Oxidative Pyruvate Decarboxylation
and the Citric Acid Cycle

Fates of pyruvate

 Aerobic: oxidize to CO,
* Anaerobic: fermentation

Core concept mastery check.....

If you want to really understand
oxidative metabolism, you have to be
able to keep track of electrons. To keep
track of electrons, you have to know
how to determine oxidation numbers!!




The hierarchy of scientific learning....

Biology

Chemistry

Physics

Mathematics

Philosophy
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The hierarchy of biochemical learning..

Bio-
chemistry

Organic
chemistry

Physical chemistry

“General” chemistry <

Analytical chemistry

Inorganic chemistry
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Rules for assigning oxidation numbers

For an atom in it's elemental form, oxidation
#=0

For a monatomic ion, oxidation # = ion
charge

For binary compounds of nonmetals: Assign
the element with greater electronegativity
the “ion charge” it would have if it was in an
lonic compound

The sum of oxidation #s is 0 in a neutral
compound, while the sum is the overall
charge for polyatomic ions
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Oxidation numbers for bioorganic compounds

Select the carbon atom you wish to assign an oxidation number
Assign oxidation numbers to the atoms bonded to the carbon atom of interest based on
their electronegativities relative to the C you are focusing on:

H=+1

O = -2 (except for peroxides, where O = -1)
N=-3
S=-2
C=0

ouswNp

Phosphorus-carbon bonds are rare in biology; in phosphate compounds, P = +5
If the atom bonded to the C of interest is in turn bonded to additional groups, this must
be accounted for in assigning an oxidation number for the entire “group” relative to the
C. For example, the “OH group” has oxidation number -1 since O is-2 and H is +1
(same for SH). The “NH2 group” also has oxidation number -1 since N is -3 and each H
is +1. For an ether O or S, the -2 charge on the central O/S must be split between the
two carbons to which it is bonded, so O/S contributes -1 to each C (see examples
following pages).
When focusing on another C atom in the same compound, remember that any C atoms
bonded to it are assigned oxidation numbers of “0” for the purpose of calculating
oxidation numbers, even if they have nonzero oxidation numbers relative to the overall
molecule
The sum of oxidation #s for all atoms is 0 in a neutral compound, while the sum of
oxidation #s is the overall charge for an ionic species. For organic compounds that have
ionizable groups, | recommend drawing the structure of the compound in the nonionized
form so you don't have to keep track of the net charge.
When assigned properly, oxidation numbers will allow you to keep track of which specific
C atom(s) gain or lose electrons during an oxidation/reduction reaction
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Select the carbon atom you wish to assign an
oxidation number

Assign oxidation numbers to the atoms bonded to the
carbon atom of interest based on their )
electronegativities relative to the C you are focusing
on:

+
fiN

N

(except for peroxides, where O = -1)

oOonzoxT
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Phosphorus-carbon bonds are rare in biology; in

phosphate compounds, P = +5
If the atom bonded to the C of interest is in turn
bonded to additional groups, this must be accounted
forin assi(];ning an oxidation number for the entire
“group” relative to the C. For example, the “OH
group” has oxidation number -1 since O is -2 and H is
+1 (same for SH). The “NH2 group” also has
oxidation number -1 since N is -3 and each H is +1.
For an ether O or S, the -2 charge on the central O/S
must be split between the two carbons to which it is
bonded, so O/S contributes -1 to each C (see
examples following pages).
When focusing on another C atom in the same
compound, remember that any C atoms bonded to it
are assigned oxidation numbers of “0” for the
purpose of calculating oxidation numbers
The sum of oxidation #s for all atoms is 0 in a neutral
compound, while the sum of oxidation #s is the
overall charge for an ionic species.
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Sites of glucose metabolism within a eukaryotic cell

«—— glucose permease
inner
membrane

transporter (specific)

cytosol
porin (nonspecific)

outer membrane

mitochondrion
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Stage 1

Amino Fatty Acetyl-CoA
acids acids Glucose production

Glycolysis

Pyruvate

pyruvate
dehydrogenase
e~ complex

Co,

‘ Acetyl-CoA
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e |

Acetyl-CoA

(reduced e~ carriers)

| Stage 2
Acetyl-CoA
oxidation
Oxaloacetate Citrate
Citric
acid cycle
4 CO,
CO, /e-
¥ NADH,
FADH,
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NADH,
FADH,
(reduced e carriers)

