The payoff phase
converts 2 GAP to
2 pyruvate, yielding
4 ATP and 2 NADH

2GAP + 4ADP + 2P, + 2NAD*

l

2 pyruvate + 4ATP + 2H,0 + 2NADH

generation of
“high-energy”

MNADH) compound

substrate-level
phosphorylation

rearrangement

generation of
“high-energy”
compound

substrate-level
phosphorylation



Step 6. GAPDH catalyzes the oxidation and
phosphorylation of GAP to 1,3-BPG

NADH NADH
made made (")

H O0—P—0"
N’ o NAD* NADH + H* c/ (I)_
I | I
HCOH + HO—P—O0~ 3 \' / > HCOH
2 3 glyceraldehyde | >
. dehydrogenase
Glyceraldehyde Inorganic e 1,3-Bisphosphoglycerate

3-phosphate phosphate

high-energy

* This step provides for the net intermediate

synthesis of ATP in glycolysis
» The oxidation yields NADH, which
can be used to make more ATP

IO
via aerobic metabolism AG 6.3 kJ/mol




GAPDH links oxidation to phosphorylation
through temporary formation of a thioester

NAD*

Glyceraldehyde .
3-phosphate ?
dehydrogenase Cys

szopog-
HcI:OH
C=0

(Iwo;‘ ‘g

1,3-Bisphosphoglycerate

CH,0PO3"

I
NAD* HWO—?— OH
&

Glyceraldehyde NAD*

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.

o]

NADH
. NAD*

; @ J)

NADH

The NADH product leaves the
active site and is replaced by
another molecule of NAD".

H/‘§~O

CH,0P03"

HfOH

C

f-
Cys
A covalent thiohemiacetal
@ linkage forms between the
substrate and the -5~
group of the Cys residue.

NAD™ TH20P0§‘
\HfOH

H—?-fa-
S
I
Cys
The enzyme-substrate
intermediate is oxidized by
the NAD™ bound to the
active site.
<I:H20Po§-
H|COH
i°
S
I
Cys



NAD+ binding to GAPDH promotes
deprotonation of active-site Cys

CH,OPO0?"
NAD* Glyceraldehyde NAD* HfOH
3-phosphate C
\ @ b
Glyceraldehyde i : \
3-phosphate f Formation of enzyme- |s
dehydrogenase Cys substrate complex. The Cys

active-site Cys has a reduced
pK, (5.5 instead

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

Electrostatic catalysis



Deprotonated Cys is nucleophilic and
attacks the electrophilic carbonyl carbon

Covalent catalysis

CH,0PO?%"

NAD* HCOH

/C\"*’

H o

—w_ T8

<
wn

A covalent thiohemiacetal
@ linkage forms between the
substrate and the -S~
group of the Cys residue.

NAD™ CI-'HzOPO%'
H—éf&
S
I
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The tetrahedral intermediate kicks out a
hydride ion, which is accepted by NAD*

NAD" TH20P0§‘
\HfOH
H-CcX0"

Oxidation-reduction 1

step e
The enzyme-substrate

intermediate is oxidized by

the NAD" bound to th
The energy that would @ p 3 e

ZH active site.
be released on oxidation ;
is retained through the NADH ?H20P0§'
formation of the thioester HCOH

I

C=0

I
S

I
Cys



NAD*

Glyceraldehyde )
3-phosphate |s
dehydrogenase Cys

szoPog-
HfOH

N

tI)Po_,?‘ ®

1,3-Bisphosphoglycerate

?H20P0§'
NAD™*
C=0
Eeek! |)
Tetrahedral 3
intermediate cls
not shown! »

HVO—P— OH
|
S O,

P. acts as a nucleophile and

releases the product

The energy of the broken
thioester is retained in the
mixed-anhydride product

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

1
NADH

P, NAD*

NADH

The NADH product leaves the
active site and is replaced by
another molecule of NAD.

CH,0P0%"
HCOH

Cys



Step 7: Phosphoglycerate kinase (PGK)
catalyzes the first synthesis of ATP

This step replaces
the two ATPs used
In the preparatory

phase

g P)
o, 0—P—0 (P)
\C/ J)_ "
)
"ToH Rl'b Adeni
ib HAdenine
CH,0P03 Substrate-level
1,3-Bisphosphoglycerate ADP phOSphOrylation
+|| phosphoglycerate
Mg* kinase
§ ATP made
o0 o ‘O—IL=0
\c/ (P)
HoH @ ATP made
cIHZOPog' (IJ

Rib

Adenine

3-Phosphoglycerate

ATP AG'°=-18.5 kJ/mol




PGK undergoes a conformational change
(induced fit) on binding its substrates




Step 8: PGM catalyzes the isomerization of
3PG to 2PG, in preparation for making PEP

o 0 o) (0
N\ . N\
\? Mgz ‘ \?/
H(I:_OH Bhosphoglycerate HCII —0—PO;*
CH,—O0—PO,>~  Mutase CH,—OH
3-Phosphoglycerate 2-Phosphoglycerate

