Chapter 15

Principles of Metabolic Regulation:
Glucose and Glycogen
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METABOLIC PATHWAYS

Enzyme Regulation
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Tissue Half-life {days) Requiretl l:hange in [s]
. Hill coefficient to increase V, from
L 0.9 0
. (my) 10%t090% V.
Kidney 1.7
ot a1 0.5 X6,600
Brain 4.6 10 <81
2.0 X9
Muscle 10.7
3.0 X4.3
e e *
mﬁwummm
Protein
substrate
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ATP Pi " V=10.01 B V=200 c V=>500
protein kinase s:z:s:g&‘:’:em ’ © v=0.01 T V=190 T V=490
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v DRSO Which has the most negative AG ?



Initial velocity, V (arbitrary units)

Reaction
Mass action ratia, § Lo G lhl:v“;nll
Enzyme K Uiver Heart in vivol® Oimol) inheart
Hexckinase 1% 10% 2% 1072 8x 1072 No. =17 -7
PFK-1 1.0 % 107 9x1072 3x107? No -4 -23
Aldolase wxw*t 1axiw® #x10°® Yes +24 —6.0
Triose phosphate lomerase 4x107? - 24x 107" Yes +7.5 438
Glyceraldehyde 3-phosphate
dehydrogenase +
phosphoglycerate kinase 2x10° &% 107 8.0 Yes =11 435
Phosphoglycerate mutase 1% 11077 1zx0t Yes +4.4 +0.6
Enolase 3 29 14 Yes -32 -0.5
Pyruvate kinase 2x10% 7x107" 40 No -3 -1
Phasphoglucose isomerase 4x107'  3axw0'  24axw0? Yes +22 -14
Pyruvate carboxylase
+ PEP carboxykinase 7 1x107? — No -5.0 -23
Glucose 6-phasphatase 85107 1.2 %107 - Yes =17 =50
Ky EAS Start, C.{1973) Wilery Preis, New Yook, pp. 97, 261, AG" and AG™ were calculated
from these data.
“Fer AG
Table 15-3

iphes o
© 1008 . H Frewrian ared oy

Concentration before Concentration after
Adenine ATP depletion ATP depletion
nucleotide (mm) (mm) Relative change
ATP 5.0 4.5 10%
ADP 1.0 1.0 0
AMP 0.1 0.6 600%

Table 154
Linkningrer Principles of Siockemistry, Fifth Esitios
© JO0RW . Frwermian and Cormpany
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Figure 15-5
Eekirnger Priniples of Raschesmistry, Fifth Eibnion
© J008W.H Fepernan and Comgursy

Role of AMP-activated Protein Kinase

Bialny +IAMP]

Exercise
Skeletal muscle
Fatty acid uptake, oxidation
Glucose uptake
Mitochondrial biogenesis
Pancreatic p cell
ST -
| ; X \—'T\:/
- | 5 " Insulin
Fatty acid oxidation 1 4 secretion
Glucose uptake 1 Liver
Glycolysis !
Adipose tissue ¢
Fatty acid synthesis
Fatty acid synthesis Cholesterol synthesis
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Figure 15-6
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Which Enzyme Controls Glycolytic Flux ?

0.10
Metabolic Regulation Functions To: Hexokinase IV
0.08f
1. Maximize efficiency of energy source use, stops futile x
cycles. ¥ 0.06f
2. Partitions metabolites and enzymes (Ex alternative %
pathways — Glycolysis and PPP). 5 0.0af
[c]

Phosphofructokinase-1

3. Use best suited energy source of the immediate need of the

) . : . —
organism (glucose, glycogen, fatty acids, amino acids). Phosphohexose
4. Shuts down biosynthesis when products accumulate. | isomerase
O'DUD 0,.5 110 'I,IS 2:0 215 3‘.1]
Enzyme added (arbitrary units)
i i ? ? . - .
What s a Futile Cycle? Have we seen one already? Experiment: purified enzymes added to liver cell extract

carrying out glycolysis with own enzymes.

Elastisity Coefficient Depends on [S]

Flux Coefficients Determine Flow Path v
E MAX— == ——mmmm e m e m =
C,= —0.2 £~0.0
Vv EE==
i
C B < Ccos P :
1=03 2= 0.0 3=0. Lo ot
rm‘::w«wm.rm(m l
e sl Bachont -
K [S]

Figure 15-9
Lebninger Frinciples ol Beechamisiry. Ffth Ebtion
2008 . Fnpemar v Cerresany



Metabolic Response Coefficient

Py
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Hexokinase-1 Regulation in Muscles

Glucose-6-Phosphate is a negative allosteric regulator of
Hexokinase | and Il

So how many binding sites on Hexokinase | and Il for
Glucose-6-P are there?

Glucose + ATP = Glucose-6-P + ADP

Insulin Regulation On Muscle Cells

Capillary
Plasma Myocyte
-~~~ membrane
/GLUT4
Glucose
/ ,————hx- hexokinase
/
'
1
al | Glucose 6-phosphate
i
i
,J! Glucose 1-phosphate
‘\
i
Ingulin | UDP-glucose
‘\‘-___*- \ glycogen
=¥ synthase
Glycogen
Figure 1510
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00 W T, and Compuany

Potential Futile Cycles between Glycolysis and

Gluconeogenesis
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"ubmnww erate kinae
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praueate kinsse
)‘».m.,.u ——
12} Pyrivate

