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OUTLINE:

Exam 1

Catabolism of Other sugars
Pasteur: Anaerobic vs Aerobic
Fermentations- Anaerobic
Lactate
lactate dehydrogenase
Acetoacetate decarboxylase
Ethanol
pyruvate decarboxylase
alcohol dehydrogenase
Aerobic
Pyruvate
pyruvate dehydrogenase complex
Krebs® Cycle
How did he figure it out?
Overview
8 Steps
Citrate Synthase

Pyruvate Oxidation_

. - CoA-SH
Conversion of [0 2| °

02

TPP, +
NAD™ lipoate, NADH o  s.coA

C
Pyruvate to | \_ FfD /J N
ACetyl -CoA c|=o pyruvate dehydrogenase I
CHs complex (E, +E, + E;) CHs
« Netreaction:  Pyruvate Acetyl-CoA

— oxidative decarboxylation of pyruvate
» Means pyruvate will get oxidized as the carboxylate leaves (as CO.)

— first carbons of glucose to be fully oxidized (C3 & C4)

+ Fairly simple reaction done by a complicated process.

+ Highly thermodynamically favorable/irreversible (AG”'=-8
kcal/mol); mostly due to the loss of CO,

« Catalyzed by the Pyruvate Dehydrogenase Complex (PDC)
— Three main enzyme, each with multiple subunits: =7, E2, E3

Regulatory subunits: PD kinase & PD phosphatase

Overall structure of , E254, E324

requires 5 coenzymes

TPP, lipoic acid, and FAD are prosthetic groups.

NAD+ and CoA-SH are co-substrates.
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Pyruvate Oxidation

PDC is a large (up to 10 MDa) multienzyme complex.

-dihydrolipoyl transacetylase (E2)
-dihydrolipoyl dehydrogenase (Es)
Cryo-Electron
Microscopy
Nobel Prize for Chemistry in 2017

Jacques D him Frank Richard Henderson
(University of Lausanne, (Columbia University, (MRC Laboratory of
Switzerland) New York) Molecular Biology,
Cambridge, U.K.)
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Pyruvate Oxidation

PDC is a large (up to 10 MDa) multienzyme complex.

-dihydrolipoyl transacetylase (E2)
-dihydrolipoyl dehydrogenase (Es)

500 A

Cryoelectronmicroscopy

« Samples are in a near-native froze
hydrated state. 3

« Low temperature protects biological 5
specimens against radiation
damage.

+ Electrons have a smaller
wavelength and produce much :
higher-resolution images than light. saziasas s :

+ No need for a crystal. @ —Sonm 1 (0 Honm
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Pyruvate Oxidation

Box in a box

Lipoamide
domain
) Lipoamide m
0 Oxidized  Reduced Acetylated
form form ° form
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8; one/at each corner

% " % covalently linked to the

Transacetyle v enzyme via a IySine
domain residue; becoming a

Prosthetic group.
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/ ‘Qf&&&éﬂ The lipoic apid is

‘ covalently linked to the

Transacetylase enzyme via a lysine
domain residue; becoming a

Prosthetic group.

