CHAPTER 14
Glycolysis, Gluconeogenesis, and
the Pentose Phosphate Pathway
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14.1 Glycolysis



History

18564E, EERILouis Paster(EHE)IE L KB R Bk
YIEATH . XRBIEESE R —BRER ., BERN, AN
HERICERN KBTI TEZ, THEEBARIERIX—

M. O

18964F, fEERFRIZ¥ K Hans Buchner (older brothery M Eduard
Buchner (3e%44) RILKEET LB KEF TH1T. O

19054, HardenflYoungx B TCHLBEER TN\ BE R ZY)
j5, FTUABUEREKEE R KR . ERBIEY, ThlBk
RN N3 EE P . TN KRB — A ER
LA EE AT TR . &

1930FHT 5, EEREmbdenfiMeyerhofZ8¥%: & Bt &
WRMNIICLDE, S 7 FEEE R RN ER T lObFfif‘

&




Paster (1822-1895) <:>



Saccharomyces cerevisiae Is a
species of budding yeast
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Eduard Buchner (May 20, 1860 — August 13, 1917) was a
German chemist and zymologist, the winner of the 1907
Nobel Prize in Chemistry “for his biochemical
researches and discovery of cell-free fermentation .

Buchner



The Nobel Prize in Chemistry 1929

Arthur Harden, Hans von Euler-Chelpin =)

Arthur Harden

Born: 12 October 1865,
Manchester, United Kingdom

Died: 17 June 1940, Bourne, United
Kingdom

Affiliation at the time of the award:

London University, London, United
Kingdom

Prize motivation: "for their
investigations on the fermentation of
sugar and fermentative enzymes"

Field: Biochemistry

Hans von Euler-Chelpin
1873-1964

Unnumbered 14 p528
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. The Nobel Prize in Physiology or Medicine 1922
" Archibald V. Hill, Otto Meyerhof

Otto Fritz Meyerhof

Born: 12 April 1884, Hanover,
Germany

Died: 6 October 1951, Philadelphia,
PA, USA

Affiliation at the time of the award:
Kiel University, Kiel, Germany

Prize motivation: "for his discovery
of the fixed relationship between the
consumption of oxygen and the
metabolism of lactic acid in the
muscle”

Otto Meyerhof received his Nobel
Prize one year later, in 1923.

..1 PR

Gustav Embden
1874-1933




Definition
glykys-, sweet or sugar; lysis,spliting

The pathway by which glucose is converted to lactate in
muscle

The anaerobic catabolic pathway by which a molecule
of glucose is broken down into two molecules of
pyruvate.

Embden-Meyerhof-Pathway, EMP
(R - HRE Rk 1T) Germany
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The two phases of glycolysis
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ATP and NADP formation Coupled to
Glycolysis

AG™© = -146 KJ/mol

2ADP + 2Pi —— 2ATP + 2H,0
AG° =2 x30.5=61.0 KJ/mol

CsH ,O4 + 2ADP + 2Pi + 2NAD™ — 2 pyruvate + 2ATP +2NADH * 2H*
AG° = -146 + 61 = -85 KJ/mol
under standard-state conditions: (61/146) X100% = 41.7%
REHM P AES0% LA

The efficiency of energy conservation for glucose degradation through
glycolysis, TCA cycle and oxidative phosphorylation is close to 65%



Glucose

glycolysis
(10 successive
reactions)
hypoxic or
anaerobic anaerobic
conditiy 2 Pyruvate %ditions
aerobic
2 Ethanol + 2€O, conditions |5 | actate
Fermentation to 2€0, Fermentation to
ethanol in yeast lactate in vigor-
2 Acetyl-CoA ously contracting
muscle, in erythro-
citric cytes,in some
acid other cells, and
cycle in some micro-
organisms
4CO, +4H,0

Animal, plant, and many microbial
cells under aerobic conditions
Figure 14-3

Three possible catabolic fates of the pyruvate formed in glycolysis



Step 1

CHZ_OH
. o) ’ ATP ADP
H 2+
OH H wg- ”
HO OH hexokinase
H OH H OH
Glucose Glucose 6-phosphate

AG'° = —16.7 kJ/mol
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Arthur Harden William Young
1865-1940 1878-1942

Unnumbered 14 p531
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Importance of phosphorylated intermediates

1. Because the plasma membrane generally lacks transporters for
phosphorylated sugar, the phosphorylated glycolytic intermediates
cannot leave the cell.

