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Energy Metabolism

- The tirst thing a living organism has got to be able to do is
harness energy from the environment

Proteins Carbohydrates Lipids

- Plants do it by absorbing sunlight

ADP - » ATP
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- We do it by eating food . e

CO,
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Sugar to bEnergy Overview

' ' : Glycolysi
- Glucose is the most direct input vt
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Glycolysis: The Playas!

- The overall reaction
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The Whole Shebang!
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Feeder Pathways: It Ain’t Always Glucose!
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Glycolysis Step 1

- Gluocose isn’t going to hydrolyze itself! We

need to activate it

- Also prevents glucose from leaking out of
the cell, promotes glucose uptake

- The enzyme? Hexokinase: - The reaction is Mg?* dependent
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Glycolysis Step 2 Ty -
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Glycolysis Step 3

- How much glycolysis we gonna have?

6
CH,0PO% :
(0] CH,—OH ATP ADP
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AG'° = = 14.2 kJ/mol Fructose 1,6-bisphosphate

- As the first irreversible step in glycolysis, PFK-1
is tightly controlled.

- Allosterically inhibited by citrate, glucose 1,6-
bisphosphate and ATP (two active sites)!

- Glucagon T PFK-1 Expression 4
- Allosteric activation: AMP (low energy)




Glycolysis Step 4

6 1
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- Finally, we bust up the ring for good!!

- Aldolase works through a complex, multistep
mechanism involving... two Schitf Bases!

- Needs for there to be a carbonyl on C, and an
alcohol on C, so that the Schiff base can do it’s

business!




Aldolase mechanism (lyase)
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Glycolysis Step 5
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Glycolysis Step 6

- We now have a conveniently placed

carbonyl carbon... guess what we’re going to

do next...

Glyceraldehyde-3-
phosphate dehydrogenase

H

NAD*

H_(l o Thiohemiacetal
- | U intermediate

R
H

B

Acyl thicester
intermediate

- We get our first reduced
NAD! (NADH)

Quite
, @ Unstable!

N
0 .
d Is going to
H move on

Hi s
|
1S R
1,3-Bisphospho-
glycerate (1,3-BPG)




Glycolysis Step 7

- We’ve got our high energy phopshoester linkage, now we can use
it to make ATP! |
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Glycolysis Step 8

- We need to activate the phosphate group on 3-phosphoglcerate
by putting it near some ‘mobile’ electrons

(o) (o [0} o
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| mutase
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3-Phosphoglycerate 2-Phosphoglycerate

AG'°= 4.4 kJ/mol
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Glycolysis Step 9

- In case the carbonyl wasn’t enough, we’re going to add a Carbon-
Carbon double bond adjacent to the phosphate:

(o) o O
\c/o H,O \c/
H—JI—OPO; —L‘ é—OPO{
enolase ||
HO—CH, CH,
2-Phosphoglycerate Phosphoenolpyruvate

1][ fast

AG'°=7.5 kJ/mol

H.,0 HOH

rapid
exchange

Phosphoenolovruvate (PEP)



Glycolysis Step 10

“ m ® - Time to reap the reward!
<|:—o—|ﬂ—0' + (P
gHz CI)' Cll
|Rib HAdenine|
Phosphoenolpyruvate ADP

kinase

Mg“ , K +lpyruvate

(o) o~ 9
N/ I
CI -0—P=0
C=0 +
i P
Pyruvate
0
I
| Rib [-{Adenine|
ro s
AG : l\,lg2+l 0 . Mg2+’
o) 0 —Pc—0~ 0 0~ ~0 o7 =0 0
N\, LI | 1 =~ \._ 7
/C—C\\ O + ~O—P—0—P—0—Adenosine ——=~—> C— c—C
;g e O/ CH || | 1 S // \\/? 2 // \ ]
Ay 0 0 K*--0 CH, 0 CHj4
Phosphoenol- ADP Enolpyruvate Pyruvate
pyruvate (PEP)
AG®" = +14.4 kJ*mol ! AG® = —46 kJ+mol !

Overall AG°" = —31.4 kJ*mol !



Glycolysis: The end?... Of Course Not!

o-Glucose Pyruvate

+ 210t + 240+ 2P — 2 + 2nADH* 2H + 2 ATF + 2 Ho0
éH / \
- And what do we do - Sure, as long as we have
with this? a way to get rid of this!

- Well, of we need to, we can oxidize NADH back to NAD* by
reducing pyruvate to lactate



Lactate dehydrogenase (Homolactic Fermentation)
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Alcoholic Fermentation
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Summing up Glycolysis

Free energy change with conc.

