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Chapter 13

Glycolysis “ Sugar splitting”

10 Reactions & some mechanisms
Energy

Enzymes

Regulation

Pyruvate Fate--aerobic or not?



ENERGY INVESTMENT PHASE
CH,CH

H Q. H

OH H
OH

H ©OH

HO

@G CH, .G f;Hzcl@

H HO

H OH
HO  H
aQ
Il

2 cI:—H

HC —OH

I
HED—G®

Glucose

=
e

Fructose-
1.6-bisphosphates

Reactions §) -

Activation by phosphoryation
2 ATPs invastad

INVESTMENT
--spend ATP
--split sugars

Reactions ) and @)
Cleavage of 1 six-carbon sugar
phesphata to 2 three-sugar

phosphatas
HE? —0 @

Glyceraldehyde-
A-phosphates

S

Dihydroxyacetone

=0

phasphate |

H,C — CH



ENERGY GENERATION PHASE
0
Il

2 c|:—0—<:’>

Ho—ok
HEG—C'<F>

2 GO0

|
HC— OH

|
ch—&®
2 coor
ﬁ_D-h{ : )]
CH,

2 0o

’

1,2-Bisphospho-
glycerats

A-Fhospha-
glycerate

Fhosphoancl-
yruyate

’

Pyruvale

2 MNADH

k=

N

Reaction )
Genaration of 2 MADH and a
super-high-energy compaund

Reaction
Substrate-level phosphorylation

2 ATPs generated

Reactions ) and €
Genearation of a super-high-
energy compaund (and watar)

Reaction {

Substrata—leve'—qr_hfﬁarlg)j‘aqagOFF

SATPs e e ATP from
Higher Energy
Compounds



Hexokinase ~ CH,O G

el hg 2+ -
+ <ATPY —» + ADP + H¥
L-E f-.__'I‘-'. H[::' OH
2H
a-0-Glucose ax-0-Glucose-6-phosphate

AGY = —16 T kil

Hexokinase--
blood form low Km--at V max
Liver form high Km--<Vmax controls

Reaction #1--Produce G6P



Phosphoglucoisomerase

G
=H.C <I:> &
. £ :f} D H,
= I::] 1

H i_1IH
x-p-Glucose-6-phosphate p-Fructose-6-phosphate

AGY = +1.7 kXl .
| somerize to fructose

M echanism?

Linearize to aldose (C1), endiol (C1+C2), ketose (C2), recyclize



Phosphofructokinase

oo,

1
CH,OH
OH |

oH = oH =
o-Fructose-6-phosphate o-Fructose-1,6-bisphosphate

+ ADP + H

AGY = =142 kJ/mal

Reaction #3

ATP investment to make
“symmetrical” phosphorylated fructose.



?
S
' CH,OH ¢ CH,O0 >
Dihydroxyacetone p-glyceraldehyde-
o-Fructose-1,6-bisphosphate phosphate 3-phosphate
Sugar splitting is

energetically uphill

M echanism--Schiff base



Schiff Base M echanism:

Amine + ketone or aldehyde — water + imine (C==N)

" n / I
R---NH, +0==C O ---Ic: ----|?|+H2
R

Which tautomerizesto:

I
HO----- C ----- N--H from which water iseliminated

R toform C ==



Reaction #4 Mechanism

| ]
H=—=—0H H=—C ] =
| I o e
H =1 = H H=— =—H
| I
CHO0 P CH,O B>
Fructos=-1.o-
Bizphasphate

Aldolase

Provides amine (Lys)
and

Base for proton
abstraction

‘\.,l




Glyceraldehyde-
A-phosphate

CHLCH

Dihyilroxyacetone
phasphate

Reaction #4 Mechanism Part 2



Triosephosphate Lﬁ
CH,OH isomerase C—H
~|: =0 _ H=— E OH /
lil}l_,_,.G L‘l}-l e
Dihydroxyacetone phosphate p-Glyceraldehyde-3-phosphate

AGY = +/7.6 kJimol

o . Reaction #5
Enediol intermediate



Glyceraldehyde-3-phosphate dehydrogenase

0 !

