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@ A* ACADEMY BMS 23110B - Glycolysis

= OVERVIEW

@ Carbohydrates

<L 1lyvd

Ideal nutrients < Digestible vs indigestible

Carbohydrates may be digestible or

- M3IIAN¥3IAO

Meet energy needs indigestible.

Feed the brain and nervous system ¢

aoLLEZ SNa

< Simple vs complex

Keep the digestive system fit
Simple carbohydrates contain one or

two molecules; complex
Keep your body lean carbohydrates contain hundreds to

© 60606 00

thousands of molecules.

@ Simple Carbohydrates: Monosaccharides & Disaccharides

o Simple carbohydrates are commonly referred to as sugars. Mono means one and saccharide
means sugar; di means two.

FOUR MONOSACCHARIDES — A SINGLE SUGAR MOLECULE

Glucose Fructose Galactose Ribose
MONOSACCHARIDE MONOSACCHARIDE MONOSACCHARIDE MONOSACCHARIDE

THREE DISACCHARIDES — TWO SUGAR MOLECULES JOINED TOGETHER

Lactose Maltose Sucrose
DISACCHARIDE DISACCHARIDE DISACCHARIDE

Foran A*
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= OVERVIEW

How Monosaccharides Join to Form Disaccharides

v
>
a
= Three types of Fructose Glucose Galactose®
— monosaccharides A note on the glucose symbol:
. . The glucose molecule is really a ring of 5
. carbons and 1 oxygen plus a carbon “flag.”
o
e camons <] o ogen
]
a
< For convenience, glucose is symbolized as
m S L V) oo o0 oe
s H
join together to Sucrose Maltose Lactose®
make three types of  (fructose—glucose)  (glucose—glucose) (glucose—galactose)
Glucose Fructose disaccharides
Most abundant sugar molecule  Sweetest natural sugar; found in  Does not occur alone in foods;
in our diet; good energy source  fruit high-fructose corn syrup binds with glucose 10 form *Galactose does not occur in foods singly but only as part of lactose.

lactose bThe chemical bond that joins the monosaccharides of lactos:
lactose hard for some people to digest—Iactose intolerance (see late

those of other sugars and makes
ction).

aoLLEZ SNa

O Very slight differences in the arrangement of O Human breast milk has more lactose than

atoms in these three monosaccharides cause cow's milk, making human breast milk taste
major differences in their levels of sweeter.
sweetness.

@ Simple Carbs

Monosaccharides Disaccharides

Glucose + galactose;
also called milk sugar

Glucose + glucose;
maltose molecules join
in food to form starch
molecules

Glucose + fructose;
found in sugar cane,
sugar beets, and honey

Sucrose

Foran A*
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>
3 3 Extracellular matrix
: | Pems  Fae  Camonyates and cell wall Glycogen,
9 l l l polysaccharides starch, sucrose
2 Amino Acids Fatty Acids Glucose
E Falty Acid Oxidation synthesis of
Protain_ \ l ‘Awomia structural storage
w Catabolism polymers
o | AceiCon
- Glucose
© /\
o
w

oxidation via T s
Citric Acid oxidation via
o asi - B e glycolysis
Pho?‘ pﬁ:f:sm pathway

J, Ribose 5-phosphate Pyruvate

Figure 14-1
........ nger Princiy i Fifth Editic
© 2008 W.H. Freeman and Company

Figure 14-1- Lehninger Principles of Biochemistry

@ Carbohydrate Metabolism Overview

¥¢ DR. ASMAA ADDITION

o) @ e

Glucose Pyruvate Acetyl-CoA Citric acid cycle
glycolysis oxidized to CO, and water

@ Gluconeogenesis runs in the reverse direction.

O Gluconeogenesis, glycolysis, and the citricacid (O Pyruvate can be further converted into acetyl

cycle are key to carbohydrate metabolism and CoA, which enters the citric acid cycle where it is
energy production. oxidized to CO, and water.

O Gluconeogenesis synthesizes glucose from O These pathways also intersect with the
three-carbon precursors, while glycolysis breaks metabolism of non-carbohydrate molecules like
down glucose into pyruvate, releasing energy. amino acids and lipids.

Foran A*
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= OVERVIEW

The Enzymatic Reactions of Glycolysis

>

'

o

<

2 A sequence of ten enzyme-catalyzed reactions by which glucose is converted to pyruvate.
s

r ¢ {
2  Universal © Location © Sole ATP source

In some mammalian cells —

aoLLEZ SNa

The enzymes of this pathway The enzymes are located in

are found in most living the cytosol. retina and some brain cells —
species. it is the only ATP-producing
pathway.
3 3 3

Net Reaction of Glycolysis

Glucose +2 ADP +2NAD* +2P;, — 2Pyruvate +2ATP +2NADH +2H*+2H,0

2 ATP 2 NADH

molecules of ATP are produced molecules of NAD" are reduced to NADH

Glycolysis: Hexose & Triose Stages

It can be divided into two stages — the
hexose stage and the triose stage:

