Glycolysis

* “Sugar cleavage”

* Glucose is cleaved and oxidized to two
molecules of pyruvate (C6 - 2C3)

» The fate of pyruvate depends on whether
metabolism is “aerobic” or “anaerobic”

© S. Ensign
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Glycolysis overview

e 10 reactions

* enzymes: kinases, isomerases, aldolase,
dehydrogenase, mutase, dehydratase

» The initial five reactions invest 2 ATP in forming
two molecules of glyceraldehyde-3-phosphate

» The final five reactions generate 4 ATP from the
further catabolism of the two molecules of
glyceraldehyde-3-phosphate

» overall reaction:

glucose + 2 NAD* + 2 ADP + 2P; > 2 pyruvate + 2 NADH +2H* +2 ATP +2 H,0

4
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1st5 steps: investment:

2nd 5 steps:Pay-off
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Reaction 1: Hexokinase
* Phosphoryl group transfer from ATP to C6

hydroxyl of glucose

HO
OH ©
+ATP
OH OH
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l
_O_Fl,_
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OH + ADP
OH OH
OH

D-glucose-6-phosphate

AG’°=-25.1 kJ/mol

What type of phosphate-containing compound is formed here?
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Mechanism of hexoklnase
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Hexokinase is highly specific for using the C6 hydroxyl
of D-glucose as the nucleophile for attack on ATP

« transfer of P, to glucose is 40,000 x greater than to
H,O, even though [H,0] is ~10,000-x higher than
[glucose] in cells!
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“Induced fit”

» Binding of substrate induces a
conformational change in the enzyme

* In the case of hexokinase, a
conformational change induced by glucose
binding closes access to the active site
and prevents water entry
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Open conformation of hexokinase
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Open conformation of hexokinase with glucose

modeled at active site
G

| 12
PDB entries: open conformation, 11G8; glucose from closed conformation 1BDG ©S. Ensign




Closed conformation of hexokinase with glucose
bound at active site

PDB 1BDG © S. Ensign
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Open conformation of hexokinase
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PDB 11G8 © S. Ensign

Closed conformation of hexokinase with glucose

PDB 1BDG © S. Ensign
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Note how hexokinase clamps down on it's
substrate, preventing water entry into the
“activated” active site
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Reaction 2: Phosphoglucoisomerase

Isomerization of Glc-6-P to Frc-6-P

Open ring, isomerize, close ring

General acid/base chemistry

A common theme: cis-enediolate intermediate
#04P-0
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AG,o: +17 kJ/mOI © S. Ensign o
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Reaction 3: Phosphofructokinase

* Phosphoryl group transfer from ATP to C1
hydroxyl of Fructose-6-phosphate

[
‘0O—P—O—CH, _O_ CH,0—H

I & I
. sk H HOY 2 . sKH HOY 2
© 4 3 +ATP —=—=~ © s s + ADP
H OH H OH

OH H OH H

fructose-6-phosphate fructose-1,6-diphosphate

AG °=-14.2 kJ/mol
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Reaction 3: Phosphofructokinase
* Phosphoryl group transfer from ATP to C1
hydroxyl of Fructose-6-phosphate
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Reaction 4: Aldolase

» C-C bond cleavage

« “Aldol” cleavage: the reverse of Aldol
condensation

» Class | and Class Il aldolase: differ in strategy
for carbanion stabilization
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AG °=+23.8 kJ/mol 21
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Aldolase-catalyzed C-C bond cleavage

* The chemistry is easier to visualize when working
with the linear Fischer projection

* numbering and color coding help to keep track of
which atoms end up where in products of metabolic
reactions and pathways
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Class | aldolase mechanism: formation of
the Schiff base
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Class | aldolase mechanism: C-C bond cleavage and
generation of the resonance-stabilized carbanion
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Class | aldolase mechanism: protonate the carbanion
and reverse Schiff base formation to form DHAP
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Aldolase reaction summary
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Reaction 5: Triose phosphate isomerase
Isomerization of DHAP to G-3-P
Compare phosphoglucoisomerase
A “perfect” enzyme: rate is diffusion controlled
o KKy =2 %108 Mgt
o/p barrel