2. Phosphoryl groups are essential components in the enzymatic
conservation of metobolic energy.

3. Binding energy resulting from the binding of phosphate groups to
the active sites of enzymes lowers the activation energy and
Increases the specificity of the enzymatic reactions



Glucose is kept in the cell
by phosphorylation to G6P,
which cannot easily cross
the plasma membrane

Phosphorylation of glucose by ATP creates a charged
molecule that cannot easily cross the plasma membrane.



Hexokinase:
K,=0.1mM blood glucose 4-5mM
allosterical inhibitor : G-6-P

Isozymes: HK1,2,3,4

Glucokinase (HK4):
K, =10.0 mM
not product- inhibited



Pentose --——  Glucose-$
phosphate
pathway

Glycogen ——= Energy storage
. . in liver and muscles
phosphate —» Clucose-1-phosphate

Glucuronate —a»=

l Fructose-6-phosphate —» Glucuﬁamine-ﬁ-phﬂsphmt/

Synthesis of

NADPH and l

4=, 5-C, and

7= sugars Glycolysis continues

Glucose-6-phosphate is the branch point for
several carbohydrate metabolic pathways.



When glucose levels are low, hexokinase is responsible
for phosphorylating glucose for glycolysis;

When glucose levels are high, glucokinase
phosphorylates glucose for storage as glycogen.

Insulin » glucokinase — diabetes mellitus

Brief Report

NEONATAL DIABETES MELLITUS
DUE TO COMPLETE GLUCOKINASE
DEFICIENCY

1588 - N Engl ] Med, Vol. 344, No. 21 + May 24, 2001
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6
CH,OPO,2~

O CH,—OH ATP  ADP Step 3
2+
‘KNH Ho N Mg g
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4 3 (PFK-1)
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4 3
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Harden-Young ester
AG’° = —14.2 kJ/mol



Regulation of phosphofructokinase 1

A. ATP iIs an allosteric inhibitor

Low [ATP]

High [ATP]

Reaction velocity

[Fructose-6-phosphate]



B. AMP reverses the inhibition induced by ATP. ATP
concentration varies a little, while AMP concentration

varies a lot, so the rate of glycolysis varies a lot.

C. Citrate is another allosteric inhibitor of
phosphofructokinase. Inhibition of glycolysis by citrate
ensures that, if the citric acid cycle is already saturated,
there is no need for glucose to “ feed ” the citric acid cycle

D. B- D- fructose-2,6-bisphosphate is an allosteric activator for

phosphofructokinase-1.

Negative feedback
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|
I‘J—IT"—EI-—EHE O. CH,0H

O H HO 'f-'
H n—rr-cr
OH H 0"

Fructose-2,6-bisphosphate

I 1.0 uM F-2,6-BP I
100 l I 1.0 uM F-2,6-BP
80
E I 0.1 uM = l
3 g
) <]
o 60 ¥
B l )
= -5
& 40 3’
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20
EETEITIINNE AR ORI SIS aseT e
0 1 2 3 1 5 0 1 2 5 4 5
[Fructose-6-phosphate] (uM) [ATP] (pM)

1. Increase the affinity of kinase for substrate
2. Decrease the inhibitory effects of ATP
3. Inhibit fructose-1, 6-bisphosphatase