-2 ATP

Hexose stage — 2 ATP consumed per
glucose

+4 ATP

Triose stage — 4 ATP produced per glucose

+2 ATP

Net — 2 ATP produced per glucose

& Figure 11.1

Gluconeogenesis, glycolysis, and the citric
acid cycle. Glucose is synthesized from
pyruvate via oxaloacetate and phospho-
enolpyruvate. In glycolysis, glucose is de-
graded to pyruvate. Many (but not all) of the
steps in glycolysis are the reverse of the glu-
coneogenesis reactions. The acetyl group of
pyruvate is transferred to coenzyme A (CoA)
and oxidized to carbon dioxide by the citric
acid cycle. Energy in the form of ATP equiv-
alents is required for the synthesis of glu-
cose. Some of this energy is recovered in
glycolysis but much more is recovered as a
result of the citric acid cycle.

Foran A*

FR— p—-

Phosphoenolpyruvate
»

/ !
| coo®
/ =0
H;
2 pyruvate
|
F
| [ scon
| | ¢=o
b,

\ | 2 Acetyi con
\

\)
‘Oxaloacetate ~—

7

I

Ss
\ =
o o



A*ACADEMY

BMS 23110B - Glycolysis

=== THE TEN STEPS

The Ten Steps of Glycolysis

- C lLivd

Interconversion of the trioses allows both to
be further metabolized via glycolytic enzymes

Each chemical reaction prepares a substrate
for the next step in the process

®

e A hexose is cleaved to two trioses ATP is both consumed and produced in

glycolysis

Sdils NIl IHL

Table 11.1 The reactions and enzymes of glycolysis

Glucose + ATP — Glucose 6-phosphate + ADP + H®
Fructose 6-phosphate

Hexokinase, glucokinase
. Glucose 6-phosphate —— Glucose-6-phosphate isomerase
. Fructose 6-phosphate + ATP — Fructose 1,6-bisphosphate + ADP + H®

. Fructose 1,6-bisphosphate —= Dihydroxyacetone phosphate + Glyceraldehyde 3-phosphate

Phosphofructokinase-1

Aldolase

Triose phosphate isomerase

Glyceraldehyde 3-phosphate dehydrogenase
Phosphoglycerate kinase

ao0LLET SNE

2
3
4
5. Dihydroxyacetone phosphate —— Clyceraldehyde 3-phosphate
6. Glyceraldehyde 3-phosphate + NAD® + P; == 1,3-Bisphosphoglycerate + NADH + H®
7. 1,3-Bisphosphoglycerate + ADP ——= 3-Phosphoglycerate + ATP
8. 3-Phosphoglycerate —— 2-Phosphoglycerate

9

0.

. 2-Phosphoglycerate —— Phosphoenolpyruvate + H,0

Phosphoglycerate mutase
Enolase

Pyruvate kinase

Phosphoenolpyruvate + ADP + HY — Pyruvate + ATP

Table 11.1- The reactions and enzymes of glycolysis

@ Two Phases of Glycolysis

s
(a) Glucose g il Preparatory phase (b) Payoff phase
first H /4 H  Phosphorylation of glucose o Oxidative conversion of
priming @ /‘ 4K oH H ' and its conversion to Glyceraldehyde 3-phosphate (2) ®—O—O|1—<['”—C\ gly Idehyde 3-phosph
reaction N ADP H 4 H  glyceraldehyde 3-phosphate 2P; oH H topyruvate and the coupled
W on s 2NAD* formation of ATP and NADH
Glucose 6-phosphate ®—0—CH, phosphorylation ®
S 2 +H*
w A H ® Hexokinase P @ Glyceraldehyde
OH H 1,3-Bisphosphoglycerate (2) (®—0—CH;—CH—C 3-phosphate
@ Hi H @ Phosphohexose first ATP- - 2ADP _i" \0—® dehydrogenase
M H isomerase forming reaction ©)

Fructose 6-phosphate ®—0—H, CHy—OH @ “‘m“":m N 2‘ - @ Phospho-
second H HO Phospho- phosploryiet 4 glycerate
priming (3) & H o fructokinase-1 3-Phosphoglycerate (2) ® M,—?N—c\o_ kinase
reaction ADP OH H o

Fructose 1,6-bisphosphate  (®—0—CH, 0. ¢H,—0—®) @® Aldolase ®‘ P P:‘”P::-
dawvage . i glycerate
of 6-carbon @ @ Triose 2:Phosphoglycerate (2) j):z_:l)N c\o- mutase
sugar phosphate oH phosphate N
::::m ® isomerase @[ >aa0 5 @ Enolase

4

CHy=C—C
phosphates ) Phosphoenolpyruvate (2) = o Poruate
second ATP- = 2ADP )
Glyceraldehyde 3-phosphate ®-°—C”z-i""<\" Toriaiita e tiow é kinase
+ OH (substrate-level N 2.

