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OUTLINE:
Glycogenolysis
phosphorylase - acid/base; carbo-cation; PLP cofactor
debranching enzyme
phosphoglucomu’rase - acid/base; phospho-enzyme; bisphosphate int.
Glycolysis
Introduction & overview; 2 phases
Phase I
hexokinase - phosphotransferase-coupling
PGI - endiol
PFK1 - phosphotransferase-coupling
Aldolase - Schiff base (electron sink to stabilize a carbanion)
TPI - endiol (fast)
Phase 11
GAPDH - oxidation
PG kinase - return on investment- substrate-level phosphorylation
PG mutase - acid/base phospho-enzyme
Enolase - enolate
Pyruvate Kinase - phosphotransferase

Glycolysis:
Triose-phosphate isomer\a\s\e

Enediol Intermediate
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Glycolysis: Overview

+ Two Phases/Four concepts e .. O
— Preparatory phase —— 33{" i
- Phosphorylation by ATP “’"F""’ Koyt
- Cleavage wwwg;:. Pt
— Payoff | S, EE
+ Oxidation preer ”o /}
+ Phosphorylation of ADP R [ soruny,

[ o

Glycolysis: Overview

— Payoff
+ Oxidation
» Phosphorylation of ADP




Glycolysis: Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)

o\c/" o NAD* NADH +H" o o—por
| I N/
HCOH + HO—P—0 C o-
| glyceraldehyde
CH,0P03"~ 0% 3-phosphate HCOH
dehydrogenase | .
Glyceraldehyde Inorganic CH,0PO3
. 3-phosph phosph 1,3-Bisphosphoglycerate
- Rationale: A6 = 6.3 Kimol G
— Recall Pyruvate is an acid; need to oxidize aldehyde et (';'_q
— incorporates inorganic phosphate H—C —OH H+OH’
— generation of a high-energy phosphate compound c',,o@ CHZO®

— which allows for net production of ATP via glycolysis!
* First energy-yielding step in glycolysis
* First oxidation: aldehyde to carboxylate (ox)/NAD* to NADH (red).
* Active-site cysteine

— forms high-energy thioester intermediate The oxidation of glyceraldely e s
— subject to inactivation by oxidative stress RN

- Thermodynamically unfavorable/reversible (AG° = +1.8 kcal/mol)
— coupled to next reaction to pull forward

Glycolysis: Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)
Mechanism (w e g

\ inding

L A¢ Covalent
Glyceraldehyde g S e = H Al Y t | .
3-phosphate C;s complex. The active-site Cyshasa CL cata yS IS
dehydrogenase reduced pK, (5.5 instead of 8)
when NAD" is bound, and is in the A covalent thiohemiacetal
P ro d u Ct more reactive, thiolate form. o linkage forms between the
substrate and the —S~
group of the Cys residue.
release
i 0PO3~ NAD cl"'omi_
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i e e 1,3-Bisphosphoglycerate Sacond produet; et i
i o 1,3-bisphosphoglycerate. intermediate s oxidized
— | ° © by the NAD* bound to
- o the active site.
: NAD®*  CH,0P0}~ 2 : NADH  CH,0PO%"
P, NAD
HCOH jO—P—OH 0o HCOH
T — | ]
Binding and o o T ¢ Exchange of
. . S s
incorporation of I, The NADH product leaves the & CO-substrate

active site and is replaced by

|norgan|c phosphate (Pl) another molecule of NAD*. nucleotide




Glycolysis: Phosphoglycerate
Kinase (PGK)
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- \ oy
oy /o—;l»—o ® ¢ ; ® i 2 i e,
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* Rationale:
— substrate-level phosphorylation to make ATP
— first of two “payoff” steps
+ 1,3-bisphosphoglycerate is a high-energy compound.
— can donate the phosphate group to ADP to make ATP
» Named for the reverse reaction; recall Kinases are enzymes that transfer
phosphate groups between ATP and various substrates.
« Highly thermodynamically favorable/reversible (AG® = —5.5 kcal/mol)
— This reaction can pull the entire pathway to this point; but only modestly
favorable (—1.9 kcal/mol)

Glycolysis: Phosphoglycerate
Mutase (PGM)

Migration of the Phosphate

(0] (o) (o) (o
I+ \ /
\cl/ Mgz \C
HC—OH phosphoglycerate HC —O0—PO3~
H,—O0—pO3~  Mutase CH,—OH o o o
C—OH
3-Phosphoglycerate 2-Phosphoglycerate H+OH 0
* Rationale: c,0(B) CHs

— Notice that reduction of C3 and oxidation of C2 means no net redox.
— Need to get C3 dehydrated, so need to move phosphoryl group
— Need to form high-energy phosphate compound to make glycolysis a
net ATP producer.
* Mutases catalyze the (apparent) migration of functional groups.
- Thermodynamically unfavorable/reversible (AG = +1.1

kcal/mol)
— reactant concentration kept high by favorability through PGK reaction.