H

H
0
H—C—OH NP

C=0 H—C—OH

CH,0-PO5*

CH,0-PO5*
AG,°:+75 kJ/mOI © S. Ensign 28




What type of intermediate will triose phosphate
Isomerase generate during catalysis?

stabilized carbanion
cis-ene-diolate
Schiff base

both B and C

©oOw>
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Structure of the TIM dimer with the substrate analog
phosphoglycolate bound at the active sites

The o/p barrel of
triose phosphate
Isomerase

OH
% o
O—f?:O = ¥
HO 31
C00988 © S. Ensign
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Enzymes are often crystallized with
inhibitors (substrate analogs) to provide
insights into how the natural substrate
binds to the enzyme

i
C—n (|3H20—P032' ﬁ
H—C—OH =0 c—o
CH,0—POZ? Ho_?_H CH,0—POz%
H
glyceraldehyde-3-phosphate dihydroxyacetone phosphate phosphoglycolate
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Reaction 6: Glyceraldehyde-3-phosphate
dehydrogenase

34
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Reaction 6: Glyceraldehyde-3-phosphate

dehydrogenase
« Oxidation/reduction together with acyl (or
phosphoryl) group transfer

» Covalent acyl enzyme intermediate
* Generates a high energy acyl phosphate

0 H
\C/ O\\C/O_PO32_
H—C—OH + NAD* + P = H—(|:—OH + NADH +H*
CH,0-POs* CH,0-PO5>
glyceraldehyde-

1,3-diphosphophoglycerate
3-phosphate PRosphophogly

AG,o:+63 kJ/mOI © S. Ensign %

| Enzyme-substrate
R complex

1,3-Bisphospho- 36
glycerate (1,3-BPG) © S. Ensign




Reaction 7: phosphoglycerate kinase

* Phosphoryl group transfer from 1,3-DPG to
ADP

O\\c _0-PO* O\\c o

H—C—OH + ADP — H—C—OH + ATP

CHzo'PO32_ CHZO_POSZ-

1,3-diphosphophoglycerate 3-phosphophoglycerate

AG °=-18.5 kJ/mol 05 Ensgn !

Reaction 8: Phosphoglycerate mutase
 Intramolecular phosphoryl group transfer
* Phosphoenzyme intermediate
« 2,3-DPG intermediate

o i O -
O N\ O
\C/ \?/
H—C—OH —  H—C—O0-POs*
CHzo‘PO32_ CH,OH

3-phosphophoglycerate 2-phosphophoglycerate

AG °=+4.4 kJ/mol o5 Ensign

o
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|
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complex N

SPGOPhosphoenzyme
/ complex
2
What other function
does 2,3-DPG have?

|
2,3-BPGeEnzyme 7§ 0F0"
complex T
H =
a) Lipid component

5 ]& - b) Nucleotide component

¢) Hemoglobin modulator

Dephosphoenzyme d) High energy compound

(inactive) His—gg

e) None of above
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Reaction 9: Enolase
« Dehydration

Enolase mechanism

. : 0
» General acid/base chemistry N\ O Q
i Vo
0 ] H—C—0-P0Os> —== | + H\O/H
N\ O N o | C—0-PO2
? \\C/ H—C—OH [
H—C—0-P0O> ~—== | + AN AN ,L ?
| C—O0-PO;*
H—C—OH I
| CH;
H
AG™°=+7.5 kJ/mol osEnsgn eoemm
Reaction 10: Pyruvate kinase
* Phosphoryl group transfer
o o T . S B
+ | Y g ADP & H : I
clzl—o—Pogz' +ADP + HY ———~ c|;=o +ATP