0

Dihydroxy phosph ®-o—<n,-i—cu,on phosphorylation) R
Pyruvate (2) I T

ol ¢ o °

Figure 14-2

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

Figure 14-2 - (a) preparatory phase - (b) payoff phase - Lehninger Principles of Biochemistry
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=== THE TEN STEPS

@ Pathway Map — All Ten Steps at a Glance

Key: ( ATP consumed ) [ ATP produced ] ( NADH formed ] Metabolically irreversible ( One of the four kinases )

Glucose

- C lLivd

0 Hexokinase [ ATp - ADP

Sdils NIl IHL

Glucose 6-phosphate (G6pP)
Glucose 6-phosphate isomerase (PGI)

Fructose 6-phosphate (rFép)

INIWLSIANI A9Y3IN13

Phosphofructokinase-1 ATP — ADP

(PFK-1)

ao0LLET SNE

Fructose 1,6-bisphosphate (r1,68p)

Aldolase ( Hexose - two trioses )

DHAP + GAP

39VAV3IID

Triose phosphate isomerase (TPI)

2 x Glyceraldehyde 3-phosphate

EVERY STEP BELOW RUNS TWICE PER GLUCOSE

Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) NAD* - NADH

1,3-Bisphosphoglycerate (1,38PG)

Phosphoglycerate kinase (PGK) ( app- atp ) ( Kinase |

3-Phosphoglycerate (3rc)

2-Phosphoglycerate (2rc)

m
z
m
E]
@
<
X
>
£
<
m
»
-

Enolase | pehydration

Phosphoenolpyruvate (Pep)

0 Phosphoglycerate mutase

Pyruvate kinase (PK) \ Irreversible |

Pyruvate

Foran A*
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= HEXOSE STAGE

{

Phosphorylation by Hexokinase : n
° STEP 1 - ENERGY INVESTMENT
:

. _ 6

: CH,—OPO3™

z CH,—OH

= " o G ATP ADP a i3

: H \Mg>/

: OH H hexokinase v 1

@ HO OH HO OH

z H OH H OH

N Glucose Glucose 6-phosphate

AG'° = = 16.7 kJ/mol

> Transfers the y-phosphoryl of ATP to the glucose C-6 oxygen to generate glucose 6-phosphate
(G6P)

> Mechanism: attack of the C-6 hydroxyl oxygen of glucose on the y-phosphorus of ATP2"

!

FOUR KINASES IN GLYCOLYSIS

1 3 7 10 O All four kinases require M92+ and have a
Hexokinase PFK-1 PGK Pyruvate similar mechanism.
kinase

Why Phosphorylate Glucose?

Normal cell

TRAPPING GLUCOSE IN THE CELL

When glucose enters the cells via glucose
transporters, there is a chance for it to leave the
cell. That is why glucose is phosphorylated by ATP
to become glucose 6-phosphate, which now bears
a charge — this disqualifies it from leaving
through glucose transporters.

Foran A*
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= HEXOSE STAGE

Properties of Hexokinases

- C lLivd

£, Broad substrate specificity © I1sozymes

Hexokinases can phosphorylate cGlucose Multiple forms of hexokinase occur in

mammalian tissues and yeast.
Mannose Fructose

+ S§d3ils N3l 3HL

o
g o (]
o Hexokinase vs. Glucokinase
=
o
FEATURE HEXOKINASES I, II, 1l HEXOKINASE IV (GLUCOKINASE)
Km ~107% 101074 ™ ~1072 M
Active at Normal glucose concentrations Higher glucose levels
Inhibited by .
Yes — allostericall No
G6P Y
Found in Multiple forms (isozymes) in mammalian The liver — lets it respond to large increases
tissues and yeast in blood glucose
1.0

TISSUE-SPECIFIC ISOZYMES

With high glucose levels, glucokinase is

( Hexokinase |

Hexokinase IV
(glucokinase)

active. Because glucokinase is never
saturated with glucose , the liver can

respond to large increases in blood
glucose by phosphorylating it for entry

Relative enzyme activity

into glycolysis or the glycogen synthesis

pathway.

0 5 10 15 20
Glucose concentration (mm)

Foran A*




A* ACADEMY BMS 23110B - Glycolysis

= HEXOSE STAGE

{

STEP 2 - GLUCOSE 6-PHOSPHATE ISOMERASE

a Conversion of G6P to F6P — Isomerization

-

>

£

- 2 -

. CH,0PO3 .

v H=1c=0 CH,0PO3~

T | 1 CH,0H

m HoC—OH M H Mg2* O(_ CHO0H [,

5 o= - 1os———SKH Ho HO—G2H

- H_;(I;_OH HO OH Phosphohexose OH H—éa—OH

a2 H—5C—OH o) isomerase r 3 (|:5 o

E H—eG—OH H  OH OH H . Eron
i Glucose 6-phosphate Fructose 6-phosphate =

AG’'°= 1.7 kJ/mol

ao0LLET SNE

The enzyme is also known as phosphoglucose isomerase (PGI).