AG’'°= 4.4 kJ/mol




The active PGM enzyme contains a
phospho-His in its active site

NJ
/

2._
PO2
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Phosphoglycerate mutase

/;His
=~
~00C 2-05P LN+

| NN
H—C—0—H+——_

I N
Hzc —O_P03_ (

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 His
| / \%
H —cI —0—PO3 N\/N
H,C —0—P0O32~ o W
N .
2,3-Bisphosphoglycerate /
(2,3-BPG) HN

His

Figure 14-8 part 1
Lehninger Principles of Biochemistry, Fifth Edition
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H,C —0—PO2~

His
=~
:N
\/N
H

uan

2,3-Bisphosphoglycerate

(2,3-BPG)

@

HN/

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
==
2-0,P —N} |

B oy
H—C —0—PO3~
N
H2C —O—H

2-Phosphoglycerate HN

Figure 14-8 part 2

/

His

Lehninger Principles of Biochemistry, Fifth Edition
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Step 9: Enolase catalyzes the dehydration of
2PG to PEP, a ‘high-energy’ intermediate

high-energy’
intermediate

0\ c:/0 H>O 0\ C/O
I |
H—?—0P032‘ ,i‘ C—OPO;*"
HO—CH, enolase !:Hz
2-Phosphoglycerate Phosphoenolpyruvate

AG’°=17.5 kJ/mol




Mg?* ions are essential in the enolate

reaction

Lys345 abstracts a
Mg2* PO g' proton by general
base catalysis. Two

: so\ (I) !|1 Mg”‘l ions stal:'ilize the
Mg JCTSCH | intermediate.
Enolase "K’ H 3: o .
H —I}I—H \(l:/ @
Lys345 Glu21

2-Phosphoglycerate bound to enzyme

|
Lys345 Glu211

Enolic intermediate

Glu211 facilitates
@ elimination of the -OH

HOH ;
group by general acid
catalysis.

i
- o
H
O\C (IZ—C/
7 N\
0/ H

Phosphoenolpyruvate



Enolase

G|u211

Figure 6-23b

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



Step 10: Pyruvate kinase catalyzes a
phosphoryl transfer from PEP to ADP

(o) O
X’ o P
(i 6 ..
gHz o~ (I)
Rib [ -{Adenine] SuUbstrate-level
Phosphoenolpyruvate ADP phosph()rylation

Mg, K* \pyruvate

kinase
- O-
0\ /o I ATP made
? -0—P=0
. . C=0
This step yields a | ' ®)
net production of two Era (P) ATP made
Pyruvate
ATPs per glucose .
I
|

ib Adenine

AG'°= - 31.4 kJ/mol ATP




Catalysis by PK depends on Mg4* and K*
lons

M92+ (o} M92+ 2+
oAl N ATP 3 1
0 0—P—O o 0 -3 o-

N\ I~ | | , } \ /)
C—¢ ©O + 0—P—0—P—0—Adenosine —<— c—C
Sl s u || T . 4 )

2 o o e Kt..-O CH,»
Phosphoenol- ADP formation Enolpyruvate
pyruvate (PEP)
M 2+
/0N Ht
0 N 0 0
\ 2D | \ 7
;N 2 s S
K+-O CH> 0 CH3

tauto-
Enolpyruvate merization Pyruvate



The enol-keto tautomerization of pyruvate is
why PEP is a ‘high-energy phosphate’ cpd

s COoO CoO0™
Hydrolysis | |
G*' =-16 kJ-mol’ ﬁ—ONPoi' + HOo T~ ¢—o=H * HPOZ

C C
/ H/ \H H/ \H

Not sufficient for

phosphoryl transfer Phosphoenol-
to ADP pyruvate
coo- Co0™
Tautomerization ‘|I'i —O0—H : (:Z -
or _ _ . -1 >
G°' =-46 kJ-mol c .
H H |
H
Pyruvate Pyruvate
(enol form) (keto form)
Overall reaction CIOO CIOO
G =-61.9k)-mol! C—O~PO} + H,0 <~ CI

=0 + HPO}
C H—C—H

T
\
/
T

::_n



The payoff phase
converts 2 GAP to
2 pyruvate, yielding
4 ATP and 2 NADH

2GAP + 4ADP + 2P, + 2NAD*

l

2 pyruvate + 4ATP + 2H,0 + 2NADH

generation of
“high-energy”

MNADH) compound

substrate-level
phosphorylation

rearrangement

generation of
“high-energy”
compound

substrate-level
phosphorylation



Glucose

G6P (P)

phosphorylation

isomerization

F6P —P)

(P FBP P

phosphorylation

cleavage

(P GAP | {—>>|DHAP

_®
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generation of
“high-energy”
compound

substrate-level
phosphorylation

rearrangement
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“high-energy”
compound

substrate-level
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