! H ! L P

| i — ¥

'| + MACY + F, =—= “i s + MACH + H*

H—li:—CIH H—-:I —CH
|::H:—-:| <|I> i |—|2— (1 @
»Glyceralde hyde-3-phosphate 1.3-Bisphosphoglycerate
AG™ = +4.3 klimol Reaction #6
Redox!!!!

Historical experiment--addition of inorganic phosphate
stimulates glycolysis.



“Super” High Energy Compounds

1.3 Bis-phos phoglycerate

[LTUAI] WY

Coor o

+H.0 ||3=O + HD—IU'—D‘ -E2
b 5\
Pyruvate
COCr 8]

+H,0 H(lj—DH 0 +H* + D—Il'—l'—r:r -4
ol :

L

3 Phosphoglycerate (3PG)



Ll“:H o<B> CH,0E>  MAD NADH + H*  CH,O<B> / cHO0E
H—Ll':—DH @ \9/  H—C—DH | L

| H—C—0OH
—— | | - |
— =0 —C—aH c=p A C=i
Glyceraldehyde- é ,:I_\_./ |
F-phosphate f f |
Thichemiacetal =H Thicester

1,3-Bisphospho-
. O J glycerate

Mechanistic Clues--this reaction is inhibited by iodoacetate
and mercury.



Phosphoglycerate kinase

¥
I A - )
Il I PR = Wi+ Ml
[T s ap === .
H—CI— 2H H —Iiﬁ—CIH
CH,— 0D ch,—o <D
1,3-Bisphosphoglycerate 3-Phoavhoahlicerate
,_'.'-I"*”"’L-f
+ < ATP AGY = —12.2 Kdfmal
-!l-'j:__p_ll-r'nl

Reaction #7--ATP production



Phosphoglycerate mutase

H—C—CH
-
cH, —0 >

-Phosphoglycerate

Reaction #8

o R e S N
|
T Mo —

Mg+ |
—_—— — -
g H—I___— I__I@
|

CH, — OH

2-Phosphoglycerate

AGY = +4 4 klfmal



Enolase

Coo Coo
H—é—ﬂ@ L é—am@ + HO
fIJHE-DH '[!HE
2-Phosphoglycerate Phosphoenolpyruvate

AGY = +1.7 kJ/mol

Reaction # 9



CO0- Pyruvate kinase o0

| b2+
Lon o+ b+ AT —,

| "

SH- |_:Hq
Phosphoenolpyruvate Pyruvate
el
= ATF 3*' AGY = =51 4 kKdimal
“TN

Reaction #10--More ATP
But net oxidation of 3C/ reduction of NAD*



EMERGY INVESTMENT FHASE
Glucose ((5)

ADP
Glucose-6-phosphate { GeP)

Fructose-1,6-bisphosphate (FBP)
ol
Glyceraldehyde-3-phosphate (G3F)
+ dihydroxyacetone phosphate ( DHAP)
91

Twa glyceraldehyde-3-phosphate

Hexokinase (HK)

Phosphoglucoisomerase (PGI)

Phosphofructokinase (PFK)

Aldolase (ALD)

Triose phosphate isomerase (TP

—16.7

+1.7

—14.2

+23.9

+7.6

—33.5

—2.5

= E

—1.3

+3.5



ENERGY GEMERATION PHASE

INADT + 2P,
INADH + 2ZHT
Two 1,3-bisphosphoglycerate (BPG)
2ADP
0 el
"Te‘ 1 e
< ATF
2 = ﬂ._['?i'
Two 3-phosphoglycerate (3PG)

o)

Two 2-phosphoglycerate ( 2PG)

Bl\ 2H,0

Two phosphoenolpyruvate (PEP)
2ADP

@ 1'.I'-.:\u |
5 < ATP Y

LA

Two pyruvate (Pyr)

Glyceraldehyde-3-phosy
dehydrogenase (G3PDE

Phosphoglycerate kinas

Phosphoglycerate muta:

Enolase (ENO)

Pyruvate kinase (PK})