AG °=-31.4 kJ/mol o Ensgn

Net reaction:
glucose + 2 NAD* + 2 ADP + 2P, > 2 pyruvate + 2 NADH +2H* +2 ATP +2 H,0

a4
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Multi-protein complexes allow efficient coupling of  Giycoraldehyde 3-phosphate
. . . . NAD', By
reactions within a metabolic pathway
e » U % [ " G

1,3-Bisphospho-
NADH glycerate NADH

3-Phosphoglycerate

In extract of broken

cells, dilution by buffer e ] amft: functional
reduces the concentrations el s SIS oF vy ShasTees:
of enzymes 1, 2, and 3, (1,3-bi ;hm SR ep e
favoring their dissociation. enzyme. ' Sulfat '
' S 45 46
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Glucose
ATP .
Koo Summary of glycolysis
ucose-6-

Fructose-6-P

H o K ATP
ADP

Fructose-1,6-diP

glyceraldehyde-3-P == dihydroxyacetone-P

H O H (6] o
| 2 x glyceraldehyde-3-P
2P 2 NAD*
/ (o} / NHZ O—P—0O Y
| | 2 H™+ 2 NADH
N N 2 x 1,3-diphosphoglycerate
N N o K 2 ADP
nicotinic acid nicotinamide 2 ATP
‘O—P=—=0 2x 3-phfsphoglycerate
vitamin B3, niacin o—— 2 x 2-phosphoglycerate
2 H,0
H H 2 x phosphoenolpyruvate
OH OH K 2 ADP
2 ATP

2 X pyruvate

glucose + 2 NAD* + 2 ADP + 2P; - 2 pyruvate + 2 NADH +2H* +2 ATP +2 H,0

47 48
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Glucose
l( ATP
ADP

Glucose-6-P

Fructose-6-P
l( ATP
ADP

Fructose-1,6-diP
glyceraldehyde-3-P == dihydroxyacetone-P

2 x glyceraldehyde-3-P

NADH formed in glycolysis
must be reoxidized to NAD*
in order for glycolysis to
continue

2 PiY 2 NAD*
2 H*+ 2 NADH

)C reductant(s)
oxidant(s)

2 x 1,3-diphosphoglycerate
l( 2 ADP
2 ATP
2 x 3-phosphoglycerate
2 x 2-phosphoglycerate

2 H,0
2 x phosphoenolpyruvate

2 ADP
lCZ ATP

2 X pyruvate
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NADH formed in glycolysis must be reoxidized to
NAD™* in order for glycolysis to continue

 Aerobic
— O, is the exogenous electron acceptor:

2 NADH + O, + 2 H* - 2 NAD* + 2 H,0O

* Anaerobic

— use exogenous electron acceptors other than
O, (NOg, SO,%, etc)

— fermentation: use an endogenous electron
acceptor, usually an organic molecule; e.g.
glucose can be both oxidized and reduced to
balance electron flow

50
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Glucose

l( ATP

ADP
Glucose-6-P

Fructose-6-P
l( ATP
ADP

Fructose-1,6-diP

glyceraldehyde-3-P == dihydroxyacetone-P

2 x glyceraldehyde-3-P

Lactic acid fermentation

2 Pi* 2 NAD*
2 H*+ 2 NADH

)(' 2 x lactate

2 x 1,3-diphosphoglycerate
l( 2 ADP
2 ATP
2Xx 3-phfsphoglycerate
2 x 2-phosphoglycerate

2 H,0
2 x phosphoenolpyruvate

2 ADP
lCZ ATP

2 X pyruvate
1
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Lactic acid fermentation
* Regenerate NAD* under anaerobic conditions

<|300' NADH + H*/L\IAD* cOO
N .
C=0 HO—C—H
| AG °=-25.1 kJ/mol |
CHs CH,
pyruvate L-lactate