14



Pyruvate Oxidation
H C-2inthe
Acetylated CI\ :::;:"f"_;';
o form RN T ionizes.
cHg—C—S—CQz o\} //o
S D
HS—CH ~s Pyruva:e
R-E2
HyC
TPP carbanion
The TPP carbanion
[2) attackstfhe:arb(tmyl
roup of ruvate,
e ' group of py
W
EL LD e e
& o E2-AR 2 o i3
‘-,/ N2 nc\/AR'
?’C\ 7/ (-/‘)\ Q‘ @ : Decarboxylation is
% /“\p - ) facilitated by electron
\43‘3’\ % ‘B—E2 (4] o, delocalization into the
zc/g(‘r K_I thiazolium ring of TPP.
» H;C_ OH
HyC—C—OH \cg
| [
R—VC\S R—N{‘§ B
« Steps 1-3: Decarboxylation of pyruvate to an enol & R stabilization " (>/LR'
« Step 4: Acylation of enol/carbanion to a thio-hemiacetal : :
« Step 5: Electrons reduce lipoamide and form a thioester. Hydroxyethyl TPP
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Pyruvate Oxidation
D) v - f
0 o (/\ o MYJ s —|ﬁs . )k
" / (’/ ‘iz _d . m:.m
CHy—C—C < = o s
Pyruvate
Acetyl
Ilpoyllysme /
CHOH s >
/ \\ofied/ C A
lipoyllysine
Hydroxyethyl poylly: oenzyme
TP 7T <fﬂ
ﬁo .'H"én 1 h
ethylamine pantothenicacid N!"‘
Pyruvate Dihydrolipoy!
dehydrogenase, |transacetylase, Conzyme
E E
Enzyme 2 1 -
» Formation of acetyl-CoA: simple thio-ester exchange
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Pyruvate Oxidation

0 o
I /0 \c/ =
CH,—C—C S

. 5
0 2
te TPP S \_Q\LL

Acetyl
0 %poyllysine
'TPP sI
€0, CHOH S
I
/ CH;

3
Pyruva

Oxidized

lipoyllysi
Hydroxyethyl ipoyllysine
TPP -
Dihydrolipoyl
Enzyme 3 ooy,

« Step 4: Reoxidation of the lipoamide cofactor; reduction or FAD/Cys/Cys
— Disulfide interchange with dihydrolipoyllysine and 2 adjacent Cys in disulfide bond
— The reduced Cys reform disulfide using FAD, which funnels electrons to NAD*
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Pyruvate Oxidation
o @ CoAsH cuz—lc?—s-cm E' ™ E.f -2 .?"> = Li;zéb @ .
-_— NZam Acetyl-Con . e
3 N educed

o
Pyruvate TI
(]
T
| chon
| Oxidized
CH, lipoyllysin
3

/ \5
PP r,\‘\{\\le lipoyllysin -
Acetyl
PP s Lys
| I?\N
s

Hydroxyethyl
PP

E-FADH:2 + NADH + H* € NADH + H* + E-FAD

|
dehydrogenas: O/ _ O’ O’
& e AE°=E (reduction) — E (oxidation)

Hs-

3
Enzyme 3

AE®= E° (nap*y — E¥ (Fap)
IS 6 o A o =-0.320 V — (+0.031 V*)

Ay = 450 nm. 4 Reduced form
(yelion) o™y A :—1—"‘ oz N\H (colorless)
FAD or FMN - [re——— = _0.351 V
o ﬁf» s AG? =—-n FAE°
HsC. 5 N, HC, z N -0 —
Jemiqincne form [ — P —. = —(2)(23.06kcalV-'mol-')(-0.351 V)
— MIITLI’ ot AP R !
o . = +16 kcal mol
FADH or FMNH

| 1f use S-S, with E¥ (s = -0.34 V, AG*' = —0.92 kcal/mol |
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Pyruvate Oxidation

s T
: [[1ey = [185) = [
° Q> CoAsH cu,—!—s-cm s ) E L. [4'13 EK/Q [5':53
0 ] T T
. \c</ o Acetyl-Con wele) ) o
’ o / 5 @ Reduced 20 =~ s.ﬂ%}
Pyruvate PP «,‘?‘\Q\L\\ lipoyllysin g —
Acetyl SH ! t (1994) /
0 me“ 4 /\/X:SH
TPP s Lys i
;| Lion NADH +H* |
/ I (2] %I%

NAD*

i
|
S

Hydroxyethyl
PP

E-FADH: + NADH + H* €= NADH + H* + E-FAD

Dihydrolipoy
dehydrogenas: E . v s
AE®= E°

o
- = Enzyme 3 (reduction) E (oxidation)
Standard Redox Potentials E'y AEO’ —_ E o’ + EO/
Half reaction Half reaction Eo(V) - (NAD ) (FAD)