+2

— 376

+ 8.8

+3.4

—62.8

+1.6

— 6.0

—33.4



Net: Glucose + 2ADP + 2P; + 2NADT —— |

Net AG®” Net AG’

= 2 pyruvate + 2ATF + 2NADH + 2H' + 2H,O +2 —733 —96.2

Net ATP



Gycolysisi|
Pyruvate Fates--TPP Mechanism
Regulation and Enzymes

Other Sugarsand Pathways



HO—CH

Pyruvate fates

CH;
L-Lactate
Anaerobic--fermentation

I n yeast--fer mentation to ethanol & release of CO,

Aerobic---On to citric acid cycle

|n animals--reduction to lactate & regeneration of
NAD*



0 H*  CO, o
I .} I
CHy—C— COOQ — - CHy==C—H
decarboxylase
Pyruvate Acetaldehyde

Non-oxidative decarboxylation

o NADH + H* NAD"

i
CHy—=C-—H = :;;jl

detydrogenase
Acetaldehyde Ethanol

= CHy — CH>— OH

The reverse reaction occurs on alcohol consumption.
The adehyde and NAD+ depletion contribute to hangovers.



Dmp’{:f 8]
NH, o/
C ~—
H; C Hs HEE_D/ F~a
N.,f'f’ ‘ e \‘\.\ l:i:;z ]
PN \
H;C N

Thiamine pyrophosphate

TPP-co-factor in pyruvate decar boxylase



Pyruvate decar boxylase mechanism

1D
i e
I,
e Fyruvate
1III "'\._
F—1 H —I‘g} R—1C H —H&L o N
},ﬁ]— Sl WJ— CH, —FR 'fa
HHH
Active thiazale i arbanln::-n 1',
particn of TPF of TPP
|:|
v
_ _'”K#’J_
I!J"'J L7 addition
. _*-fﬂ"':“ compound
R HHE [ | 'Z'HE—F'“S
CH3

Sand N stabilizering carbanion



e o '
|:|

W
J N
I~ ™o addition
-‘I:H.

RcH—@ ] _comeound Acetaldehyde in yeast

.—R
CH,

R 9 e +

I TPP- [in weast) TFF
only asmall portion
IS “useful” | i
- :
I~

|
o S T
R=CH, Nyl;.:H —FR L—pﬁ SH =T H.—PR

CH, CH,
Erneamine Hydromyethyl-TPF

intermadiate [active acetaldehyde)



AT r2lanve 10 JQINCose, Kol

400

=]

Glucoes
(SO0

L A0P

e

GaP
(53 Fep

(14]

ADP

(138)

(1850)
31

Energetic Summary of Glycolysis

3 steps are essentially irreversible
and are regulated.




GEP

F2.6 BP

AMP
ATP

Citrate

e P

U

Glucoss

GElucoss-
g-phosphate

Fructasa-

Fructosa-
1. G-bisphasphate
1)

Hexokinase
Product inhibited

Phosphofructokinase
(PFK)

Stimulated
F26BP & AMP

Inhibited
ATP & Citrate



{Z6F

Glycolysis

Fructose-2,6-
bisphosphate

Fructose-1.6-
bisphosphate

DHAPFP + 3P

F26BP stimulates
PFK

Synthesis of F26BP
Requires PFK-2
which is present
when cCAMP levels
are low.




cAMP

Coordinates metabolic pathways and cascades

General energetic state NHE
High [CAMP] often found when [ATP] islow

N R
1)
Ho N hlf
0-C C
D%P/ EH H/
-0 OH

Cyclic adenosine monophosphate (CAMP)



Ralative concantration

| Pasteur Effect--
| O, represses glycolysis
' (and stimulates

Air off

20 mM

| Glucose | Nh.le E 1 min Aerobic pathways)
R Removal of O,
Voo stimulates glycolysis.
-I: IEI:IIi | ATP
W' B
. -.,L: : 1! High ATP represses
i B PFK activity so NAD+
| | : : ' . .
. AL !Ievelsremalnshlgh.
i\ i} Ao ,
¢ . W ¥ Oscillatory behavior is
__"*f“fﬂrf AMP characteristic of feedback

regulation.