e~

v

Respiratory
(electron transfer)
chain

ADP+Pi

Stage 3
Electron transfer
and oxidative
phosphorylation

2H" + 10,

H,0
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Oxidative pyruvate decarboxylation
CITRIC ACID CYCLE OXIDATIVE PHOSPHORYLATION
i o B N 7 ™ CO,
o )L 8e ~ 36 H* (0] (0)n +
el ' No”  CoASH NAD* NADH
c s TPP, lipoate O, S-CoA
Acetyl CoA | \ \ FAD / \C/
Electron- ATP =
20 ‘\‘ lranlslptirt synthase ? 0 pyruvate dehydrogenase |
chain ~ 9 ADP \ CH, complex (E, + E, + E,) CHj;
+ pi
*2Co, / 4 H,0 / / Pyruvate Acetyl-CoA
L / Proton gradient/ ~ 9 ATP AG'® = —33.4 kJ/mol
\_ 1GIP+8e 3 (~ 36 HY) JARN )
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Pyruvate dehydrogenase

A multienzyme complex consisting of three

Pyruvate dehydrogenase cofactors

enzymes that work in unison Cofactor Vitamin Function B_ound_or
precursor dissociable?
Thiamine Thiamin Decarboxyl- Bound, E,
» E,: pyruvate dehydrogenase pyrophosphate ation
Lipoic acid e- and acyl Bound, E,
(lipoamide) carrier
» E,: dihydrolipoyl transacetylase FAD Riboflavin e carrier Bound, E;
NAD* Niacin e transfer Diss. E;
» E;: dihydrolipoyl dehydrogenase =
2
_ 17 _ 18
Review..

Introduction to the cofactors of the
pyruvate dehydrogenase complex

Three you have seen already
Two which are new

Tightly bound (catalytic):

— TPP (noncovalent)

— Lipoamide (covalent)

— FAD (covalent in some enzymes, noncovalent in

others

Substrates in the reaction (get transformed):

— NAD*
— Coenzyme A

© S. Ensign
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Thiamine pyrophosphate

* Pyruvate decarboxylase: “nonoxidative”
decarboxylation- production of acetaldehyde

* Pyruvate dehydrogenase: “oxidative” decarboxylation

» Transketolase: intermolecular group transfer between
sugars




Lipoic acid

S—S 2e-+2H" H-S S-H

MO' L_» W/\’(o_
2 eg

oxidized lipoic acid © reduced lipoic acid ©
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Lipoamide formation by reaction

; with the e-amino group of lysine
S___

o

oxidized lipoic acid o)

H.O L-lysine NH,*

oxidized lipoamide @)
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Lipoamide in a polypeptide

oxidized lipoyllysine @) NH

23
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Biologically important forms of lipoamide
2 e-+2H*

s—s \ H-S S-H

oxidized lipoamide reduced lipoamide

Acyl lipoamide
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Coenzyme A, an acyl group carrier

i
pantothenate < | )
N =
H  CHs 0 0 N
|| w I I
o T
O OH CHs o o H H
H H
c|> OH
-0—P=0

3’-phosphoadenosine diphosphate

Abbreviate all this as “CoA”

Reactive thiol group 25
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Coenzyme A, an acyl group carrier

Coenzyme A

O

P

H,;C

Acetyl-coenzyme A

Coenzyme A thiolate

O

P

R

Acyl-coenzyme A
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Flavin adenine dinucleotide

4 NH,
N X
N
/
0 0 < | )
[13 b1} ” ” N N
R CH,0—P—P—0
H—C—OH 0" O o)
H—C—OH
[ H H
\_ CH R
,112 N, O 2 + 2H* N
CLXL & X
~ NH .. NH
N 2 e +2H* N
o) o)

Oxidized FAD (FAD) reduced FAD (FADH,)

27
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Nicotinamide adenine dinucleotide

© S. Ensign
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Pyruvate dehydrogenase mechanism

* The three enzyme components work in unison

» E, (pyruvate dehydrogenase) decarboxylates
pyruvate as seen for pyruvate decarboxylase

» E, (dihydrolipoyl transacetylase) accepts the
acetyl derived from pyruvate, and then transfers
it to Coenzyme A. In the process lipoamide is
reduced by two electrons

» E; (dihydrolipoyl dehydrogenase) reoxidizes
lipoamide using FAD as the initial e~ acceptor
and NAD* as the terminal e- acceptor

» The lipoate group “pivots” on E,, translocating
between E; and E; during catalysis

29
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Review..