Lactate dehydrogenase mechanism

No Zinc required, just acid/base catalysis

Note the stereochemical outcome of the reaction

Dehydrogenases tend to be very stereospecific with regard to both hydride
transferred from NADH and the face of the organic acceptor
Dehydrogenases are in general reversible, so same sterespecificity applies to
reverse reaction

COO
OOC\ @ H3C_*C|:_O_H A
HsC
L-lactate
H O
—_—

= | NH,

P
N
| 53
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Lactate dehydrogenase mechanism
* Note the stereochemical outcome of the reaction

COoO COO

HO—C—H

L-lactate

54
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Lactate dehydrogenase mechanism

* Reverse reaction uses L-lactate as substrate, and
transfers hydride to Re face of NAD*

COoO .
] —~A ooc,
H3C—(|3—O—H /C:O
o HsC
H O
—_—
5 ‘ NH> NH>
XY
'|\|®
R
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The Cori Cycle

IN LIVER [ IN MUSCLE
GLUCONEOGENESIS GLYCOLYSIS
Glucose B Glucose

A
6 ~P I3 ‘ - > -p
Pyruvate (0) Pyruvate
* (0] /
y
Lactate D Lactate

il

Anaerobic metabolism is an expensive process in mammals!

56
© S. Ensign




Some microorganisms: 0\\0/0_
alcohol fermentation 6=0 Pyrwat
CHj

pyruvate
decarboxylase

TPP, Mg**
> 002
N

s
C Acetaldehyde
CHj;

||~ NADH + H'
alcohol
dehydrogenase
~ NAD'

(|)H
(|3H2 Ethanol
CHj3

0]
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Thiamine pyrophosphate is a cofactor used in
some C-C bond cleavage reactions, including
pyruvate decarboxylation

* Pyruvate decarboxylase: “nonoxidative”
decarboxylation

* Pyruvate dehydrogenase: “oxidative” decarboxylation

» Transketolase: intermolecular group transfer between

sugars
T 7
NH, H3C o—ﬁ—o—ﬁ—o@
o
=
A Y

AN

HsC N H 58
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Formation of TPP carbanion

* The thiazolium ring is the “business end” of
TPP

S
O—||:|’—O—I|:|’—O@
O O

59
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Formation of TPP carbanion

* The thiazolium ring is the business end of TPP
» C2 of the thiazolium ring is acidic and deprotonates

R, R,
I:21/ \) Rl/ \“/@

H
B: —*

60
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NS = N\/

Ry ) Rl
H
B:—"

H
O

L]
o
L]
L]
—o-
co,

Hydroxyethyl TPP ”3%-90” He™ “Yon

formation

HETPP breakdown to form
acetaldehyde

Ny S
R{ NS
¢ _ 3C ‘C o , Ra \.é
HyC—C—TO05H ‘B
" H
I

NS
R{
H3C\C(OH
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Feeder pathways for glycolysis Phosphorolysis vs. hydrolysis
LH OH
Trehalose Lactose HO /4 °. H . - -
Ko n * Intracellular: phosphorolysis results in direct
cmon - . N om formation of a phosphorylated organic molecule
0, ilycogen; starc] D-Galactose . . .
IR il S without having to invest ATP
sucase  HONG._TL/0m e UDP-galactose
- @ R S~ T 0-
" ATP a —O0— R — - b
HOCH, ,  CH,0H i H gﬂno " (Z)RZ + O0—P=0 —» R;—OH +R;—0—P==0
H HO * l;lué‘nﬁ(' . OH H
N\ OH 6-phosphate T - O-
G e » Extracellular: hydrolysis occurs, because only
oitm Jssemoic uncharged monosaccharides are taken up by cells
Fructose 1-phosphate =|I-I ..I.I:-:,I.II.I-:... G .
' !If:'f'i:.:fliii'__..'. |  Cells only take up unphosphorylated /\ H
() bemmsis.  monosaccharides R—O0—R N . R—OH + R,—0—H
S ”"';‘,':‘35";?;'&1“‘“"" « Glycogen is stored intracellularly H* ‘_)
ATP\ |G nse fomer ('I G s Complex carbohydrates: hydrolyze to
sphesshae  monosaccharides extracellularly 63 64
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Nonreducing end