Succinate + CO, + 2H" +2¢ | |aketoghitarate + Hx0 | -0.670
Acetate + 2H' +2¢ | |acetaldehyde -0.581 *
2H +2¢ < |H, 0421 = _0-320 V - (+0.031 V )

£ €O, +2H 42 | cirate -0.380
Cystine + 2H' +2¢’ | [2 cysteine -0.340 —_ _0 351 V
NAD' +2H' +2¢ | [NADH + H -0320 - .
NADP_ +2H +2¢- | INADPH + H' -0.324 V3 4

4 2H' 43¢ < [ethanol -0.197 AG O = -Nn (o774 AEO

[Pyruvate + 2H  +2e | |lactate -0.185
Oxaloacetate + 2H™ +2¢” - [malate 0.166
FAD +2H +2¢° | |FADH, 0.031 = —(2) (23.06kcalV—1 mol-! )(—0.351 V)
Fumarate +2H  +2¢ o [succinate 0.031
Ubiquinone + 2H" +2¢ < |ubiquinol 0.045 — _1
R S P T W ITLT = +16 kcal mol
2 cytochrome cioy +2¢” > |2 cytochrome ¢ 0.254 - -
oo 2 Jbowimen [0 ]| [f use S-S, with E¥ (¢ =-0.34 V, AG*'= —0.92 kcal/mol |
120+ 2H 2 [0 0816
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Pyruvate Oxidation

(0}

SUMMARY

o o
I AP \(’/ i —
CH;—C—C \
\o_ S )
Pyruvate TPP 9‘?‘\_2\‘\‘\ i
Acetyl
o %poyllysine / /\/X:SH
PP s S
co, [ . NADH + H*
CIH Oxidized
Hydroxyethyl 2 groyvins
TPP
NAD*
Pyruvate Dihydrolipoyl Dihydrolipoyl
dehydrogenase, transacetylase, dehydrogenase,
E, E; E;

Step 1: Decarboxylation of pyruvate to an enol (hydroxyethyl-TPPI
+ Step 2: Acylation of enol to a thioester on lipoic acid.
Enzyme 2 - Step 3: Formation of acetyl-CoA: simple thio-ester exchange
Enzyme 3 + Step 4: Reoxidation of the lipoamide cofactor; reduction of FAD/Cys/Cys
Step 5: Regeneration of the oxidized FAD/Cys/Cys active site — forming NADH
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Pyruvate Oxidatio
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Pyruvate Oxidation

Overall Reaction of PDC

Pyruvate + Coenzyme-A (CoASH) + NAD*

PDC (TPP lipoic acid, FAD) 1 L AG° = -8 kcal/mol

CO, + Acetyl-Coenzyme-A (Ac-CoA) + NADH + HY
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Pyruvate Oxidation

Overall Reaction of PDC
Pyruvate + Coenzyme-A (CoASH) + NAD+

PDC (TPP lipoic acid, FAD) 1 L AG? = -8 kcal/mol
CO, + Acetyl-Coenzyme-A (Ac-CoA) + NADH + H*

Fates of Acetyl CoA

3-Hydroxy-3-methyl- ACGtY'-COGﬂ@: Fatty acidg
glutaryl CoA
./ \ : i }‘ l \Amino acids
\

Cholesterol Ketone co,
(= . 1. Oxidation

bodies
2. Lipid metabolism
3. Amino acid metabolism
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The Citric Acid Cycle

Fomceaniaed|  [Tomcygyesrr
Glycogen-dillyms L } {
[ Glucose [Fatty acids + giycerol

|/Amino acids

ﬂ-ffa; .

Perq[ate Oxidation

= Pyuvaoe

{ ><

e

Krebs' Cycle

Oxidative
iphosphorylation|

Phosphorylation bxidative
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The Citric Acid
Cycle

a.k.a. Krebs Cycle,
a.k.a. Tricarboxylic Acid Cycle (TCA)
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Otto Warburg
1883-1970

Warburg Apparatus
L. Substrates
-respiration (e.g., glucose)
-Measure rates of O, consumption

. . trap
UTube instructions Tissues —— A0, > H,CO; > 2H + COy2
(http://youtu.be/M-HYbZwWN430) 72 KyCO3 + Hy0
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http://youtu.be/M-HYbZwN43o

Time B.C. (Before the Cycle) .