Glycolysis: Phosphoglycerate
Mutase (PGM)

Phosphoglycerate mutase
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3~Phospho¢ly(eule"" >

Base catalysis

3 |
H—C—0— PO
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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.

/~His

'\/N

2,3-Bisphosphoglycerate (J

(2,3-8PG)

Acid catalysis

Phosphoryl transfer from C-3

of the substrate to the first

7 Acid/base Catalysis
* Similar to other mutases

* One of the active-site histidines is
post-translationally modified to
phospho-histidine.

* Phospho-histidine donates its
phosphate to 3-phosphoglycerate
at the C2-oxygen before retrieving
the phosphate from the 3-carbon
oxygen.

a H active-site His. The second
ridcatatyst, 9=l Note that the phosphate from the
) . substrate ends up bound to the same
i iy = His at the end of the reaction.
me—o—u " — Note that the other His acts as an

2-Phosphoglycerate HN

\His

acid/base catalyst

The Mutases

A

Accomplishing Phosphomutase Activity

N

C phosphoglycerate C I
I mutase | « One blndlng Step
H— (I: OH H— CI: 0P05? — No reorientation required
CH,0P05? CHa0H
3-phosphoglycerate 2-phosphoglycerate
1
Ho—P~g * Two binding steps
HO a-phospho- OH - Glycogen metabolism
glucomutase
HO Q HO Q —  Bis| phospho?{late_d
HO. HO intermediate flips in
oH oH “vestibule”
OH OP042 — No glucose exchange
glucose 6-phosphate a-glucose 1-phosphate
0
g
H HO™ ™o . Two binding steps
i/o ;5| phosptho HO Free bis-phosphorylated
o8 o giromuase HO 0 intermediate flips outside
w O —p Ho OH active site
OH — HAD

B-glucose 1-phosphate

glucose 6-phosphate

Exchange glucose
Micro-organisms




Glycolysis: Enolase

0\c /O H,0 O\c /0
| [
H—C—OPO?- —L‘ ﬁ—opog'
HO—CH, enolase CH,
2-Phosphoglycerate Phosphoenolpyrgvate
(Ijl—OH 0 O_
-Rationale: H O® %
CH,0H CHs

— Dehydrates C3 to reduce it like pyruvate
— Double-bonded C2-C3 is part of an en-ol except that the C2-alcohol is in ester

linkage with a phosphate
*2-Phosphoglycerate is not a good enough phosphate donor to generate ATP.
— loss of phosphate from 2-PG would give a secondary alcohol, which is completely
stable

+Slightly thermodynamically unfavorable/reversible (AG° = +1.8 kcal/mol)
— product concentration kept low to pull forward

Glycolysis: Enolase
Mechanismwy Dehydration
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Glycolysis: Py

ruvate Kinase (PK)

+ Loss of phosphate from PEP yields an enol that
+ Tautomerization

— drives the reaction toward ATP formation

groups between ATP and various substrates.

— This reaction pulls the entire glycolytic pathway.

O, o, 0 oty e
\‘f/ ® N/ o—I—o & )m—{l. O\\C/O Os__O
ﬁ—O—P—O' + ® = %—0 + ® i“" ) e | '
CHy &- 5 Pyruvate kinase Hs & 3 sl o Sox G _f_'“‘ %—O IO
Phosphoenolpyruvate ADP - 1 %_ " Fuf-f-’ﬂ-{-'}.-%)—@—':' _‘m‘ CH2 CH3
+ Rationale: R jmmmm] N N
— substrate-level phosphorylation to make ATP o i“ P e
— second of two “payoff” steps B -
— net production of 2 ATP/glucose Bl it P it

+ Phosphoenolpyruvate (PEP) is a high-energy compound.
can donate the phosphate group to ADP to make ATP

— effectively lowers the concentration of the reaction product

« Named for the reverse reaction; recall Kinases are enzymes that transfer phosphate

+ Pyruvate kinase requires divalent metals (Mg** or Mn**) for activity.
« Highly thermodynamically favorable/reversible (AG* = —8.2 kcal/mol)

— regulated by ATP, divalent metals, and other metabolites

tautomerizes into ketone.

