Metabolism encompasses degradative and
biosynthetic pathways

« Catabolism: reactions that break down nutrients
and collect released energy and reducing power

— Catabolic pathways are convergent

* Anabolism: reactions that synthesize needed
compounds, using stored energy and reducing
power

— Anabolic pathways are divergent



TABLE 13-2

AGIO

K ’eq (kJ/mol) (kcal/mol)*
103 -17.1 —4.1
102 -11.4 —2.7
10! —-5.7 -1.4

1 0.0 0.0
1071 5.7 1.4
102 11.4 2.7
1073 17.1 4.1
1074 22.8 5.5
10~5 28.5 6.8

10°¢ 34.2 8.2



TABLE 13-3

Starting with all
components at 1 m,
When K'eq is... AGis... the reaction...
>1.0 negative proceeds forward
1.0 zero is at equilibrium
<1.0 positive proceeds in reverse

Table 13-3
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H. Freeman and Company



Energy currencies provide a common
intermediate in energy transductions

Complex
metabolites

+ HPO;™

Degradation Biosynthesis

Simple
products
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The adenylates (ATP, ADP, AMP) are the
primary energy currency

phosphoester NH>
bond _~ N
Why? phosphoanhydride | N | N\
,bonds] L§. i/ |
= . :

Ixbimil
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O0—P-—0—CH, O

., O—P—0O0—P ‘. : :
R L L i :
: o . o: O H H ;
E E ’ . H H
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E E : Adenosine :
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i ADP :

ATP



The AG of ATP hydrolysis is large and
negative

* Reduced charge repulsion in products
« Better resonance stabilization of products



Products of phosphoanhydride hydrolysis
have better resonance stabilization

S WAL=
grad
}/HZO
<o 0 i
_0_?U_H + H—Q—P—0—



The AG of ATP hydrolysis is large and
negative

* Reduced charge repulsion in products

« Better resonance stabilization of products
* More favored solvation of products

= AG" is -30.5 kdJ/mol

» Cells keep [ATP] relatively high
= AG < -30.5 kd/mol



Concentration (mm)*
ATP ADP! AMP P. PCr
Rat hepatocyte 3.38 1.32 0.29 4.8 0
Rat myocyte 8.05 0.93 0.04 8.05 28
Rat neuron 2.59 0.73 0.06 2.72 4.7
Human erythrocyte 2.25 0.25 0.02 1.65 0
E. coli cell 7.90 1.04 0.82 7.9 0

For practice: Calculate the AG of ATP hydrolysis in E. coli



ATP binding and hydrolysis drives muscle
contraction

Thin filament

1 ATP binds to myosin head;
actin binding site opens;
myosin head releases actin

6 ADP release ATP

"o—c.

ADP
2 Active site closure

followed by ATP H,0

5 Powerstroke hydrolysis causing
cocking of
myosin head

Transient
intermediate
P’ =]

3 Weak binding of myosin
head to actin

4 P;release resulting
in strong binding of
myosin head to actin

]

@ INNQ lahn Wilawr 2. Cane Ins All vinhtes vacrarvuard



Phosphoryl transfer from ATP drives many
reactions (via coupling)

6
CH,—OPO;%"
CH,—OH
a o) " ATP  ADP " -
H Wgy i 1
OH H x '
HO OH hexokinase HO OH
H OH H OH AG’s are
Glucose Glucose 6-phosphate | additive
G°’ (kJ-moI_‘)
Endergonic
half-reaction 1 P; + glucose <— (glucose-6-P + H,0 +13.8
Exergonic
half-reaction 2 ATP + H,O <= ADP + P; -30.5
Overall

coupled reaction ATP + glucose <==> ADP + glucose-6-P -16.7



AG' values of phosphate hydrolysis reflect
‘phosphoryl transfer potential’ (ptp)

Compound

Phosphoenolpyruvate
1,3-Bisphosphoglycerate
ATP (— AMP + PP)

Acetyl phosphate
Phosphocreatine

ATP (—~ADP + P)
Glucose-1-phosphate
PP,
Fructose-6-phosphate
Glucose-6-phosphate

Glycerol-3-phosphate

AG°'(kJ - mol~)

—61.9
—49.4
—45.6
—43.1
—43.1
—30.5
—20.9
—19.2
—13.8
—13.8

—-9.2

AG’ of hydrolysis (kJ . mol™")

|
N
(=

LA
o

Phosphoenolpyruvate

1 ,3-Bisphosphoglycerate

Phosphocreatine

"H:gh-energy"
phosphate
compounds

“Low-energy”
phosphate Low
compounds ptp

GIucose-G-phosphate

Glycerol-3-phosphate



Other ‘high-energy phosphate’ compounds
have great stabilization of hydrolysis products

Reduced charge repulsion and tautomerization:

0 (0
No? H,0
/0 /P\ 2 /O o /0
“0—C o) o~ \ . ~0—C OH tautomerlzatlon\ “0—C o

\C/ hydrolysis ) \C/ < N\ C/

I Pi I |
CH» CH, CH3
PEP Pyruvate Pyruvate

(enol form) (keto form)

PEP3- + H,O0 — pyruvate™ + P}
AG'° =-61.9 kJ/mol



Other ‘high-energy phosphate’ compounds
have great stabilization of hydrolysis products