S-uccinic

o Gutari
In 1920 BC, what was known about respiration? A_dlfp?gc
1) Glycolysis gives rise to pyruvate P-imelic

2) Adding pyruvate to respiring tissues in a Warburg apparatus, there are 2.5 O,

consumed: 120, + C3H,05 > > = > = 3CO, + 2H,0

3) Any intermediate in the process will be oxidized at a rate =pyruvate
4) Many intermediates were tried, but few met this criteria, they were:
succinate, fumarate, malate, alpha-ketoglutarate, etc.

H—O
Hzc COOH Hzc C00H) ' H,C—COOH HOOC—CH ('% COooH \g_cooH -
—)

HC COOH HC—COOH H, C—COOH H, C—COOH - !
o=d—coon \ o=l-scon) 2 & 2 Albert Szent-Gyorgyi
aketoglutarate succinate > fumarate -> malate -> oxaloacetate 1893-1986

5) Others had already
worked out several
e compounds and their
Hz$—COOH HzC—COOH H,C—COOH interconversion.
HO—C—COOH —* HC—COOH -  HC—COOH SpeCiﬁCa”y, Albert
H,C—COOH ﬁ—COOH HO—ﬁ—COOH Szent-Gy(")rgi had

worked out the
interconversion of the

6) In 1937, with help of German biochemist Franz Koop, Carl Martinus, dicarboxylic acids. Carl
demonstrated a series of reactions using citrate that produced o— Martinus worked out

. . . . . . the interconversion of
ketoglutarate. Thus, tricarboxylic acid and dicarboxylic acids would be the tricarboxvlic acids
interconverted with loss of CO2 but also support respiration. Y

citrate > aconitate > isocitrate
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Time B.C. (Before the Cycle) .

S-uccinic

G-lutaric

glutarate > succinate > fumarate > malate - oxaloacetate A-dipic
P-imelic

citrate > aconitate > isocitrate

Hans Krebs

1900-1981
Krebs confirmed that the pathway was consistent with succinate,
fumarate, and malate proved to be useful because all these molecules
increased oxygen consumption in the pigeon breast muscle.
The first clue came from an experiment with fumarate. Krebs did careful
measurements using the Warburg manometer. Fumarate gave greater
than expected oxygen consumption in the pigeon breast muscle. 30, + C4H,04>4CO0, + 2H,0

1 pmole fumarate would consume 3 pmole O2

33
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Time B.C. (Before the Cycle) .-

S-uccinic
G-lutaric

A-dipic
P-imelic
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Time B.C. (Before the Cycle) .

S-uccinic

G-lutaric
glutarate > succinate > fumarate > malate > oxaloacetate A-dipic

P-imelic

citrate > aconitate > isocitrate

“pyruvate” (acetate)

Hans Krebs

1900-1981 He observed much
Krebs confirmed that the pathway was consistent with succinate, more than 3:1! 00
fumarate, and malate proved to be useful because all these molecules on
increased oxygen consumption in the pigeon breast muscle. -

\

The first clue came from an experiment with fumarate. Krebs did careful €00
measurements using the Warburg manometer. Fumarate gave greater 30: + C4sHi04>4CO; + 2H,0
than expected oxygen consumption in the pigeon breast muscle. -1 pmole fumarate would consume 3 pmole O2

1) Malonic acid inhibition of the succinate - fumarate step prevented this increase...But succinate accumulated
2)How can fumarate give rise to succinate? There must be a cycle

3) Tested by showing that using succinate or fumarate you could detect the formation of citrate.

Later in 1937, he proposed that pyruvate would combine with oxaloacetate to make citrate in

a cycle he called the Citric Acid Cycle. Later, Fritz Lipmann showed that it was acetyl-CoA

and not pyruvate.

