.
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Chlorephyll @ & b

Chlorophyll a >
%Hz /
6
S o
AR
HC— %{:—ria r~||— E—CH,—CH,
s S
H—=C ! L
HC, JE—N “N—C{ >
A :lg :lz s
H \ L T i ¥
C. i
A
N
CH:  co,cH, ©
.
0 CH, CH,
Phytol | | |
CH,—CH=C—CH,—{CH,—CH,—CH—CH,};H




Action spectrum of photosynthesis

ia)

Absorption spectra
Chlorophyll t
Chlorophyll &

g 8 8 § &
sEayuAsojoyd jo a1el anie|Ey

[=]

uondiosgy

(b}

700

GO0

Wavelength {nm}



Plant colors

During the fall, the green chlorophyll
pigments are greatly reduced revealing
the other pigments

Carotenoids are pigments that are
either red, , or

151



i th_edox Reaction
I_ e/;\,l}g)llgn _1
6CO, + 6H,0 — CsH,,0, + 60,

glucose

Tolh

I_ Oxidation ﬁ

6CO, + 6H,0 -» CgH,,0s + 60,

glucose

Carbon Oxygen
dioxide Water
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Two steps of photosynthesis

Step 1: The light | 0
reactions convert -
solar energy to

chemical energy
Produce ATP & NADPH

NADP*

ADP N

PN
Calvin
cycle

Step 2: The Calvin cycle 02
makes sugar from carbon
dioxide



Steps ot " THE LIGHT REACTION"

Light hits reaction centers of
chlorophyll, found in chloroplasts

Chlorophyll vibrates and
water to break apart.

Light

Photon

Oxygen Is released into air

Hydrogen remains in chloroplast attached to
NADPH



Light Reaction (Electron Flow)

Two possible routes for electron
flow:

A.  Cyclic Electron Flow

B. Noncyclic Electron Flow



Cyclic Electron Flow

Primary

Electron Electron Transport Chain

Acceptg O (ETC)
: ATP
e
Q produced
Photons by ETC

. — O
Accessory D
Pigments — OO - —

Photosystem |

Pigments absorb light energy & excite e- of Chlorophyl|
a to produce only ATP 156



Noncyclic Photophosphorylation
» Generates O,, ATP and NADPH

PHOTOSYSTEM I

by chemiosmosis



The production of ATP by chemiosmosis in
photosynthesis

Thylakoid r
compartment
(high H*) Light

Thylakoid ,. | AN g0 000se0el [esoce

membrane

00000

Antenna
molecules + Ht

ADP +(P) AT

Stromc'i ELECTRON TRANSPORT
(low H*) CHAIN

PHOTOSYSTEM 11 PHOTOSYSTEM I ATP SYNTHASE




Steps of "Calvin cycle”

Chloroplast

Light H,0
Stroma

Stack of

thylakoids Carbon Fixation (C; Fixation)

W\ ATP and NADPH from
| light reaction
/ to make sugar (glucose).

Light Calvin

B reactions * cycle

(Sugar used for

e Cellular respiration

e Cellulose

e Starch

\. Other organic compounds




* 9N VAU

CALVIN
CycLE

PHASE 3:

- ) - . ‘P - :
REGENERATION OF ‘ Glyceraldehyde PHASE 2:
CO, ACCEPTOR . REDUCTION
(RUBP)

10D P T
G3P Glucose and
(a sugar) other organic

Ovioins compounds




Chloroplast
Utilisation of oxygen and RUBP
RUBP used can be formed by = = = = = =
photosynthesis only

O, + RUBP

> Phosphoglycolate +

ATP

Glycolate Glycerate

AIINANIU

Function of pholorespiration is to

recover some of the carbon _ _ _ _ _

from the excess glycolate

Mitochondria

O used and CO; is produced-

Glyoxylate
|

Gly!lno

A

l

|

: CNADH

| ~~— NADH;
l

Serine

|
N 1
|

.

Produces no sugar

molecules or no ATP

Glycine




To limit the amount of photorespiration

C4 Pathway™
CAM Pathway™*

* Both convert CO, into a 4 carbon
intermediate >

CAM plants take in carbon dioxide during the night through pores in their leaves. During the day,
the pores close and the stored carbon dioxide is used for photosynthesis



 In C4 plants
In C3 blant photosynthesis occurs in
- both the mesophyll and
the bundle sheath cells.

- 15% of plants (grasses, corn, sugarcane)

all processes occur
in the mesophyl| cells.

(@) Arrangement of cells in a ; leaf

— Upper epidermis

- Almost plants

- These cells have rubisco
§—— and fix CO; to RuBP to
form 3PG.

Mesophvll cell$T
phy .

™ chloroplasts and no rubisco
- Lthey do not fix CO..

sl _(These cells have few }

Bundle_

sheath 2 T~
] — Spongy mesophyll cell
cells T ™~ .
Stoma T Lower epndermis
In CAM plants
- 5% of plants

Image taken without permission from http://bcs.whfreeman.com/thelifewire|



C4 Photesynthesis

MESOPHYLL CELL

BUNDLE-SHFEATH CFELL

\

2AMP + PP,

Pyruvate phosphate
dikinase

2ATP + P;

Light reaction

Cy
Acid

\

/

Copyright from http://www.doctortee.com/dsu/tiftickjian/plant-phys/ps-variations.html

wnaig maz 1015 CO, anussmalasasavelilausuniuann O,

te
RuBP Calvin
cycle
C Sugars
Acid Search
Pykuvate :
ORF Calvin cycle
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Chemiosmosis Energy Coupling

MITOCHONDRION

Examples

CHLOROPLAST

INTERMEMBRANE
SPACE

.' “:,:
MEMBRANE i
\ “‘

synthase

 ADP+®: &
Low H* R

concentration

MATRIX
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Differences between cellular
respiration and photesynthesis.

Cellular Respiration |
O, finally accepts electron to

& W produce H,0.

Protein
complex

of electron
carriers

LD

#gar:‘r}lg;gd ;alectrons Photosystem Il C\ét&cni;rlg;ne Photosystem | 1
il NADP*

= reductase \ADP 5
- 14 ' ?. "D y o1 ol "; -',‘ T - \I,__-_“-‘.
H,O brings electrons to the sl (( {0 ( :>

ETC and becomes O,

Calvin
cycle
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