6 1
CH,OPO;*~ CH,OPO;*~

Step 4
0 P
’NH HOo A S =
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. N\ /
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CH,0P0.2

o, CH,0PO;>
H HO
H OH
HO H Fructose 1,6-bisphosphate
Bindinq and opening Protonated
of thering _ _ Schiff base
CHOR0: CH,0PO%
H 'CH,0P0%- H* H | /—>|-|+ H,0 N 20PO3
Lys _: 200 H—A— N T, I:T(I:—O—H A— Lys _N'\J_‘l: tA—
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HCOH carbonyl, leading HfOH protonated Schiff |
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subsequent steps.
. . C-Chond
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exchange C=0 HCOH @ release of first
with roduct
CH,OH 2- P :
solution . p SRO0 |
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H released Ho Moty H | H,0P0;
Lys —:: 2R — H;0 Lys —N*=C tA— Lys—yJﬁ tA—
@ HO— CI —H @ /C N
H o H
R g — Schiff base is __ H—p— Isomerization __ & H -
hydrolyzed in
reverse of Schiff
base formation.
Protonated Covalent enzyme-
Schiff base enamine intermediate
Figure 14-5
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Protonated Schiff base

CH,0P0?"
Lys — N;)=(:Z SA—
HOCD
Loy
b H(IIOH
I(:H,opog‘

. C-Cbond
Glyceraldehyde first cleavage
3-phosphate | = product (reverse of
\C¢ released aldol conden-
| «—| sation)leads to
HCOH @ release of first

LH20P0§‘ product.

ICH20P0§'

Lys—N-—-C A—
L

C
ﬁ\n
H

—B—H H—B

Covalent enzyme-
enamine intermediate
Figure 14-5 part 3

Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company



H—B—

Protonated
Schiff base

Figure 14-5 part 4
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Step 5

CIH ,OH CI
C=0 triose phosphate HCOH
| isomerase |

CH,0P0;" CH,0PO;*"
Dihydroxyacetone Glyceraldehyde
phosphate 3-phosphate

AG'°= 7.5 kJ/mol

Unnumbered 14 p534
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Fructose 1 6-bisphosphate

| —0—(:)
i
HO —= (IZ —H
H-2C—OH
ol
H—(I.' OH
Derived 6
from CH;—0—(®
glucose aldolase‘l4
carbon
1 H,—0—(P) H— c—o
2 CI =0 H— (I:—OH
3 CH,OH CH,—0—P)
Dihydroxyacetone Glyceraldehyde
phosphate 3-phosphate
triose phosphate isomerase
(a)
Figure 14-6

Derived from

glucose carbons

Derived
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glucose
carbon

4
5
6

1
4 or 3 H—C=0 p-Glyceraldehyde

5 or 2 H-2c—oH 3-phosphate
|
6 or 1 3CH,—0—(P)

Subsequent reactions
of glycolysis

(b)

Fate of the glucose carbons in the formation of
glyceraldehyde 3-phosphate



Fructose 1,6-bisphosphate

1CIH2—O—®

2<|: —0
HO —-"cI —H
H-2C—OH
5 I
H—(IZ —OH
Derived 6 ®
from SHlore
glucose aldolaseil
carbon
1 (I:H2 —0—P)" H —cI: =
2 (I: = H —(IZ —OH
3 CH,OH CH,—0—P)
Dihydroxyacetone Glyceraldehyde
phosphate 3-phosphate

triose phosphate isomerase

Figure 14-6a
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Derived from
glucose carbons

1
dor3 H_c|=° p-Glyceraldehyde
5 or 2 H-2c—oH 3-phosphate

|
6 or 1 >*CH,—0—(P)

Subsequent reactions
of glycolysis

Figure 14-6b
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O H
\c/ o NAD* NADH + H*

| I
HCOH + HO—P—O" N/ -

-

| | glyceraldehyde

CHZOPO'%- L 3-phosphate
Glyceraldehyde Inorganic dehydrogenase
3-phosphate phosphate 5
I
O O—P—0"

\c/ |
Step 6 j

H(iOH

CH,0PO3~

AG'°= 6.3 kJ/mol 1,3-Bisphosphoglycerate

Unnumbered 14 p535
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NAD*

Glyceraldehyde
3-phosphate |
dehydrogenase

szoPO{
H(IZOH
C=0

oPOZ «g

1,3-Bisphosphoglycerate

Glyceraldehyde
3-phosphate

\® :

Formation of enzyme-
substrate complex.The
active-site Cys has a reduced
pK, (5.5 instead

of 8) when NAD" is bound,
and is in the more reactive,
thiolate form.