Glucose 1-phosphate

CH,0H CH,0H
(0] 0]
H H H H H H
OH H OH H
(0] 0—
H OH H OH Glycogen chain
(glucose),
P, glycogen
phosphorylase
Nonreducing end
CH,OH CH,OH
0, (0]
H H H H H H
OH H OH H
2 0 -
OH H OH

Glycogen shortened
by one residue
(glucose), ¢ 65

v o, Loy

Nonredueing

ends
el—6)

\OQOOOOGO@( linkage
000000000000

Glycogen

glycogen
phosphorylase

oo 0006
00 0000 0@
Glucose 11-])|'|;1sphate

transferase
activity of
debranching
enzyme

@

(1—6)
glucosidase
activity of
debranching N~ @ Glucose

enzyme

66606600660

Unbranched («t1—4) polymer;
substrate for further
phosphorylase action
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O
1CH,— O—II:l'— O
=0 O
HOCH
Hoon
%mH
5CH,OH
Fructose 1-phosphate

Dihydroxyacetone
CH,OH phosphate

CY

fructose 1-phosphate I|.I
aldolase 0

HCOH Glyceraldehyde

CH,OH
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Galactose

~ ATP
gnlactokinase [ Mg
= ADP

CH,OH
i)
HO " H

Iw:—@ Galactose 1-phosphate

* Glucose 1-phosphal
CH,OH

1
Ho "

4
IKl OH J.I> o

wuwo 997 N

QP i P}

o

0 0-CH, o
UDP-galactose L=

H W

UDP-gl " . /M
Tamy . gl wcose I 1
NAD|| ¢ o imerase OH OH

CH,OH

HHO HNT
O0—P—0—P—-0 e
o

\ (4] 0-CH
~ UDP-glucose

S 1
OH OH
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Regulation of carbohydrate metabolism

* “Flux”: the rate of movement of metabolites
through pathways

» The rate of “flux” is dependent on the relative
activities and levels of the enzymes in a
pathway

» “Regulatory enzymes control flux of metabolites
— “Committed step”

 The same metabolic pathway may be regulated
differently in different tissue(s)

— Muscle: myocytes
— Liver: hepatocytes

69
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Credit: http://commons.wikimedia.org/wiki/iImage:Hoover_dam_from_air.jpg This image has been (or is hereby) released into
the public domain by its author, snakefisch at the English Wikipedia project. This applies worldwide.
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Review....
Regulatory enzymes and metabolic pathways

» Exhibit increased or decreased catalytic
activity in response to certain signal(s)

» Usually catalyze the “committed step” in a
pathway

» Often modulated by allostery
e “Product” inhibition

» “Feedback” inhibition: the concentration of
a pathway product controls the activity of
an enzyme near the beginning of the
pathway

71
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Ways to regulate enzyme activity
Level of expression (amount of enzyme
produced)

“Zymogen” activation
Protein turnover (degradation)

Covalent modification: on/off switch for an
enzyme

Allosteric effectors: “Attenuated” expression:
Increase or decrease activity over a broad
range of enzyme through binding of
“modulators”

Possible hormonal control of above processes,
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Enzyme regulation by reversible
phosphorylation/dephosphorylation

Scenario 1: activation by phosphorylation

OH

&

ATP
ADP

Protein
kinase

Inactive enzyme

active enzyme 73
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Enzyme regulation by reversible
phosphorylation/dephosphorylation

Scenario 1 (cont.): inactivation by dephosphorylation

O

OH

OPOZ

@ H,0 i

Protein
phosphatase

active enzyme Inactive enzyme
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Enzyme regulation by reversible
phosphorylation/dephosphorylation