Recall mechanism of pyruvate
decarboxylase

o= <

N S = N S

R \) R \../@
H
B:\/

30
© S. Ensign

Pyruvate decarboxylase:

nonoxidative decarboxylation had = Hac/jw
to produce acetaldehyde H
/.
R, H
— ®
H3C—C=0 . Rl/ % H3C—(C—O— ~~.B
H [N 31

Review.. H ©s. Ensign

R, N\DS B R1/N\/@S E R/N\ S
H H30—C—C£\O
[
B: —

The mechanisms of pyruvate
carboxylase and pyruvate
dehydrogenase diverge at the level of
the hydroxyethyl-TPP carbanion

32
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In oxidative pyruvate decarboxylation, the hydroxyethyl-
TPP anion is transferred to lipoamide rather than H+

MH o=

N S - N S N‘\s

R1/\ /%/ /\ —‘/

<

%

®o
\L/‘

\

O

%

®O
\L/‘
/0&

/

RN P A
H;C—C—OH Hz;C—C—OH
) § g
l -
acetaldehyde 33
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Watch how the interplay of the activities
of the three subunits is mediated by the
movement of the flexible linker arm

connecting the “business end” of
lipoamide

34
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Mechanism starting with HETPP carbanion

_NT) S
R{ | E,
Ao FAD
chtw
~
(H—A
s—s

NH

2 EZ
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Formation of acetyl-lipoamide

FAD

NH

36
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Translocation to the CoA binding site on E,

FAD

© NH

37
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Transfer of acetyl group to CoA

A
A H'/;/ ‘\~S FAD

38
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Translocation to the FAD binding site on E,

0
g
HC

H
N
) FAD

S\/\/

M
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Ey

R2
&:(

I\

+{

Oxidation of reduced lipoamide using FAD
as e- acceptor. The mechanistic details are
beyond the scope of this class

[P\

40
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Reduction of NAD* by FADH,

NAD*

E3
FADH, pADH

[P\

£}
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UR FAD
K
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Rl/% ES
FAD
S—S
©" \H
EZ
= 45 G
NAD* + HSCoA  NADH Where did the other electron for NADH come
H O O H O 5.
N \_ N from?7?:
H—C|J—C—C—O‘ > H—C|J—C—S—CoA +CO,
H H

“Oxidative decarboxylation” because
pyruvate lost two electrons (gained by
NAD™) in the course of the reaction

a7
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NAD* + HSCoA NADH

48
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3 5
Pyruvate
= CO,
t’ 2e
Acetyl CoA
-

GTP

Citric acid cycle strategy

Ay

4 C6
NADH

FADH,

GTP

NADH
co,
Cs

NADH

73
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T S (1) Claisen condensation of Acetyl-CoA
rn...ml.--um \ CoASH
ipndhiane o0 and OAA
® -:I-;,‘_L:m HO [_]{(-‘_:m
o0 9 . i ’//
e HO—GH \ CH—000 Hz—C
f . 0 H,0 CoA-SH = -
m.g") f ' N 1 / — = _0
' - l @ CH; —C\ + 0—(|J—COO e HO—C—COO
:l:’[u \ S-CoA CH2 —C00~ synthase CH2 —C00~
'''''' m'i Acetyl-CoA Oxaloacetate Citrate
.1, AG™ = —32.2 kd/mol
S ‘,.!Ef i %% o
phasphosyiatiin decnrbeaylation 51 52
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(2) Isomerization of citrate

CH,—CO00 H,0 CH,—CO0 H,0 CH,—CO00
HO-C—CO0~ —<——-| C—CO0

wconitase

AN H—C—C00

wonitase

H—(|]—(‘,()() I (lf—C(}() HO—(}?—(]()O
H H H
Citrate cis-Aconitate

Isocitrate

AG™ = 13.3 kd/mol

Aconitasef 5L
v 7

_ 53 , :
> Discrimination between
—— Citrate .
H H i the two arms of citrate
\O/ o_ . ©O0O by aconitase
—c |
, S\‘“\PX / \_1, CH, Pro S arm
Cys>S { e G - = i
_ {4\ 0O | HC—COO
Mor~F g H ¢ |
ol y HO—C—CO0O-
00(
oys—s7/ H | T HC—C00-
p = s—Fe e e Te ]
S—Cys Pro R arm H—C—COO- YES
HC—COO-
_ 55 OH 56
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This bond This bond can
cannot be be positioned
positioned | Z correctly and
correctly is attacked.