Standard free energy change

TABLE 14-2 Free-Energy Changes of Glycolytic Reactions in Erythrocytes

Glycolytic reaction step AG'® (kJ/mol) AG (kJ/mol)
(1) Glucose + ATP — glucose 6-phosphate + ADP —-16.7 —33.4
@ Glucose 6-phosphate == fructose 6-phosphate 1.7 0 to 25
@ Fructose 6-phosphate + ATP —— fructose 1,6-bisphosphate + ADP —14.2 —22.2
@ Fructose 1,6-bisphosphate === dihydroxyacetone phosphate +

glyceraldehyde 3-phosphate 23.8 Oto —6
@ Dihydroxyacetone phosphate —= glyceraldehyde 3-phosphate .5 Oto 4
@ Glyceraldehyde 3-phosphate + P, + NAD™ == 1,3-bisphosphoglycerate +

NADH + H* 6.3 —21t02
@ 1,3-Bisphosphoglycerate + ADP == 3-phosphoglycerate + ATP —18.8 Oto2
3-Phosphoglycerate == 2-phosphoglycerate 4.4 0to 0.8
@ 2-Phosphoglycerate == phosphoenolpyruvate + H,0 7.5 0to 3.3
Phosphoenolpyruvate + ADP — pyruvate + ATP —31.4 —16.7

Note: AG'® is the standard free-energy change, as defined in Chapter 13 (p. 491). AG is the free-energy change calculated from the actual concentrations of glycolytic intermediates
present under physiological conditions in erythrocytes, at pH 7. The glycolytic reactions bypassed in gluconeogenesis are shown in red. Biochemical equations are not necessarily bal-
anced for H or charge (p. 506).



Gluconeogenesis

- Alternative pathway for last step of glycolysis
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Gluconeogenesis

- Bypassing step 3.. - Mediated by Fructose 1,6-
bisphosphatase

O

Fructose 1,6-bisphosphate + H20 — | / '23 z,(:

Fructose 6-phosphate + Pi o/’

7
AG© =-16.3 kJ mol-1 \_")QC Ha":<"’




[ inearized Michaelis-Menten Kinetics

) ) :E:. ;u.:
Bypassing step 1... , L’ a1
i fr 'R.Ec* 4 a
- — 5 "-E_-n-i' e
Glucose 6-phosphate + H20 — e - : F}m “Wi m
glucose + Pi B M W v e
AG™ = -13.8 kJ mol-1 i
Miarm iiu "’? E:

- Mediated by Glucose 6- KFE%T

ﬁ = \
phosphatase SN D AL

- )



Gluconeogenesis Overall

Overall:

2 pyruvate + 4 ATP + 2 GTP + 2 NADPH + 2H* + 4 H,0 — —
Glucose + 4 ADP + 2 GDP + 6 P, + 2NAD*
AG*=-16 k] mol"

- Gluconeogenesis happens mostly in the Liver when there’s lots of
ATP around.

- Excess sugar is stored as glycogen



The Citric Acid Cycle

- Where does the pyruvate go?

Glucose
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Some New Playas!

Acetyl group
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Pyruvate Dehydrogenase (Multienzyme Complex)
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Step 1: Making Citrate
U }ll H(,”

S - Citrate is made from Acetyl

CH;—CO0 H Acetyl-CoA

oo\ CoA and Oxaloacetate

\/ ﬁ His o
Vs - Oxaoloacetate feeds in from
oo e the ‘end’ of the cycle

il “8Co!
CHy — 000 H—0
\
C—Asg;
v
0
2 =N
\/ r’ His
N_ /97
7
His™ 520 H
IJlJ['-\cI.‘,,“ll |”1’
O0C |I.|'/ \t'll -(— SCoA
S-Citryl-CoA H=0
\
,"[: — Asp 375
W
0
H.O
3
CoASH
W OH
pro R-arm e \(,.-" pro S-arm
e — |
“00C—H,OC CH M



Step 2: Making iso-Citrate

- This sets sets up reduction of NAD*

- Uses a catalytic Iron / Sulphur cluster (4Fe-4S)

[4Fe-4S] cluster

q

Fe

Asp~ 100 - His* 101/
} *LFC

H H nzo ‘/ Th

prob .......
+ L /< /
Arg* 580---- T00C~ g :
H COO™
\C‘LCOO_ }
2 C ;
[ /
Ser642 —0 . —»H*, & /pm,;g
Citrate

Fe

S

Asp™ 100 -~ His™ 101 i

S —Fe
n H HO ‘ T
—8

(_) .......
Argt 580 /
: H5Co .
“00C—+_ / ~coo
5 C—=C00
¥
Ser 642 — O & s

(2R,3S)-Isocitrate

Asp™ 100 -+ His 101

Ser 642 —Q —H*
cis-Aconitate intermediate

180° FLIP

v

Asp 100 C;}jha 101

H II
H— ()

Arg* 580 H\C 4 COO™

00C
\\‘"‘"""BC
COO~

Ser 642 — O —H*

/
5

TR
Fe
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Step 3: Making a-Ketoglutarate

- Uses NAD* to oxidize isocitrate

Too*
CH,
I
H—C—C
|
HO—C—H

Isocitrate

O

.

O

NADY H" + NADH

Oxalosuccinate

- Detailed mechanism unknown

- Our second oxidative decarboxylation!