35
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The Citric Acid Cycle

+ Step 1: C-C bond formation between acetate (2C) and
oxaloacetate (4C) to make citrate (6C)

+ Step 2: Isomerization via dehydration/rehydration

+ Steps 3—4: Oxidative decarboxylations to give 2 NADH

+ Step 5: Substrate-level phosphorylation to give GTP

+ Step 6: Dehydrogenation to give FADH,

+ Step 7: Hydration

+ Step 8: Dehydrogenation to give NADH

Acetyl-CoA

O Ci&

Oxaloacetate Isocitrate

NADH et
Clt‘rlc o, NADH
acid ©}
Malate cycle a-Ketoglutarate
@ €O,
2
Fumarate @ e
FADH) uccinyl-CoA
Succinat
uccinate GTP
(ATP)
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The Citric Acid Cycle: Citrate Synthase

0
cns—c/
S-CoA /O
Acetyl-CoA H,0 CoA-SH (E1r5—C ¢
-
4 - HO—C—C00~
citrate
0—C—C00- synthase CH,—C00~
_ ter-bi reaction Citrate
CH,—C00
Oxaloacetate
+ Joining of acetyl-CoA and oxaloacetate with C-C bond formation
« Highly thermodynamically favorable/irreversible (AG° =-7.7 kcal/mol)
— regulated by substrate availability and product inhibition
+ Activity largely depends on [oxaloacetate].
H R + O H R
* Rate-llmltlng step of CAC CoA-S—(lil—C: ::»c::o N CoA-S—C|—<::—<I1.70H
R H R?

* Uses acid/base catalysis distserestar coniL N
— Carbonyl of oxaloacetate is a good electrophile.
— Methyl of acetyl-CoA is not a good nucleophile...
— ...unless activated by deprotonation to form a carbanion.
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The Citric Acid Cycle: Citrate Synthase
M echmu’/sm (@) Acetyl-CoA analog

« Conformational change occurs upon @ Oxaloacetate
binding oxaloacetate. ¢

* Avoids unnecessary hydrolysis of
thioester in acetyl-CoA

a) Open conformation:
Free enzyme does not have a binding site
for acetyl-CoA. Ordered binding. Oxaloacetate &

&

Acetyl-CoA analog

A B (cho) P Q
Sequential ordered ter bi 1 l 1 T
E EA EAB EQ E

b) Closed conformation:
Binding of OAA creates binding for acetyl-
CoA.
Reactive carbanion is protected.
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The Citric Acid Cycle: Citrate
Synthase

Mechanismw

i H o e

¢ <J
N \
NG N
" " H h
I - o=c|7cco’ ko N— to
His*20 =\ _N—H - H T}\ m H\S|
H,C—COO Hcljc—S-CoA His’ %N }gjﬂ 0=C—C00~ HC=C—S-CoA
Oxaloacetate H Acetyl-CoA H,cl—coo‘ EHnol intermediate
- |

Citrate synthase e 0

= w m A$P375
The thioester linkage in acetyl-CoA
activates the methyl hydrogens. Asp375 The enol(ate) rearranges to attack the
abstracts a proton from the methyl group, carbonyl carbon of oxaloacetate, with
forming an enolate intermediate. The (1) His274 positioned to abstract the proton it e
intermediate is stabilized by hydrogen had previously donated. His320 acts as a
bonding to and/or p ion by His?74 general acid. The resulti

(full protonation is shown). generates citroyl-CoA.

Ho st
N H o His?*
J &Y
N

= . N
N H~,  carbanion " oM
el ow] N u f
His T\ N—H 0=c—c00~ HC=C—S-CoA ) ! HC—C—S-CoA
| _ Enolintermediate His’ N\ N I
H,C—CO0 H HO—C—C00~
[N H,cl—COO' Citroyl-CoA
- Asp373 375
+ Resonance stabilized enolate/carbanion S

* Low barrier H-bond with His 274
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