I
and is not /?\
attacked. }:( Y

Active site has
complementary
binding points.

(c)
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Aconitase mechanism

sl AT 100 T 101 S| A
Asg™ 100 -~ His* 101 /_L"_/s ] sl |
o | H Bo [ S5F
B Y 0 [ 5177 H=G e P
pro-§ [ TR "Fe,—8
s 00c 7 7 Dehydrate 7008 T —co0
H COo™ 2 }

Ndoo) CZC3bond T Ly
COO™

Ser 842 =0 —rHopup proR
Ser 842 —0—H*
Citrate is-A itate int diat
}“’ 180" FLIP
Asp 100

Fo—
His101 / it
i~ 100 -« Hin* Wil < st |
Asp™ 100 lli 1 si | H H’?I/Stx‘

L]
|
n i ome | 8 i}p‘ H=0)- TP —8
e i

. Y
Rt S ~ode
Siien . Rehydrate at C3 00>

Bor 42 —(=—H*
v

(2R, 35)-1socitrate

© S. Ensign

59

(3) Oxidative decarboxylation of isocitrate

TPP is not used for this decarboxylation

Clez-—COO" NADQ @)H +H
H—C—COO~
isocitrate
HO—?—COO_ dehydrogenase
H
Isocitrate

a-Ketoglutarate

AG" = —20.9 kJ/mol

60
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(4) Oxidative decarboxylation of a-KG

The a-KGDH complex is analogous to the
PDH complex

CoA-SH NAD" NADH

CH CH

| iy

CH, \ \ / CH, + COg
(|:—“COO_ a-ketoglutarate (|:—S-COA

| dehydrogenase

0 complex 0
a-Ketoglutarate Succinyl-CoA

AG'"® = —33.5 kd/mol

(5) Substrate level phosphorylation

?Hz—COO GDP + P; GTP coasH (90
CH CH
ﬁ:_S'COA X succinyl-CoA (|:H2

0 synthetase COO~
Succinyl-CoA Succinate

AG'° = —2.9 kd/mol

A multstep reaction proceeding as follows...

61 62
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0. 0" 0o, O
Ng R C
™2 Succinyl-Cod
ouccinyl-Lio,
CHgy uoctnyy CHy
Suecinyl-CoA
synthetase & -C.\_q . Enzyme-bound
S succinyl
phosphate
~ C\
P, (0] 0— )
® ©)
CoA-SH .
0% /O
7o Al C—CHy—CHy—C
o - ~ 0
(o) 0 -
CH Succinate
Enzyme-bound
CHs suceinyl
Hi hosphat
aillalie G Phosphoenzyme
e
o” “o—@®
63 64
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(0] (0]
X 7
b C—CHy—CHy—C
= 0/ T 0_
Succinate
. @ Phosphoenzyme

(a)
65 66
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14-7
_ _ * For a redox reaction to be R e o Y ale 3 oma Kiclogicaly Imporiant

(6) Dehydrogenation of succinate spontaneous, E° for the T =
COO~ COO~ overall reaction must have a Bio . o771
| FAD FADH | positive value e AR e s
Cytochrome a; (Fe'") + @ —s cytochrome a(Fe* ') 035

CHy \ / CH *When writing a half reaction &6, 0% L uonene e ey
| o || in the oxidative direction, the e re 1 e — oemme e e iy
< . o1 : . Cﬁoc:mi::cf::' ]_- i :EHIO':I.::‘ME uHIIFe"'] 0.077

(|3H2 succinate H(|3 sign of E° is switched e i L o
2H" + 2¢° — H; (¥ standard conditions, pH 0) 0.000

_ dehydrogenase — *The oxidized form of a given | coomee- 2 20 —wimicor o
COO COO redox pair will react Acsidameo s 2+ 52— ol 0157
. nt n | Wlth th FAD + 2H" + 28" — FADH, -0.219*
Succinate Fumarate spontaneously e Giations 1 1+ 2e — 2 e sttirs 023
reduced form of any redox Lpocacid 2 2 2o gyt i o2

pair that is below itinatable  ver-n o v oads

AG'® = 0 kJ/mol of star!dard reduction e cae oA

potentlals (under Standard Ferredoxin (Fe'*) + & — ferredoxin (Fe*") -0.432

conditions) B e e

67 “This is Huul]u:.f:r ml’.\z: Eiﬁ bound to a specific flavopeotein (for example succinate
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(7) Hydration of fumarate