({TOO_
N CH,
H |
H—C—H
__EL__ |
(|j — {_]
c
6% -

a-Ketoglutarate



Step 4: Making Succinyl CoA

UQFC - Another enzyme complex
“1’ Thiamindiphos phat

ju- - Similar mechanism to
E;"'L;Fg"w_w h “‘ka(” Pyruvate Dehydrogenase when
MH2 o H MHz HDC .’:';-O
< % sl we made Acetyl CoA

3-Oxeglatarst 2-Oxo glutarat-

Dehydrogenase F Co;

N 0-F—0—F 0-P—0—P 0 - ,
T HJ %NIE}Y AG 33.5 k_]/ mol.
j: é;_iﬂhrﬂ

>::,“3.;‘::.;:'.':::::;2m - - Our third oxidative

SH

T~

CoA-SH Succinyl-Col

decarboxylation




Step 5: Releasing Succinate

\

Succinyl-CoA

C

CH,—COO0"™ CO0~ H

| GDP + P; GTP CoA-SH | T

CH CH uccinyl-Co I
i N T V

}

ﬁ_S_COA ) succinyl-CoA (I:Hz

synthetase CO0"
Succinyl-CoA Succinate

CoA-SH

AG'° = =2.9 kJ/mol

- Transter of high energy thioester to @ e
high energy phosphoester

0
DN O y
v

- Mamma].s make GTP, plaHtS mak€ Succinate
ATP Phosphohistidyl

- GTP can be converted to ATP by ®
nucleotide diphosphate kinase @



Step 6: Oxidation of Succinate to Fumarate

- We've done about all the oxidative decarboxylation we
can handle. Time to start moving back towards
oxaloacetate  coo-

éHz FAD FAD H, H\C/COO_
(|:H2 ) succinate _OOC/C\H
COO0~ dehydrogenase
Succinate Fumarate
AG'° = 0 kJ/mol

- This step requires a strong oxidant

- This reaction is run in reverse for oxidative
phosphorylation; FAD is covalently linked to the enzyme



Step 7: Hydration of Fumarate to Malate

- Detailed mechanism
unknown

H COO0~

\(":/

C
-00c” H

Fumarate

AG'° = =3.8 kJ/mol

OH™

. |

) fumarase —ooc/ \

Carbanion
transition state

A

H

fumarase

Malate



Step 8: Oxidation of Malate to Oxaloacetate

c|°° NAD* NADH + H* c|°°_
i N\
CHz > C|H2
malate _
COO dehydrogenase coo
L-Malate Oxaloacetate

AG'° = 29.7 kJ/mol

- Detailed mechanism unknown, ° . =" o e e, o

though it must involve a hydride =

transfer to NAD* in a manner
similar to the other q
dehydrogenases.

- This reaction is highly endergonic



Energetics of the Citric Acid cycle

Reaction AG*® est. AG Keq
heart, liver

1 (citrate synthase) -31.4 -53.9 3.2 x10°

2 (aconitase) +6.7 +0.8 0.0067

3 (isocitrate dehydrogenase) -8.4 -17.5 29.7

4 (aketoglutarate dehydrogenase) |-30 -43.9 1.8 x 10°

5 (succinyl CoA synthetase) -3.3 ~0 3.8

6 (succinate dehydrogenase) +0.4 ~0 0.85

7 (fumarase) -3.8 ~0 4.6

8 (malate dehydrogenase) +29.7 ~0 6.2 x 10°

- Note how many AG in vivo are close to zero. This should
give an idea of the concentrations of intermediates




Regulation of Citric Acid cycle

Pyruvate

@ Ca2+

- - - -
. '\
/ &
| \

. Acetyl-CoA -

Fumarate Isocitrate

Succinate

Pyruvate

pyruvate

dehydrogenase
complex

ATP, acetyl-CoA,
NADH, fatty acids

@) AMP, CoA, NAD*, Ca2*

v

Acetyl-CoA

Oxaloacetate

malate
dehydrogenase

Malate

NADH, succinyl-CoA, citrate, ATP

®

citrate s
synthase Citrate
. .
Citric
acid Isocitrate
cycle isocitrate | &) ATP
dehydrogenase

NADH

a-Ketoglutarate
a-ketoglutarate

FADH,
' dehydrogenase
complex @ Ca2+
succinate .
dehydrogenase Succinyl-CoA

GTP
(ATP)

® succinyl-CoA, NADH



Anapleroticity

- The citric acid cycle is
both catabolic and
anabolic

- Intermediates can feed
in and out to keep their
concentrations constant

COy —._ — Pyruvate
i \
Amino _
saidy Acetyl-CoA Fatty
W acids
Glucose Oxaloacetate / Cholesterol
% / A
2 %, o {
Asparate Malate Citrate
Phenylalanine
I'yrosine -
. e
Fumarate Isocitrate
Succinate

Succinyl-CoA
» A4

Porphyrins /

[soleucine
Methionine

Yeline Odd-chain

fattvy acids

o-Ketoglutarate
Amino
acids



[ inearized Michaelis-Menten Kinetics
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