The covalent thioester
linkage between the
substrate and enzyme
undergoes phosphorolysis
(attack by P;) releasing the
second product, 1,3-

bisphosphoglycerate.

?H,opog' o
NAD* HTy_‘-o—l:’—OH
9 P, NAD*

0 1
c=o0 - @)
sb NADH
| The NADH product leaves the

Cys

Figure 14-7

active site and is replaced by
another molecule of NAD.
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CH,0PO%"

NAD* H(IIOH

C
H” Q‘B
<l
I
Cys
A covalent thiohemiacetal
linkage forms between the
substrate and the -S~
group of the Cys residue.

NAD™ ?HZOPO 3
\HfOH
H-c£o"

I
S

I
Cys

@

Wk

The enzyme-substrate
intermediate is oxidized by
the NADY bound to the
active site.

©)

NADH CH,0PO03

HCOH



NAD*
Glyceraldehyde i
3-phosphate f
dehydrogenase Cys

Figure 14-7 part 1
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Glyceraldehyde
3-phosphate

\ @

Formation of enzyme-
substrate complex. The
active-site Cys has a reduced
pK, (5.5 instead

of 8) when NAD" is bound,
and is in the more reactive,
thiolate form.

NAD*

CH,OPO3"
Hfou

C
H/Q’B

S
I
Cys



CH,OPO3"

NAD* HfOH
rr’%?%
R
I
Cys
A covalent thiohemiacetal
@ linkage forms between the
substrate and the -S~
group of the Cys residue.
NAD* ?H20P0§'
HfOH
H—?-fa-
S
I
Cys

Figure 14-7 part 2
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NAD™ szOPoi‘
HCOH

|
H--CX0o"

S
I

Cys

The enzyme-substrate
intermediate is oxidized by
@ the NAD* bound to the
active site.

Y
NADH ?H20P0§‘
HCOH

Figure 14-7 part 3
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CH,0PO3"

I
NAD* “V‘O—T—OH NADH
) P. NAD*
0 @)

c)=o . é

S NADH
| The NADH product leaves the
Cys active site and is replaced by

another molecule of NAD™.

Figure 14-7 part 4
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CIH20P0§‘
HCOH
o]

— ) () —

Cys



NAD*

Glyceraldehyde .
3-phosphate f
dehydrogenase Cys
CH,0PO3" The covalent thioester
HJ;OH linkage between the
I \ substrate and enzyme
‘|:=° undergoes phosphorolysis
oPOZ" @ (attack by P,) releasing the
1,3-Bisphosphoglycerate second product, 1,3-
bisphosphoglycerate.

(I:H20P0§- 0

I
NAD* HVO—T—OH
&

Figure 14-7 part 5
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CH,O0PO3"

b HAdenine

1,3-Bisphosphoglycerate ADP

Mg?*

(o) O
N/
\C

|
HCOH
CH,OPO3"

3-Phosphoglycerate

y

phosphoglycerate
kinase

o
-0—b—0
(P)
(P)
0

I
Rib | Adenine

Step 7

Substrate-level phosphorylation:

the formation of ATP by phosphoryl
group transfer from a high-energy
phosphoryl group containing
substrate such as 1,3-
bisphosphoglycerate to ADP

Oxidative phosphorylation,
respiration-linked phosphorylation

ATP AG'°=-18.5kJ/mol



Step 8

o) O~ (0 O
N\ . \
\c Mgz ‘ \C/
| : | N
H?—OH phosphoglycerate HCI —0—PO;
CH,—O0—PpQ,2~ = ™Mutase CH,—OH
3-Phosphoglycerate 2-Phosphoglycerate

AG'°= 4.4 kJ/mol

Unnumbered 14 p537
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Phosphoglycerate mutase

/;His
_ = A
00C 2-0,P —N M

I .
H—(ll—O—H“—'-—-.." B
N
H,C —0—POZ~ (

3-Phosphoglycerate HN

His

Phosphoryl transfer occurs
between an active-site His and

@ C-2 (OH) of the substrate. A
second active-site His acts as
general base catalyst.