¢ Converts G6P, an aldose, to F6P, a ketose

¢ Preferentially binds the a-anomer of G6P (converts it to the open-chain form in the active site)
+ Highly stereospecific for G6P and F6P

¢ The isomerase reaction is near-equilibrium in cells

STEP 3 - THE FIRST COMMITTED STEP

e Phosphorylation by Phosphofructokinase-1 (PFK-1)

6
CH,OP02~
O_ (H,—OH ATP ADP
Mg*} HO © OH OH O—p) Fructose
5 2
H HO
H OH phosphofructokinase-1 Ll T I L I 6-phosphate
4 |3 (PFK-1) ATP OH
OH H e C-1, now a hydroxyl group, can be
Fructose 6-phosphate 6 % phosphorylated. This ensures that both
PGS &H ,—OPOZ™ products of C-C bond cleavage are
0 phosphorylated, and thus interconvertible.
SKH Ho /2 ®-o0 o 4, OH OH 0—®) Fructose
H OH L1 I | | I 1,6-bisphosphate
a3 . T
OH H
AG'° = = 14.2 kJ/mol Fructose 1,6-bisphosphate

> Transfers a phosphoryl group from ATP to the C-1hydroxyl group of F6P to form fructose 1,6-
bisphosphate (F1,6BP)

> PFK-1is metabolically irreversible and a critical regulatory point for glycolysis in most cells —
the first committed step

¥ DR. ASMAA ADDITION = A second phosphofructokinase, PFK-2, synthesizes fructose 2,6-
bisphosphate (F2,6BP).

Foran A*
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= HEXOSE STAGE
Cleavage by Aldolase
STEP 4 - A HEXOSE BECOMES TWO TRIOSES

6 1
CH,0PO2~ CH,0PO2"

(o)
SKH HO 2 —
H OH aldolase
4 3
OH H
Fructose 1,6-bisphosphate
phosp ) 0\ /H
(1)CH,0PO2 @)C
(2€=0 + (5CHOH
(3)CH,OH (6)CH,OPO3~
Dihydroxyacetone Glyceraldehyde
phosphate 3-phosphate

AG'° = 23.8 kJ/mol

> Aldolase cleaves the hexose F1,6BP into two
triose phosphates: GAP and DHAP

> DHAP comes from C-1to C-3 of F1,6BP; GAP
comes from C-4 to C-6

> The reaction is near-equilibrium — not a
control point

STEP 5 - ONLY GAP MOVES ON

(0] H
N
C|H20H \C/
C=0 triose phosphate HCOH
[ _ isomerase |
CH,O0PO3 CH,0PO3~
Dihydroxyacetone Glyceraldehyde
phosphate 3-phosphate

AG'°= 7.5 kJ/mol

BMS 23110B - Glycolysis

®-o0 o OH OH O0—(P) Fructose

-l : LL,I 1 1,6-bisphosp

OH oo
o The carbonyl group at C-2 facilitates
Dihydroxyacetone C-C bond cleavage at the right location
phosphate to yield two 3-carbon products by the

®-0 © OH reverse of an aldol condensation.

LS

Glyceraldehyde
\ 3-phosphate
0 OH 0—(®
fE—
Figure 14-3 part 1

Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company

TWO DISTINCT CLASSES OF ALDOLASES

@ Class | — found in plants and animals

©

Many species have both types of enzyme.

Class Il — more common in bacteria,
fungi, and protists

B Isomerization by Triose Phosphate Isomerase (TPI)

> Of the two molecules produced by splitting
F1,6BP, only GAP is a substrate for the next
reaction

> TPI converts DHAP into GAP

> The reaction is very fast (diffusion
controlled), and only the D-isomer of GAP is
formed

Foran A*
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= HEXOSE STAGE

Keeping Track of Carbons

-_—1C=
H=E—0 Fructose 1,6-bisphosphate
e 'H,—0—®
HO —:C—H 2)
CI=
H_‘?_OH HO-3C—H
H—s5C—0OH H—4(|:—OH
H—eC—OH H—SCI—OH
| 2 | 6
H Derived SCH —0—@ Derived
' | from 2 from
glucose aldolase glucose
carbon carbon
1 cluz —0—P) H—C=0 4
2 CI=O H—CI—OH 5
3 CH>0H CH,—0—(P) 6

Dihydroxyacetone Glyceraldehyde
phosphate 3-phosphate

v

triose phosphate isomerase

BMS 23110B - Glycolysis

Derived from
glucose carbons

4or3 H—‘c|=0 G3P
5 or 2 H—2CI—OH
6or1 3CH,—0—(P)

Subsequent reactions
of glycolysis

Prncipies o Wachemtry, (TN Edtion
0081 Frewrman e Company

Radioisotopic tracer studies show where each carbon of glucose ends up:

Glucose | F1,6BP

DHAP

ONE GAP MOLECULE

GAP C1, C2, C3 come from glucose

Foran A*

SECOND GAP MOLECULE

GAP C1, C2, C3 come from glucose
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= TRIOSE STAGE

A*ACADEMY

@ The Second Phase of Glycolysis

BMS 23110B - Glycolysis

PAYOFF PHASE

The second phase of
glycolysis, where
ATP and NADH are
formed.