Glycolysis: Pyruvate Kinase (PK)

Mechanism

Phosphoryl transfer
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* Phosphoryl transfer, to activate metabolites
# g ¥asescton

Z-p-w  Z=R—OH (nudeophile) 4’% >
d W= ADP (leaving group) 5 o
from 3p* procoods
(usually asscciative, S,2-live) mechanism.
The nuckeophile forms a partial bond 1o the phosphorous center, gving &
pantacovaient 319 O  panta-<oONGiNated ransion state.

substiution

» Glu (E315) acts as an acid to protonate the enol

» Arg (R116) acts to neutralize charges of
phosphates during transfer

All kinases seem to have this Arg

Phosphoglycolate
inhibitor

Stereo views




Glycolysis: Summary

Glucose + 2 NAD* + 2 ADP + 2 P; > 2 Pyruvate + 2 NADH + 2 H* + 2 ATP

+ Used:
— 1 glucose; 2 ATP; 2 NAD*, 2 ADP

+ Made:

— 2 pyruvate
« various different fates

— 4 ATP
+ The net of 2 ATP is used for energy-requiring

processes within the cell

— 2 NADH

* For glycolysis to continue, NADH must be re-oxidized

+ Glycolysis is heavily regulated.
— ensure proper use of nutrients
— ensure production of ATP only when needed
— will discuss details after we do the opposite pathway
(anabolism: gluconeogenesis )

Glycolysis: Isotope-labeling studies

Experiment: If you give “C-glucose to O
bacteria, with the label only on carbon #1, H——on
where would the label appear in GAP? HO——H
H——OH
H——OH
Fructose 1,6-bisphosphate
9 CH,OH
cIH,—o—®
*c=0
3l
HO—C—H
H-2C—OH
H-C—OH
Derived °cn,—o—® Derived
from from
glucose aldolése glucose Derived from
carbon carbon glucose carbons
1 CH,—O—@ NGO 4 4or3 H-c=0 p-Glyceraldehyde
2 CI—O H—C—OH 5 Sor2 H-2C—OH 3-phosphate
3 CH,0H CH,—0—(P) 6 6orl :kCIH,—O—®
Dihydroxyacetone Glyceraldehyde
\\/ Subsequent reactions

triose phosphate isomerase of glycolysis




Glycolysis: Isotope-labeling studies

Derived
from
glucose
carbon

Fructose 1,6-bisphosphate

'cl"‘z—o_®
*c=0
o
HO-2C—H
o
H-C—OH

aldolase
CH,—0—(P)
d=o
CH,0H

H—C=0

H—C—OH
c‘u,—o—@

Dihyd Civeicaldebivd

h h 2.nh h
L P P

\\/

triose phosphate isomerase

Derived
from
glucose
carbon

4
5

6

O\*/H
H——OH

HO——H
H——OH
H——OH
CH,OH

Experiment: If you give
14C-glucose to bacteria,
with the label only on
carbon #1, where would
the label appear in

pyruvate?

Derived from
glucose carbons

4 or 3w H—C=0
5 0r 2 =k H—C—OH 3-phosphate
6or1 =i ’CH3—0—®

!

p-Glyceraldehyde

0. O
1 1
5 o Pyruvate

M
¥
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3 CH3
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Glycolysis: Chemical Logic

rE NS 8 Phosphorylation
0 OH OH OH OH of glucose
1 | Glucose  gnsures that
oM pathway
intermediates
€ Phosphorylation occurs on C-6, ATP remain in the cell.
as C-1is a carbonyl group and
cannot be phosphorylated. ADP
g ou OH OH ?—@ Glucose
OH
© Isomerization moves the carbonyl to C-2,
a prerequisite for © and ©.
HO O OH OH 00— :) Fructose
(- I [ 6-phosph
ATP, OH

Dihydroxyacetone

ADP,

B ¢ 4> ¢

®—oigu

© C-1, now bearing a hydroxyl group, can be

phosphorylated. This ensures that both
products of C—C bond cleavage are
phosphorylated, and thus interconvertible.

1,6-bi:

Fructose

OH

phosphate

Glyceraldehyde
3-phosphate

O OH
g s @

AN

The carbonyl group at C-2
facilitates C—C bond cleavage at
the right location to yield two
3-carbon products by the reverse
of an aldol condensation.