Reduced charge repulsion and resonance stabilization:

o) (0]
\P/

o 0/ \0— o OH %_ %_ resonance
N\ /7 N\ /7 X-7  stabilization
1C C C

| P_ I H+
2CHOH ! CHOH CHOH
| ] | )
H>O
g 2 g 7
hvdrolvsis ionization
'O—I'i‘=0 bl ‘O—IT=0 O—II’=O
()8 o} o
1,3-Bisphosphoglycerate 3-Phosphoglyceric acid 3-Phosphoglycerate

1,3-Bisphosphoglycerate*™ + H,0 —— 3-phosphoglycerate®™ + P3~ + H*
AG'° = -49.3 kJ/mol



‘Low-energy phosphate’ compounds have
less stabilization of hydrolysis products

CH,0PO3"
o
H A H CH;0H
HO N} OH HO—Cl—H
H OH CH,0PO3"

a-D-Glucose-6-phosphate L-Glycerol-3-phosphate

AG"™ of hydrolysis: AG" of hydrolysis:
-13.8 kd/mol -9.2 kd/mol



Phosphagens are ‘high-energy phosphate’
compounds used to quickly regenerate ATP

ex. ADP + phosphocreatine < ATP + creatine
AG"™ =-12.5 kd/mol

R=CH, —CO; ; X=CH; Phosphocreatine

+
I
R=CH, —CH,—CH,—CH—CO; ; X=H Phosphoarginine

© 2008 John Wiley & Sons, Inc. All rights reserved.



ATP may transfer additional functional

groups (pyrophosphoryl or adenylyl)

Three positions on ATP for attack by the nucleophile R'?0

Y B a
0 O 0
_O—II’—O— —O—P— — Rib [ Adenine
(& (o o)
R'80 R8O R80
(0 (0] o 0]
Il I Il |
R'80 —II’ — R'80 —II’—O—FI’—O_ R'80 —Fl’ O— Rib [ Adenine
(o Iy (0 o~ (o
+ + +
ADP AMP PP,
Phosphoryl Pyrophosphoryl Adenylyl
transfer transfer transfer

(a) (b)

Figure 13-20
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H. Freeman and Company
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Adenylyl transfer is used to drive particularly
disfavored reactions

Ex: activating amino acids for protein synthesis

tRNA AMP

H 4 H O H O
L |l |l
R—CI—C\ + AMP ~ P~ P R—cl—c~AMP R—CI—C—tRNA
o + +
NH3 \ NH; NH;

Amino acid ATP Aminoacyl-adenylate Aminoacyl-tRNA

inorganic
pyrophosphatase

PP; H,0

ATP hydrolysis to AMP & PP;: AG" = -45.6 kJ/mol
PP, hydrolysis to 2P;: AG™ = -19.2 kJ/mol



Transphosphorylations between nucleotides
control relative concentrations

Nucleoside diphosphate kinase:

ATP + NDP < ADP + NTP AG'~ 0 kd/mol
(NDP) (ANTP)

Adenylate kinase:

2ADP — ATP + AMP AG"= 0 kd/mol



Thioesters also serve as energy currencies,
due to large, negative AG' of hydrolysis

o

7N\

CH;—C Acetyl-CoA

S-CoA
H,O0 <] hydrolysis

7L

CoASH
(0]
Y
CH3—C< Acetic acid
OH
ionization
N
o
CH;—C \ Acetate
Similar AG" of 0%
hydrolysis as ATP resonance

stabilization

\ Acetyl-CoA + H,0 — acetate” + CoA + H™
AG’° = —31.4 kJ/mol



Coenzyme A functions as an acyl-carrier
cofactor and thioester energy currency

Acetyl group

B-Mercaptoethylamine | |
residue CH>

| Adenosine-3’-
CH> phosphate

Pantothenic

|
N
y I
acid residue CI . Z N
H—CI—OH Nk | >
H3C— C —CH3 (I) \N N
.

(o]
CIH 0 II’I (o] F! O—CH
27 & BT T R T 2
| _ | _ o
(o) (o] H H
H H
(I) OH
0O—P—O0O"
Il



Redox energy currencies transfer reducing

power (ex: NAD and NADP)

Oxidized form

Nicotinamide .

o—u
2+= &
\

o CH, O
p-Ribose H H
H H
HO OH
NH,
0O=P—0" "
| N/
‘s | D
- ™
0=P—0 N .
I N > Adenosine
o

X=H
x=Po§‘

Nicotinamide adenine dinucleotide (NAD)
Nicotinamide adenine dinucleotide phosphate (NADP™)

Reduced form

0 HH o
I i
= o C
7 ONH, + 2HI= m “NH, + HY
2
N
|
R

2 electron, 1 proton
carriers

cosubstrates: diffuse
between different
enzymes

NAD: primarily used in
catabolism

NADP: primarily used in
anabolism



NAD+ accepts a hydride ion to become
NADH

H o 0
| 3.
~ NH, ~ NH,




FAD and FMN are other redox currencies

-

NH,
NZ N\
Riboflavin k\ | >
9 g S
CH,—O—P—0—P—OCH, O
I I I
H—(|:—0H o~ 0~
Ribitol < H—f—OH
H—C—OH : T
| Adenosine
CH2

electrons (plus 1 or 2
protons)

- I
H3C NN\ o « Prosthetic groups: tightly
:C[ j;(\r bound to enzyme
—Z NH « Can transfer 1 or 2
H3C N
o)

o
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Flavin adenine dinucleotide (FAD)
(oxidized or quinone form)

FADH - (radical or semiquinone form)

I

5
|
H3C O N o
H3C N\H
0

FADH, (reduced or hydroquinone form)
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