Glyceraldehyde 3-phosphate @—O—CHz—TH—C'
N
Dihyd t+ hosphat — @ s
ihydroxyacetone phosphate @-o—cu,—«I:—CHzOH !ahosphate
® o isomerase
(b) Payoff phase

Glyceraldehyde 3-phosphate (2)

L~ 2P;
oxidation and ® |, —2NAD*

phosphorylation \) 2(NADH! + H*

1,3-Bisphosphoglycerate (2)
first ATP- L~ 2 ADP

forming reaction @
N> 2 (aTP

(substrate-level

phosphorylation)
3-Phosphoglycerate (2)

'

2-Phosphoglycerate (2)

@] N> 2H,0
Phosphoenolpyruvate (2)

second ATP- L~ 2ADP

forming reaction @

(substrate-level N 2 ATP

phosphorylation)

Pyruvate (2)

O Oxidative conversion of
®—o—aH; —‘i' H—C_  glyceraldehyde 3-phosphate
OH H to pyruvate and the coupled
formation of ATP and NADH

P @ Glyceraldehyde
®—O—CH1—CH—C\ 3-phosphate
(I)H o—® dehydrogenase

o ® Phospho-

lycerate
®_Q_CH2_CH_C, g_y
| \0_ kinase
OH

o Phospho-
glycerate
o~ mutase

@ Enolase
cHpme—cT
2=C—
I No- Pyruvate

d:) kinase
gl Fig 14-2

(GAPDH)

STEP 6 - NADH IS FORMED

0, H
) 4 NAD™*

Figure 14-2 (b) - payoff phase

NADH + H*

-

HCOH

Oxidation by Glyceraldehyde 3-Phosphate Dehydrogenase

NAD+ - NADH

i 0 \__/

+ HO—P—0O~
| glyceraldehyde

Converts GAP to 1,3-bisphosphoglycerate

A molecule of NAD" is reduced to NADH

Oxidation of the aldehyde group of GAP
proceeds with a large negative free-energy

AG'°= 6.3 kJ/mol

NAD to NADH.

CH20P0§_ (o) 3-phosphate (1,3BPG)
Glyceraldehyde  Inorganic St
3-phosphate phosphate 3 >
[
O\\ /O—II’—O >
T -
HCOH
I change
CH,0PO2"

1,3-Bisphosphoglycerate

Foran A*

An oxidation-reduction reaction: the oxidation of GAP is coupled to the reduction of
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= TRIOSE STAGE

Phosphorylation by Phosphoglycerate Kinase (PGK) [ ADP - ATP ]
STEP 7 - THE FIRST ATP-GENERATING STEP
? ®
o\c /O—P_—O' . ®)
| O
> The C-1phosphoryl group of 1,3BPG is transferred to T e [l
ADP to form ATP; the remaining energy is conserved 1.3-Bisphosphoglycerate  ADP
as reducing equivalents (NADH) o || hosphosiycerae
9 kinase
> The NADH formed by GAPDH is reoxidized — for &
example by the membrane-associated electron ) -0—b—0
. o\\ /o ®
transport chain (d
HéOH ¥ Q)
CH,0PO%" 0
[Rib]
3-Phosphoglycerate ATP AG'® = =18.5 kJ/mol
\

Steps 6 and 7 Are Coupled

¢ Transfer of a phosphoryl group from the energy-rich mixed anhydride 1,3BPG to ADP yields ATP and
3-phosphoglycerate (3PG)

¢ Substrate-level phosphorylation — steps 6 and 7 couple oxidation of an aldehyde to a carboxylic
acid with the phosphorylation of ADP to ATP

Glyceraldehyde 3-phosphate + NAD® — 1,3-Bisphosphoglycerate + NADH + H®
1,3-Bisphosphoglycerate + ADP —— 3-Phosphoglycerate + ATP

Glyceraldehyde 3-phosphate + NAD® + P; + ADP —— 3-Phosphoglycerate + NADH + H® + ATP

This reaction is the first ATP-generating step of glycolysis.

Foran A*
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= TRIOSE STAGE

r
a Shift of the Phosphoryl Group by Phosphoglycerate Mutase

STEP 8 - 3PG -» 2PG

(o] (o) (o] o
N7 2+ N/
CI .. S < ATP 4 0 OoH 0—® 3-Phosphoglycerate
HC—OH phosphoglycerate Hc! —O0—PO35" -0 0o The remaining phosphoryl
mutase
—_ol = _ group moves from C-2 to C-3,
CH2—0—PO;3 CH,—OH setting up the final steps of
o B the pathway.
3-Phosphoglycerate 2-Phosphoglycerate

)I__I_| 2-Phosphoglycerate
-N '

AG'°= 4.4 kJ/mol

¢ Transfers a phosphoryl group from one part of a substrate molecule to another
¢ Occurs without input of ATP energy

¢ The mechanism requires 2 phosphoryl-group transfer steps

Dehydration by Enolase
STEP 9 - 2PG - PEP

> 2-Phosphoglycerate (2PG) is dehydrated to

- 3 phosphoenolpyruvate (PEP)
o\ /0 H,O0 o\\ /0
c| Z ? > El f f C-2 and C-3 yield
imination of water from C-2 and C-3 yields
H—C—OPO2~ C—OPOZ" y
enolase I the enol-phosphate PEP
HO—CH, CH,