Dihydroxyacetone
phosphate
®-9
‘—I—?" Glyceraldehyde
\ 3-phosphate
© [Interconver- \ ° o-®
sion of the two l—t_"
products of @ @ Oxidative phosphorylation
funnels both Ot ohiomcR IS ot
products into a —NAD',p, Phate, with one NADH
single produced, is a prerequisite
pathway. *NADH for ATP production in ©.
o oH o—(®
L.

app—_ | @ ATP production
ATP 2 oM °_® 3-Phosphoglycerate

/
ga _N

o © Theremaining

yl group moves from C-2
to C-3, setting up the final
steps of the pathway.

1
oH @ Dehydration activates
the for

phosphoryl
transfer to ADP in@.
Phosphoenolpyruvate

o - ADP
@ ATP production
ATP

o}o_j_ Pyruvate

&




Glycolysis

: Energetics

(a) Preparatory phase
Phosphorylation of glucose
and its conversion to Glucose
glyceraldehyde 3-phosphate
ATP o

first priming reaction hexokinase
ADP
Glucose 6-phosphate

thosphohexose

isomerase

Fructose 6-phosphate

(3]

ATP phospho-

second priming Ry
eaction ADP fructokinase-1
Fructose 1,6-bisphosphate
cleavage of 6-carbon o
sugar phosphate to aldolase
two 3-carbon sugar
R
phosp Glyceraldehyde 3-phosph
+

Dihydroxyacetone phosphate

Preparatory Phasg
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SKH Mo A2
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doni4
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@®)—0—cH, -(i‘—-cu,ou
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Glycolysis

: Energetics

Glyceraldehyde 2-phosphate ®—0—cH, _T" _C:O Th e P ayOff P h ase

Dihydroxyacetone phosphate

triose phosphate ®-°-<"’ —i—(H,ON
s “ +1.8 -37 +1.1 +1.8 -8.2
(b) Payoff phase P (+1.8-5.5)
Oxidative conversion of (2) Glyceraldehyde (2) ®—0—cH, —gH—c{ ii;? 0.2
aly Y P P = X ol H = i B =
to pyruvateand the coupled 5 |} " H -~ -2
formation of ATP and NADH 17| glyceraldehyde B
3 3-phosphate 1
oxidation and < : dehydrogenase ,o 250 o)
phosphorylation 2 NADH +2H (2) @—o0—cH, —cH—c{
(2) 1,3-Bisphosphoglycerate o o-®
. b N )
first ATP: ::::‘::g 2ALR : phosphoglycerate Pl % % 8 % g
ki =
(substrate-level 2/ATe s 2 ®—o—am, = c\o_ @ 5
phosphorylation)  (2) 3-Phosphoglycerate OH *
@
phosphoglycerate 0 o]

mutase

(2) 2-Phosphoglycerate

2",0 enolase
(2) Phosphoenolpyruvate

second ATP-forming 2ADP
reaction pamiets
(substrate-level 2P «| nase
phosphorylation) (2) Pyruvate

{t

(2) CH, —<In —c(o_
OH é
——g Total for 1 Glc >
i 2 Pyruvate is —35

—p kcal/mol
i 2
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Glycogenolysis & Glycolysis: Summary

CH,OH

Debrai

a'nas ummn s Glycogen

H  Fhosphoryiase
L7 Pi
HoCHy

Xepto

MW

Glucose 1-phosphate

This slide has
everything you
need to commit
to memory

13 enzymes
12 structures
‘co-substrates

A G LLLL]
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)
AP 3
n Mexokinase be CH,—0PO,” H OH
H ] M
Glucose 6-phosph:
o QM M Phosphoglucomutase
Phosphoglucose
2 isomerase H OH ¢y —opro,”
O CH,0H
Froctose 6-phosphate
4 ) oH
] Phosphofructo- |- TRTP
a8 kinase-1 s | aDp. i,—opo,- O M
0 CH,~0PO,’
Fructose 1,6-bisphosphate @
Aldolase: W OH
Triose Lo
Mo oM phosphate oM M
»o,m-é—z—é-u “ﬂnlw‘““n_-"‘”"'"” ‘W‘. P S -
" phosphate (2 molecules ) L
c.mu-h:ephhyde]k 2NAD* + 2P 3
3-phosphate NADH
umye: nase [P 2 AU Wy
o, ”“_f_f"'
[g Phosphoglycerate |- ZADE HO 0O,
kinase
,,..,,...;:: e
x ) . L
5] thphoq'y(uo- HO  oFO,"
mutase
o H H
2-Phosphoglycerate o TN )
2 les) I 1
op0  OH
a Enolase
Mg [%2H,0 o 5
Mhonbmmo 0_2 (_,'; "
(2 molecules)
0,00
m Pyruvate |- 2ADP Mg?
kinase s 2ATP. N
Pyrovate omt—lt—in
(2 molecules) A
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