Scenario 2: activation by dephosphorylation and
inactivation by phosphorylation

OPO,* OH

O

HO P

N

phosphatase

ADP  ATP active enzyme
Protein kinase

&

Inactive enzyme

75
© S. Ensign

Allosteric regulation: attenuated levels
Substrate
: ﬁ binding site

modulator
binding site

4

Recall that binding of modulators can
increase or decrease enzyme activity by
inducing conformational changes affecting
substrate binding
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Review of hormone function

* Produced in one tissue, carried in blood
stream to target tissue (intercellular)

* Bind to “receptor” proteins

* Binding to the receptor protein triggers a
specific change: gene expression,

metabolism, etc.
ligand

receptor ligand-receptor conformationally-
protein complex altered ligand-

receptor coraplex,

Glycogen breakdown and glycolysis
provide excellent model systems for
studying metabolic regulatory
mechanisms
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Regulation of Glycolysis
» Pre-glucose (e.g. glucose uptake, glycogen
breakdown)
» Post-glucose (glycolytic enzymes)
» Tissue dependence (liver vs. muscle)
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Pre-glucose: regulation of glycogen
phosphorylase

glycogen, + P; 2 glycogen, ;, + glucose-1-phosphate

* Under both hormonal and allosteric control
 Hormonal and allosteric control are different
for muscle and liver GP
e Hormonal control involves covalent
modification of GP to activate the enzyme
— Phosphorylation by a kinase
— Dephosphorylation by a phosphorylase

80
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Control of glycogen phosphorylase
iIn muscle

» Hormonal control: epinephrine (adenaline)
* Allosteric control: AMP

OH N \N

ZT

/
N

N\

HO |
OH
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Adrenaline-stimulated glycogen
breakdown

Epinephrine is released from the adrenal
gland in response to environmental “stressors”

EP travels through the blood stream to target
tissue

EP binds to an extracellular binding site on a
transmembrane receptor protein

EP binding initiates a “cascade” of reactions
resulting in glycogen breakdown to glucose
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EP binding initiates a “cascade” of reactions
resulting in glycogen breakdown to glucose

A “G protein” binds adenylyl cyclase, activating it
» activated adenylyl cyclase produces 3',5-CAMP from ATP

* CcAMP activates “protein kinase A” by serving as an allosteric
effector

» Allosterically-activated protein kinase A transfers a P, from
ATP to phosphorylase kinase, thereby activating it

* Phosphorylated phosphorylase kinase transfers a P; from
ATP to glycogen phosphorylase, thereby activating it

* Phosphorylated glycogen phosphorylase is now active to

catalyze the phosphorolysis of glycogen to glucose-1-
phosphate
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Epinephrine activation of adenylyl kinase in muscle

cyclase
CAMP + PP,
GTP
NH,
NH,
X
van <] )N
< | ) N N/
o o o N N )
o—!:!—o—Ll—o—Ll—o o 7 0
| | | o _L, \ H H
0 0 0 H H 4*’\ H H
H H o % o OH 84