2-Phosphoglycerate Phosphoenolpyruvate 5 pEp has a very high phosphoryl group

AG'°=7.5 kJ/mol transfer potential because it exists in its

unstable enol form

ENOLASE REQUIRES MG — TWO MAGNESIUM IONS PARTICIPATE

= A "conformational” ion binds to the = A "catalytic” ion participates in the
carboxylate group of the substrate dehydration reaction

Foran A*
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f
Substrate-Level Phosphorylation by Pyruvate Kinase (PK) ;
ADP - ATP | ibl
-
>
£
& .
: N goo©
= = kK ®
¥ CH, ‘l’_ ? > Catalyzes a substrate-level phosphorylation
z [Rib |
P Phosphoenolpyruvate RDR > A metabolically irreversible reaction
: Mgz*, K* p}lruvate
* - > The pyruvate kinase gene can be regulated by various
CN T hormones and nutrients
; (o -o-—J=o
o (= * ® > Because PK is regulated, PEP is maintained at a high
CH . . . .
ot py,u,,:,e ® enough level to drive ATP formation during glycolysis
o O
o
[Rib]
AG'° = = 31.4 kJ/mol ATP
\

Summary — Energy Investment, Cleavage & Energy Harvest

. . ENERGY LEDGER PER MOLECULE OF GLUCOSE
10 Steps involves in Glycolysis

©0000® GClucose v

— STEP ENZYME ATP NADH
00000® Glubt-P
e e ) meL
eceoss Fr1ELR 1 Hexokinase -1 —
N
[OHAP | @0@
bt (712 CLY3 frer A 3 PFK-1 -1 —
”:g.. [1.3-bPG] 1.3 o@‘;"
000[3 5] 3PG| 00
T T "l 6 (x2) GAPDH — +2
B -»3
>TEE  EE, Y
" e [Py ] [Py ] @oe A 7 (x2) PGK +2 —
10 steps involved in glycolysis
10 (x2) Pyruvate kinase +2 —
Energy investment Cleavage
Energy harvest Net per glucose +2 ATP +2 NADH
-2 +4 +2
ATP consumed — hexose stage ATP produced — triose stage net ATP per glucose

Foran A*
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=== THE FATE OF PYRUVATE

Feeder Pathways

-
>
2 CH,OH
w 0,
) Trehalose Lactose Ho H
lactase
trehalase OH H
> H OH
H,0
CH;OH 2 H OH

o «—/— Glycogen; starch p-Galactose

JLVANYAL ® S¥y3qa3iid

H H a-amylase
" M
Pi N phosphorylase 7z
Sucrose UDP-galactose
'd
sucrase Glucose —— UDP-glucose
-Glucose e 1-phosphate CH,OH
@ hexokinase phosphogluco- - O, o
5 HOCH, .  CH,OH mutase H
o OH HO
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Figure 14-10
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H. Freeman and Company
Figure 14-10 - Lehninger Principles of Biochemistry
f f f
o= Allcarbohydrates /5 Inmuscle () Glycerol
All carbohydrates enter Entry is often via Highlighted on the figure as
glycolysis. hexokinase. a feeder into glycolysis.
3 3 3
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=== THE FATE OF PYRUVATE

The Fate of Pyruvate

% Aerobic conditions

MOLECULAR OXYGEN AVAILABLE

NADH can be oxidized by the membrane-
associated electron transport system, which
requires molecular oxygen.

CH,OH
H OH
H
OH H
HO OH
H OH
Glucose CH;0H
CHs
Glycolysis Ethanol
coo® l co, c|H°
| co COO<9 » CH;
c=0 2
| - c=0 (3) Acetaldehyde
CH3 (2) |
¢oo® TN coo®
Pyruvate
Oxaloacetate HCOH
/ (§)] éH;
C|00@ ) €0, Lactate
H3N—C|H SI-CoA
CH; f=0
Alanine CH;
Acetyl CoA

NO OXYGEN

@ Anaerobic conditions

The synthesis of ethanol or lactate consumes
NADH and regenerates the NAD* essential
for continued glycolysis.

-4 Figure 11.9

Five major fates of pyruvate: (1) Under aerobic
conditions, pyruvate is oxidized to the acety!
group of acetyl CoA, which can enter the cit-
ric acid cycle for further oxidation. (2) Pyru-
vate can be converted to oxaloacetate, which
can be a precursor in gluconeogenesis.

(3) Under anaerobic conditions, certain
microorganisms ferment glucose to ethanol
via pyruvate. (4) Glucose undergoes anaero-
bic glycolysis to lactate in vigorously exercis-
ing muscles, red blood cells, and certain other
cells. (9) Pyruvate is converted to alanine.