(|300_ (|300_
(”3H H{) HO—(|3H
H(|J " fumarase I_I(|j —i

COO~ COO~
Fumarate L-Malate

AG'° = —3.8 kJ/mol

69
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(8) Dehydrogenation of L-malate

COO_ NAD+ NADH 4 H+ COO_

I
HO—C—H \ / O=(|3
‘ CHQ

malate |

COO_ dehydrogenase COO~
L-Malate

Oxaloacetate

AG'® = 29.7 kd/mol

© S. Ensign
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Acetyl-CoA

N

Oxaloacetate

Isocitrate
AT,
Malate aKeto lutarate

Succinyl-CoA

@ﬂx P ‘,,
Not the exogenous electron acceptor for succinate deh'ydrogenase! 71
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Why a cyclic pathway?

* Feed in other than C2
» Take stuff out
» Avoid toxic C1 compounds

© S. Ensign
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PEP carboxykinase

PEP

Replenishment of citric acid cycle
intermediates: anaplerotic reactions

C3+Cl->C4

able 16-2
Anaplerotic Reactions
Reaction Tissue(sMorganism(s)

ruvate carboxylase

Pyruvate + HCO; + ATP L oxaloacetate + ADP + P, Liver, kidney

PEP carboxykinase

oxaloacetate + GTP Heart, skeletal muscle

Phosphoenolpyruvate + CO; + GDP

PEP carboylnse

Phosphoenolpyruvate + HCO; oxaloacetate + P; Higher plants, yeast, bacteria

malic enzym

malate + NAD(P)* Widely distributed
in eukaryotes

and prokaryotes

Pyruvate + HCO3 + NAD(PJH

orerewowen  Biotin: the cofactor L UTemese Regulation of the
{ M}\ for many organic ml@‘“‘"‘”“”‘” citric acid cycle
Bearbonste ) Nicu,;.--c\m substrate o i N
] | carboxylation (1)Pyr > Ac-CoA
Lo i 2) Ac-CoA - citrate
e fEACtoN o st 3 e
L. /T Biotin activates Qe (4)0-KG > Suce-Con
©.7 .-l abundant
0 D bicarbonate to
Fowe 0 Mo® electrophilic CO,

©S. Ensign
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Fumarate

Succinate

Pyruvate

Ca®*
e a———
4 ™
! 1
[

Acetyl-CoA -

v
)
\
v
\ .
1 e
L . e
- 7
\

Oxaloacetate

¥

’ ’
’ g
% 24 Citrate

\

!
.[ ¥ ,’ v
NM_D Isocitrate |
i ]
e g . JI
i \ Ca®", ADP }
4 ]
5 ]
b - I

Regulation of PDH

E,-OH (active) ATP

0y

pyruvate
dehydrogenase
kinase

i} S.Cah

pyruvate

- I - ¥ - - . S
dehydrogenase T,
phosphatase Py

AG" 33.4 klmel

CakSH NAD® o NADH

H,0 E,—~OPO% (inactive) ADP

Allosteric product inhibition: Ac-CoA and NADH®
Allosteric inhibition by ATP&®

o sudimicon \ | oKewpitese « Allosteric activation by AMP, CoA, NAD*@®
e s ¥ = * Onl/off regulation by PDH phosphatase and PDH kinase
L : — How do you suppose these enzymes are regulated?
‘ 7 78
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0
CH_-,—P,‘—S-C&A

Acetyl-CoA

O=C—C00

| - :-iir‘:m-""’u-\-:\\
CH,—CO0 synthase
Oxaloacetate Ny CH,—C00
'NADB‘ HO—T—COO
CH,—CO0
malate dehydrogenase Citrate
NAD™
coo aconitase
|
HO '(I:H
CH, CH, €00
- ICOO_ CH—CO0
) |
alate.  malate HO—CH—CO00
N, synthase 20l Isocitrate
| 1socitrate
(i!-— ] lyase
q:() PrR—
CHy=—C—S-CoA H &
Acetyl-CoA Glyoxylate cy,—coo
CH;—COO™
Succinate

The Glyoxylate cycle: let's
save this for next
semester. Basically, it's
the means by which plants
and some bacteria carry
out anaplerotic reactions
from Ac-CoA. The main
objective is to synthesize
C3 and C4 units from Ac-
CoA. Mammals cannot do
this.
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