cAMP is a positive heterotropic effector of protein

k| nase A Inactive PKA
Regulatory subunits: R R
empty cAMP sites
NH,
NH, Catalytic subunits:
N substrate-binding
N N N sites blocked by G (o]
/ N autoinhibitory
| J = domains of R subunits
= N
o o o N ! 4 cAMP, 4 cAMP
i1 | G
1
O_T_O_T_O_T /_‘ / -
o o o
H
Regulatory subunits:
autoinhibitory R R
domains buried
+
AY 1] I rd A Y ] ’ rd
Active PKA ~ B -
Catalytic subunits: : C c L
open substrate- -
binding sites - ~
s I 1 AY r s ) \ AY
(a)
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ik Activation of glycogen phosphoylase by
!‘:|ai|=|-p(l;r“i‘|:‘r;lr;\‘|-|alljr p h OS p h 0 ryl atl 0 n
x malecules
Va U=
| Hepatoeyte ,/’ \|
ATP Qﬂ- Cyclic AMP
e | 4y molecules i i .
= Allosteric activation by cAMP
Inactive PKA > Active PKA —
- | 10x molecules . . .
_ (5‘)/ ; N Activation by phosphorylation,
Plarpieyioes s S phueptyiws b catalyzed by protein kinase A
i i vk ATP
/’ 100 molecules . . .
é | Activation by phosphorylation, ADP
o . SCe B catalyzed by phosphorylase b
7 i
o phosphorylase
Glycogen ®*Clm 1phosphate | InaCt|Ve GP b kinase
10,000z molecules
Y
l\ GIL
= Note: the enzyme glycogen
Blood glucase | 10,000x molecules phosphorylase regulated in this manner
a7 is a dimer; this simple cartoon model o8
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shows a monomeric unit for simplicity
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Allosteric control of muscle GP

 AMP is a positive heterotropic effector

* High [AMP] is a signal of poor energy status in
the cell

M%d Po

ADP AMP

 Activating GP b by AMP “buys time”, allowing
glycogen breakdown until the slower hormonal
cascade can complete the conversion of GP b
to GP a
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Activation of GP b by AMP
® ®
7. e
ATP

ADP

Inactive GP b

Do b

ACt'Ve GP b© S. Ensign %

ATP ADP
Phosphorylase kinase

GP a phosphatase

inactive GP b P; H,O

2 AMP#kZ AMP

OH QH ATP ADP

active GP a

2 AMP# kz AMP

OPO,?> OPO, >

Phosphorylase kinase

GP a phosphatase

P, H,0

active GP b o

active GP a oes. Ensign

Glycogen phosphorylase regulation.in.the muscle
2 Ve o

\Cﬂg Cﬁ:
Ser4 side chain
m*' 3

Covalent
regulation
pheapho .—,4 sim-r ase b
phcephiatase

ks m_ —
i rm)

|— nurwf )/W"
Allosterie s

regulation
i oH o

|
Sar' side chain  CHj CHy

| s .

L o - ©S. Ensign




Control of glycogen phosphorylase in liver

* The liver is used as a reservoir of glucose to
be exported to other tissue (contrast muscle)

* When blood glucose levels drop, GP breaks
down glycogen and sends glucose to other
tissues
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Control of glycogen phosphorylase in liver

* Hormonal control: glucagon
« Allosteric control: glucose

HO

OH

OH
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Glucagon activation of adenylyl kinase in liver

* ATP

GTP

o o o
Il Il Il

o—||=—o—||>—o—||>—o
0 o 0

The same reaction cascade
activates GP in liver as in muscle,
with the exception that glucagon
rather than epinephrine is the
stimulating hormone
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CH,— o—@ ®-0-— c/

Allosteric

Liver Glycogen
phosphorylase a is a

Allosteric control of liver GP

“wsm;se * Glucose is a negative heterotropic effector
e glucose level sensor « High [glucose] is a signal that liver cells no
& @ @ longer need to break down glycogen, and
5 s should instead commit to synthesizing new
glycogen from free glucose
— « Binding of glucose to an allosteric site on GP
o\, op, promotes dephosphorylation of GP a by
e g exposing the phosphate groups for hydrolysis
- by phosphorylase a phophatase
Gle Gle
Phosphorylase b
(less active)
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inactive G%E‘ oH E)C)I:)Tvotr)‘lecl)lo%a[sgclﬁggsil]]e active GP a
actiates Phos b kinase Regu|at|on of G|yco|yS|S
ATP ADP
Phosphorylase b kinase
Elieté”d?%‘iify[g't“h°°fe] | ®® « Post-glucose (glycolytic enzymes)
consump|onls e signal . .
o deactvale CP 2 » Tissue dependence (liver vs. muscle)
2 Pi Binding of glucose to
GP a allosteric sites induces
phosphatase) conf. change exposing active GP a
2 HZO phosphates
(0] o
Exposed phosphates are
hydrolyzed, converting active
GP ato inactive GP b 99 100
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Isozymes of hexokinase
» Hexokinase,muscle: K., = 0.1 mM, hyperbolic

» Glucokinase,liver: K., = 10 mM, sigmoidal

1.0

" 98% of v

max

o
©
.