Metabolism of Pyruvate to Ethanol

In yeast — the anaerobic production of beer and wine. Two reactions are required:

Pyruvate

Acetaldehyde
(1) pyruvate carboxylase

Ethanol
(2) alcohol dehydrogenase

Foran A*
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=== THE FATE OF PYRUVATE

Fermentation

FERMENTATION

Electrons from glycolysis — in the form of NADH — are passed to an organic molecule such as

ethanol, instead of to the membrane-associated electron transport chain and ultimately oxygen
(respiration).

The sum of the glycolytic reactions and the conversion of pyruvate to ethanol is:

Glucose +2P;> +2ADP* +2H* — 2Ethanol+2CO,+2ATP4 +2H,0

In the absence of oxygen, eukaryotes have to give up the net gain of 2 NADH molecules
in order to make lactate or ethanol.

@ Reduction of Pyruvate to Lactate

> Muscles lack pyruvate dehydrogenase and > Common in anaerobic bacteria and also in
cannot produce ethanol from pyruvate mammals
> Muscle lactate dehydrogenase converts > Regenerates NAD* for use by GAPDH in
pyruvate to lactate in a reversible reaction glycolysis
Tc:u::re (IZD o=
C=—0 + NADH + H® ¢ > HO—C—H + NADD
Lactate |
CH 3 dehydrogenasa CH -
Pyruvate L-Lactate

@ Recycling of Lactate

D Y

Skeletal muscle Transport Liver

lactate formed during exercise to the liver lactate dehydrogenase reconverts lactate
to pyruvate

m Lactic acidosis can result from insufficient oxygen — an increase in lactic acid and a
decrease in blood pH.
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Overall Reactions: Glucose Degradation to Lactate

-

>

a

=

'S

- Glucose +2P2 + 2 ADP*- — 2Lactate” +2ATP* +2H,0

o

(=

>

2

o

4 °

) 2 ATP No O: Either end
per molecule of glucose oxygen is not required same yield whether ethanol or
consumed lactate

aolLLET SNEa

O Regardless of the final product — ethanol or lactate — glycolysis generates two ATP per glucose
without oxygen. This is essential for anaerobic organisms and for some specialized cells in
multicellular organisms.

@ Free-Energy Changes in Glycolysis

Actual free-energy changes (AG) are large only for three steps:

® : B 1 1

=0 =0 =0 =0 =0 =0 =0 LARGE AG
f f f

a Hexokinase - a Phosphofructokinase a Pyruvate kinase -
step1 -step 3 step 10

Large AG — Large AG — metabolically Large AG —

metabolically irreversible and regulated. metabolically

irreversible and irreversible and

regulated. regulated.
\ 3 3

ALL OTHER STEPS AG is close to zero — they are near-equilibrium in cells.
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Regulation of Glycolysis

-
>
3 r
a When ATP is needed When ATP levels are sufficient
;, GLYCOLYSIS IS ACTIVATED GLYCOLYSIS ACTIVITY DECREASES
b AMP and fructose 2,6-bisphosphate (F2,6BP) > PFK-1is inhibited by ATP and citrate
2 relieve the inhibition of PFK-1by ATP. > Hexokinase is inhibited by excess glucose 6-
g phosphate
3 3

Regulation of Hexose Transporters

aolLLET SNEa

O The first potential step for regulating glycolysis is the transport of glucose into the cell. Glucose enters
mammalian cells by passive transport down a concentration gradient from blood to cells.

TRANSPORTER ROLE

Na*-dependent cotransport — absorbs dietary and urinary

SGLT1 Intestinal and kidney cells .
glucose, respectively
GLUT1& GLUT3 Most tissues Basal level of glucose transport in the absence of insulin
GLUT2 Liver Transports glucose into and out of the liver
Skeletal and heart muscle, . ; .
GLUT4 . Insulin stimulates high rates of glucose uptake
adipocytes
GLUTS Small intestine Transports fructose

O Other mammalian cells contain transporters from the GLUT family of passive hexose transporters — each
of its six members has unique properties suited to its tissue.

Regulation of Glucose Transport by Insulin

Insulin

Insulin

| { Insulin binds to '
h cell-surface receptors

O Because GLUT4 is found at high levels
only in striated muscle and adipose

o= = SN

Tyrosine- Tyrosine-

kinase kinase GLUT4
domains domains

4 Figure 11.13

Regulation of glucose by insulin. The .

binding of insulin to cell-surface receptors

stimulates intracellular vesicles containing

membrane-embedded GLUT4 transporters

Vesicle

tissue, insulin-regulated glucose

[ i PG D

uptake occurs only in these tissues.

to fuse with the plasma membrane. This de-
livers GLUT4 transporters to the cell surface
and thereby increases the capacity of the
cell to transport glucose.
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Regulation of Hexokinase

> The hexokinase reaction is metabolically irreversible

- v Liyvd

> At physiological concentrations, the product G6P allosterically inhibits
hexokinase isozymes I, Il, and lll — but not glucokinase

"= = Glucose 6-phosphate
|

v

G6P levels increase when glycolysis is inhibited further along the
pathway

NOILVIN93d

a Glucokinase

Forms G6P in the liver (for glycogen synthesis)

Inhibition of hexokinases I, Il
and Il by G6P coordinates
hexokinase activity with
the subsequent enzymes of
glycolysis.

aolLLET SNEa

COORDINATION

when glucose is abundant; activity is modulated
by fructose phosphates and a regulatory
protein.