I /“;l
H—C—0—P03~ N

| \\"’H
H,C —0—PO3~
? wn &

2,3-Bisphosphoglycerate
(2,3-BPG) HN 2
His
Phosphoryl transfer from C-3 of
the substrate to the first active-

@ site His. The second active-site
His acts as general acid catalyst.

His
—
~00C 0P —N¢ I
|

N
- H
H—C _O_Pog
N

2-Phosphoglycerate HN .
His

Figure 14-8



Phosphoglycerate mutase

His Small amount of 2,3-
_ — /‘% BPG is required to
00C O;P —N T
| r_} NN phosphorylate the
A enzyme and thus
H,C —0—PO3~ ( / initiate this reaction

3-Phosphoglycerate HN

His

Phosphoryl transfer occurs
between an active-site His and
@ C-2 (OH) of the substrate. A
second active-site His acts as
general base catalyst.

~00C ~ s
I
—C—0—P
B —AY
2C —0 P03
um
2,3-Bisphosphoglycerate (
(2,3-BPG)

His

The phosphoglycerate mutase reaction



~00C His
| ,N/%
H ? 0—PO3™ | NN
H,C —0—P02" -
uN <5
2,3-Bisphosphoglycerate /
(2,3-BPG) HN ,
His
I Phosphoryl transfer from C-3 of
the substrate to the first active-
@ site His. The second active-site
His acts as general acid catalyst.

qus
=
~00C 705P —N¢

| NN
H—C—0—PO3~
I N
H,C —O—H /

2-Phosphoglycerate HN )
His

Figure 14-8 part 2



Step 9

0\ C/o H>O o\c/ -
| |
H—(IZ—0P032' ‘i‘ C—OPO;*"
HO—CH, enolase gH .
2-Phosphoglycerate Phosphoenolpyruvate

AG’'°=7.5 kJ/mol

Unnumbered 14 p538a
Lehninger Principles of Biochemistry, Fifth Edition

© 2008 W.H.Freeman and Company



Lys345 abstracts a

Mng PO g' proton by general
- 4 | base catalysis. Two
:0\ ? |'|| Mg?* ions stabilize the
247 N resulting enolic
Mg e /C ECI —C—H intermediate.
H OH
Enolase /2 HO 0 .
H—N—H N\ 7 §
| CI @
Lys345 Glu211

2-Phosphoglycerate bound to enzyme
Figure 6-23a part 1

Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company

-

Mgzi I|°0 2
o, O H

2+ o"' \ I I

Mg2* —C—C—
g -~"~(\/c\c}c| H

Y COH
Hi HO_ O
H—N"—H N c/
I
Lys345 G|u211

Enolic intermediate

Two-step reaction catalyzed by enolase



Glu211 facilitates

Mg?2+ PO2- elimination of the -OH
\\ | group by general acid
0 (I) I'II catalysis.
'o" \ 2-
Mg L Dy SR P
o OH HOH o 9 M
H HO_ 0O Zz Ne—c=c
—Nt— \ /4 7/ N
H—N —H CI @ 0/ H
Lys345 G|u211
Enolic intermediate Phosphoenolpyruvate

Figure 6-23a part 2
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company



Enolase

Figure 6-23b

Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company



Step 10

(o)

I
—0—IT—0' +

CH,

—o0—()—T

Rib

Adenine

Phosphoenolpyruvate

ADP

Mg2+ ; K + pyruvate

kinase

o) (o) 0"
N/ |

? -0—P=
(IZ=O + (P)

CH;
Pyruvate O
9
I
Rib [—Adenine
AG'° = - 31.4 kiJ/mol ATP

Unnumbered 14 p538b




N 7 N/

I
C—OH —— C=0
| tautomerization |

CH» CH;3

Pyruvate Pyruvate
(enol form) (keto form)