0.6

0.4
16% of V,y, |

0.2 \§ .
;/ fasting blood glucose level

relative kinase activity

0.0

0 2 4 6 8 10 12 14
glucose concentration (mM)
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Glucose-6-phosphate is used for other purposes
than just glycolysis (still in the plane)

Glucose

Glycogen —» Energy storage

in liver and muscles
Pentose ——— Glucose-6-phosphate — Glucose-1-phosphate
phosphate

pathway l Glucuronate —# Carbohydrate
i Fr 6-ph

synthesis
¥ i - Gl ine-6-phospl /
Synthesis of l

NADPH and
7-C sugars Glycolysis continues

4-C, 5-C, and
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Phosphofructokinase is the key regulatory
enzyme of glycolysis

ATP: substrate AND negative allosteric
regulator ®

ADP and AMP: positive allosteric regulators @
Citrate: negative allosteric regulator ®

Fructose-2,6-diphosphate: positive allosteric
regulator @
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Low [ATP]

High [ATP]

PFK-1 activity

[Fructose 6-phosphate]
(b)
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PFK activity plotted as a function of [ATP]

1 UM F-2,6-BP

Frc-2.6-BP effect on PFK activity

ool 1HMF-26-8P
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Secondary pathways of glucose bon
H H HCOH
oxidation ob
Glucose
. . HCOH 3
 Primary: glycolysis i Fghoghets
. CH,OPO3~
» Secondary: pentose phosphate pathway - waner
B s L
IR N | NADPH + H'
| s — ES e é—0 |
Pentose w—— Glucose-6-phosphate. —s Glnxruwl—phmph‘-w< [
;‘::‘f:‘:w Gl ie — Carbohydrat H?OH
l l /”"’"“‘rm HOCH
6-Pt ho-
Synthesis of & T ; H(|JUH gluc:)Qnsf—ﬁ-olactone
o, i
7-C sugars Glycolysis continues. (\L, H, UPOZ;
o ~~ HoO
actonase ng.
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oxidative reactions of
0, 07 pentose phosphate pathway
h g e e e e i
o o TR T
HeoH ™ - ™
vl S =
Ribose Sedoheptulose Fructose Glucose
5-phosphate 7-phosphate 6-phosphate ) 6-phosphate
] ) 1 I phosphohexose
EpiTiesnte l isomerase
transketolase transaldolase
CH,OH Xylulose Glyceraldehyde Erythrose Fructose
i 5-phosphate 3-phosphate 4-phosphate 6-phosphate
| fructose 1,6-
HL|'0H p-Ribulose bisphosphatase
HCOH H-phosphate
é]{. opat aldolase
nh..-|-ln-|>-u|,.-.-]l e transketolase triose phosphate
—_—— Xylulose isomerase
ﬁo 5-phosphate Glyceraldehyde
PooH o 3-phosphate
HIOH S-phosphate
HCOH (a)
H,OPOS~
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5C 7C 6C IN LIVER, KIDNEY
IN MOST CELLS
| X Glycogen
5C 3C 4C 6C
6C
5C 3C ’/ Glucose 6-phosphate
— Glucose 6-phosphate
5C 3C GLYCOLYSIS , GLUCONEOGENESIS
\ Glycerol
_ ; CO, + HyOd Pyruvate <= Amino acids
I8 i 4C 6C 7
Lactate
5C 7C 6C
MAINLY IN MUSCLE,
(b) RED BLOOD CELLS IN LIVER, KIDNEY
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