Reaction rate, % Vi

n
T

100

100
+0 12 i » Lo [ATF]
fructose-2 G- ';ag
bisphosphate b
S0 % 50
Mo fructossa-2 G- c
Disphosphate =
& High [ATF]
C
[Fructose-B-phosphate] {b) [Fructosa-6-phosphata]

PFK regulation

F26BP--tiesin to gluconeogenesis (glucose synthesis)
ATP--feedback inhibited (allosteric). ATP isalso a substrate!
ADP stimulates and citrate inhibits.



I | PFK regulation
3 1 Pyruvate Kinase Regulation

e ' FBP “feed forward”

“—s- - Acetyl Co-A inhibition
..,_-'E:Trﬁajﬁ- h

Both enzymes arelarge,
~ multi sub-unit allogterically
regulated enzymes.




Phospahoanal-

[TVl
Ccarboykirasa

PyTLivals
Kingss




Glycogen

G G1F Muclectides
E‘E'F' — a
"' phosphates

-----

Aminc Gy olipids,
Fip SLIQArS glycoproteins
FBF

Lipids
t

Glhycarol-3-
GIP = DHAP e

'} phosphate
1.3BPG — = 3BPG

dFG ——— Serine
2PG

-} f'_' Aromatic aming acids
FEF Aspariale —» Pyrimidines
l Asparagineg

Pyr Alanine

Multiple regulatory
points are needed to control
the flux to other pathways.

Many sugars feed into the
pathway at G6P,

so hexokinase is not a major
regulatory point.



FAT METABOLISM

A

Entry of “ pre-phos-
- phorylated sugars’
~ Isimportant.



Disacharides are broken down enzymatically and
Generally converted to glycolytic products.

—. Maltaze _
Malloss + HaO — 2 D-glucoss

_ _ Lactaze _ _
_actoss + Hpd — o-galacioss + o-Qlucose

] _ Sucrass _ _
SUCrose + Halll — D-frucioss + o-glucoss

(fructose may escape PFK regulation and be converted to fat
Via G3P and triacylglycerols)



1

s

0

CH.0OH

OH 0 — UDP

OH
UDP-galactose

NAD'
K- NADH, H'
*
CH.OH |
0
OH L O=—UDP
OH

=l

|
MADH, H

th NAD'

k J
CH,OH

o
OH O— UDP

OH

UDP-glucose

Converting galactose to
glucose requires converting
1 stereocenter (C4)

Oxidation then reduction
requires NAD*



CH,UH Galactose must be modified before

HO g epimerizatiH
OH S

IH

JH
c-DO-Galacioss

CH,OH

)
_H
]
H

o-D-Galactoss-1-phosphate

HC

H

H

Glucose-B-phosphate




Amlyase removes non-reducing ends but only 1,4 linkages
Alpha 1, 6 glucosidase removes branches.

Monreducing ends ) ™
‘H-H'""-..__“ .
T [
]
Reducing o
end
a1 — 6) branch points ~+ .
. &
(2
@]

Amylose core with exposed 1 — 4 bonds for
further amylase attack

a1 — 6)-glucosidase o
a-amylase t
P oo



Glycogen chain after action
of phosphorylase

Debranching
ENZYMme
translerase
achvity

Debranching

enzyme
Q a1 — 6)-glucosidase

O activity

(o) GO R R A NS
Glycogen chain ready for
continued action of phosphorylase

Glycogen mobilization
Requires 2 enzymes

Onefor 1,4 linkages &
Onefor branches

but within 4 sugarsof a

branch, the debranching enzyme
transfers 3 sugarsto branch

and removesremaining 1, 6 linked
sugar.



S e

A

Hydrolysis FPhosphorolysis

Product will not traver se
Membrane, but G6P synthesis

Product is exportable, but Does not require ATP

ATP required to make G6P



Glycogen
mobilization
ISunder hormonal
e e R control (adrenaline)
= or non-hormonal
_® where AMP can
ot e * activate
P SF% phosphorylase.
@ @
>—<F" ”
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Calmodulin

binds calcium
allosterically and
modulatesthe calcium
levels.

Thisisan important
link to muscles and
nerves.