Unnumbered 14 p538c¢
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Compan



The overall reaction of glycolysis

Glu + 2NAD* + 2ADP + Pi — 2Pyr + 2NADH + 2H* + 2ATP

e The fate of carbon skeleton of glucose
e The yield of ATP
e The pathway of electron transfer



Glycolysis is under tight regulation

Hormones: insulin, glucagon, epinephrine
protein levels and activities of glycolytic enzymes

Energy status



Pasteur effect

The presence of oxygen inhibits glucose metabolism via glycolysis; The
absence of oxygen promotes glycolysis and increases lactate
production.

Warburg effect

Tumors of nearly all types carry out glycolysis at a much higher rate
than normal tissue, even when oxygen is available



The Nobel Prize in Physiology or Medicine 1931

Otto Warburg

Otto Warburg, 1883-1970

He was awarded the Nobel Prize in
Physiology for his "discovery of the
nature and mode of action of the
respiratory enzyme.*

respiratory enzyme containing Fe
activates oxygen

In total, he was nominated an
unprecedented three times for the
Nobel prize for three separate
achievements.

Discovery of flavine (FAD)



fGLUT1

k.4
T Aewts |
Cancer

glucose uptake

Glucose

Precoitussa %--weoxw'mse The following two steps
- - Lonidamine

Q- 3-Bromopyruvate may be essgntial for the
S transformation of a
nicotinicacd normal cell into a tumor
Glucose _}é 6-Phosphogluconate cellin early Stage:

6-phosphate glucose

6-phosphate
Al e 1) The change to
4 dependence on
MRy Y Oxythiamine glycolysis for ATP
T H?F Glycer;l::lehyl:le ® )(yl:l;ose p rOd " Ctl on
Tmyci'.yﬁc 3-phosphate o _oo 5 bhosphate 2) The development of |
enzymes | tolerance to a low pH in

the extracellular fluid.

v \
/_, 2 ATP/glucose

~30 ATP/glucose
Hypoxia

L v

Pyruvate

Box 14-1 fiqure 1



HO

ATP ADP
HO o \ /
OH hexokinase
HO 18
[18F]2-Fluoro-2-deoxyglucose [18F]6-Phospho-2-fluoro-2-deoxyglucose
(FdG) (6-Phospho-FdG)

Box 14-1 figure 2
Lehninger Principles of Biochemistry, Fifth Edition

© 2008 W.H. Freeman and Company



Box 14-1 figure 3

Lehninger Principles of Biochemistry, Fifth Edition

© 2008 W.H.Freeman and Company



Primary

o defectin Pancreas
¢ Glucose enters . diabetes y:-¥ secretes
sviaGLUT4 , ° ; insulin
Plasma o e
membrane ? "
RS a
‘ﬁ “y Vv I\
IRS Insulin
4 GLUT4 receptor
R PI!’BK activated
v h Y ‘l
Glucose S PKB
Hexokinase
@phosphory!ates % % Vesicles containing
glucose C?@ GLUT4 fuse with
l & plasma membrane
Glucose 6-phosphate =@ \/“), <

e

R OO
pento& /A{f 4 +
phosphate ¢/ Lipid droplet \;
pathway Ribulose 5-phosphate ,( LT Fatty Triacyl- [

@ Glycolysis

&l acid glycerol \'I.r‘\i

Ketoacidosis

47—4—*4—

acetoacetate, @ 54—-..._ g; \“"\
2ATP PB-hydroxybutyrate :_ @ ;<
/) Triacylglycerol ¢

~30 ATP () Triacylglycero

Pyruvate Irl mobilization /"'/

., provides fatty amds#

Pyruvate
@ oxidized via Mitochondrial xas alternative fugl
S . oxidative h.? P
2;::;: acid phosphorylation SL@P<
co, co,

Mitochondrial electron transfer

. drlves

ATP synthesis
Figure 14-9

Effect of type 1
diabetes on
carbohydrate and
fat metabolism in
an adipocyte
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