Box 11.5 — Glucose 6-Phosphate Has a Pivotal Metabolic Role
in the Liver

BOX 11.5 GLUCOSE 6-PHOSPHATE HAS A PIVOTAL METABOLIC ROLE IN THE LIVER

Glucose 6-phosphate is an initial substrate for several metabolic
pathways (figure below). We have already seen that it is the ini-
tial intermediate in glycolysis. Glucose 6-phosphate is formed
rapidly in liver cells from dietary glucose or newly synthesized
glucose (from gluconeogenesis in liver cells; Section 12.1).

The principal use of liver glucose 6-phosphate is to
maintain a constant concentration of blood glucose. Glucose
6-phosphatase is the enzyme responsible for catalyzing hy-
drolysis of glucose 6-phosphate to glucose. (This reaction is
also the last step in gluconeogenesis.)

Glucose 6-phosphate that is not required for blood glu-
cose is stored as liver glycogen (Section 12.6). Glycogen is

subsequently degraded when a supply of glucose is needed.
Hormones regulate both the synthesis and degradation of
glycogen.

In addition to using it for balancing the blood glucose
concentration, the liver metabolizes glucose 6-phosphate by
the pentose phosphate pathway (Section 12.5) to produce ri-
bose 5-phosphate (for nucleotides) and NADPH (for synthe-
sis of fatty acids). We have seen in this chapter that glucose
6-phosphate can also enter the glycolytic pathway, where it is
converted initially to pyruvate, which leads to another major
metabolite—acetyl CoA.

OV GIE IISLEUUI 1 WG HYEL.

o
43 (Rapid) | Hexokinases
ATP Glycolysis / Gluconeogenesis
It8] < Glucose 1-phosphate
e r\
Glucose
Pentose
Ribose 5-phosphate” phosphate l 6-phosphatase \G;ycoge"
pathway
%
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BMS 23110B - Glycolysis

@ Regulation of Phosphofructokinase-1 (PFK-1)

@ Inhibitors

> ATP — both a substrate and an allosteric inhibitor of
PFK-1

> Citrate — a citric acid cycle intermediate; elevated
citrate means the cycle is blocked, so further
pyruvate production would be pointless

@ Activators

> AMP in mammals — acts by relieving the inhibition
caused by ATP

> ADP activates the bacterial enzyme

Regulation of Pyruvate Kinase

¢ Four PK isozymes exist in mammalian tissues
¢ PKis allosterically activated by F1,6BP and inhibited by ATP

¢ Liver PK activity decreases on starvation and increases on
a diet high in carbohydrate

¢ Glucagon stimulates protein kinase A, which phosphorylates
PK into a less active form (liver and intestinal cells)

Activation of PK by F1,6BP is an

example of feed-forward activation.

Foran A*
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Review Questions

>
3 Y¢ DR. ASMAA ADDITION
»
» r
o 1. Which molecule acts as an allosteric inhibitor of phosphofructokinase-1(PFK-1),
> reducing the rate of glycolysis when energy is abundant?
o
z a) AMP
o
4
“ b)  ADP
=
c) ATP

d) Fructose-2,6-bisphosphate

2. Feedback inhibition typically occurs when a metabolic pathway is regulated by:

a) The initial substrate

b)  The intermediate products

c) The end product of the pathway

d) A coenzyme involved in the process

Foran A*




- AYVWNNANS

ao0LLEZ SNE

A*ACADEMY

= GLYCOLYSIS

To Summarise...

Glycolysis
Glucose - 2 pyruvate in the cytosol

Hexose stage -2 ATP; triose stage +4 ATP
Net: 2 ATP + 2 NADH per glucose

[

DHAP + GAP
Cleavage
e Aldolase: F1,6BP > DHAP + GAP
s TPl converts DHAP to GAP

e Every triose step runs twice per glucose

f
027

Fate of pyruvate

a Aerobic: NADH via the electron transport
system

e Anaerobic: ethanol (yeast) or lactate (muscle)

e Both regenerate NAD"; lactate recycled in liver

Invest

Split

2 ATP phosphorylate F1,6BP - two trioses
glucose & F6P (GAP)

f

f

BMS 23110B - Glycolysis

CIXE 1-3-7-10

Kinases & control points

® All four kinases need M92+
e Steps 1, 3,10: large AG, irreversible

@ PFK-1is the first committed step

ATP + NADH

Energy harvest

e GAPDH: NAD* - NADH
s PGCK & PK: substrate-level phosphorylation

a PEP has very high transfer potential

PFK-1

Regulation

e HK Il inhibited by G6P, not glucokinase
e PFK-1: - ATP, citrate; + AMP, F2,6BP
e PK: + F1,6BP (feed-forward); — ATP, glucagon

Harvest Pyruvate

4 ATP + 2 NADH from 2 aerobic: acetyl CoA -

GAP anaerobic: ethanol or
lactate
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