4/28/2010



4/28/2010

1. Hexokinase Isozymes Hexokinase IV Regulation in Liver

( Hexokinase | Capillary Glycogen .
\ Cytosol |[Nucleus
GLUT2 /
L

Check out Box 15-2 :
ISOZYMES, the

example is Lactic Acid Elumc
Dehyrogenase (LDH
. yrog (LDH) Plasma Hexokinase IV
Hexokinase IV / membrane
(glucokinase)

Glucose 6-phosphate

1.0

Glucose ========m=m====

Relative enzyme activity

Fructose 6-phosphate —————————-

0 5 10 15 20
Glucose concentration (mm)

Hexokinase |V is also called Glucokinase

. Nuclear
i o

Glucokinase=Hexokinase IV
Signal Sequences: 300-310 ELVRLVLLKLV

£ Nuclear
NS S0 envelope

says export me to the cytoplasm.
347-358 QIHNILSTGLR

says associate with GKRP

Glucokinase Regulatory Protein = GKRP

=
Nuclear Localization Sequence: PKKKRKV (prototype) B

02m

NLS = Nuclear Localization Sequence.
+ Importins a and

4-8 aa’s of which there are consequitive
K’'s and R’s.
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Low [ATP]

ATP AMP ADP
®'w
- Fructose 6- + ATP ———————> Fructose 1,6- + ADP
High [ATP] phosphate ,® ,@ bisphosphate
Voo
citrate fructose 2,6-
bisphosphate

[Fructose 6-phosphate]

PFK-1 activity

Figure 15-14b
Eehninger Prisiphes of Buochemisary, Fifth Editios.
& 3008V H. Freernun and Compuany

Gluconeogenesis (o) (o)
1 || ||
ATP Fructose 6-phosphate P, O_Fl’ —O0—CH> O—Fl’ —0
X e----natP o- (o) o
PFK-1 %t---- :;Z )® FBPase-1 H HO
€—===AMP -===-
®<-----citrate H CH2O0H
ADP Fructose 1,6-bisphosphate H,0 OH H
GHjolysls Fructose 2,6-bisphosphate

Unnumbered 15 psa7
Lokasinpre Principhes of Bchesmistr, Fifth Edirise

Figure 15-15
Cbpioger Priswiples of Baschemisary, Fith Editios v
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Gluconeogenesis

1

ATP Fructose 6-phosphate P;

ATP Fructose 6-phosphate P.
1
PFK-1 @ €---- F26BP ----» ® FBPase-1 PFK-2 FBPase-2
ADP P eCOoh
ADP Fructose 1,6-bisphosphate H,0 Fructose 2,6-bisphosphate
Glycolysis

Figure 15-16¢
!
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~/ P2 [T
1[F26BP] =/ lactive) 5
Stimulates glycolysis, FBPase-2
inhibits gluconeogenesis (inactive)
P; — CcAMP- ATP
& phospho- dependent I
insulin ""’@ :;‘:;::““e pkmtein @‘----(‘;[I:\.ngu:;
i
Hzo nase .ﬂDP
PFK-2 (o]
V[F26BP] inactive) | = ¥ _
Inhibits glycolysis, Z/rPase2/~" |
bateoh Banesis — b e — o
L~
Frpavy
Figure 15-17h
O T
Phosophoprotein : ' Asubunit,
Phosphatase can ,
Recognize Different
Proteins .
E \l:»f
Substrate- Substrate-
recognition recognition
surfagul surfag«:
Holognzyme 1 Holognzyme 2
ngul!-!lb.’ i

-Principle.
© 2008 . Freeman and Cnmpany
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Phosphoprotein Phosphatase is Stimulated by
Xylulose-5-P

Inhibitor @SR Regulatory

Catalytic subunit

subunit

Xylulose-5-P also stimulates fatty acid syntehsis

Liver only : All glycolytic ti including liver
1
1
qbocfgon :
i
i i F16BP - =~ ===~ 3
& i =
ADP ATP : 6 steps :
PKA 1 ]
H PEP !
' |
Q - i FY.T I 7 7 xtp,
e P -. N acetyl-CoA,
e . 4 / Ionp—ch_lin
Pyruvate 1Pyruvate ATP ¥ | (KR === 5 fatty acids
kinase L ! kinase !
(inactive) PP i LM Pyruvate :
1
H;0 L transamination |
1 |
H Alanine - —————— -
Figure 15-19
Lnkninger Principies of Sockemiitry, Fifth Editios.

0 7008 W W Freeman snd {ompany
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Gluconeogenesis
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Change in gene expression Pathway
Increased expression
Hexokinase Il Glycolysis
Hexokinase IV Glycolysis
Phosphofructokinase-1 (PFK-1) Glycolysis
Pyruvate kinase Glyeolysis
PEK-2/FBPase-2 Regulation of glycolysis/g| genesl
Glucose 6-phosphate dehydrog Pentose phosphate pathway (NADPH)
&-Phosphogl yedrog Pentose phosphate pathway (NADPH)
Pyruvate dehydrogenase Fatty acid synthesis
Acetyl-CoA carboxylase Fatty acid synthesis
Malic enzyme Fatty acid synthesis (NADPH)
ATP-citrate lyase Fatty acid synthesis (provides acetyl-CoA)
Fatty acid synthase complex Fatty acid synthesis
Stearoyl-CoA dehydrogenase Fatty acid desaturation
Acyl-CoA-glycerol transferases Triacylglycerol synthesis
Decreased expression
PEP carboxykinase Gluconeogenesis
Glucose 6-phosph lytic subunit) Glucose release to blood

Table 15-5

Smmw ity

'Ih
Insul —\

phosphoprotein

phosphatase
|

Figure 15-22
!

of Blackemisiry, Fifth Edirion
© 2008 W W Freeman and Compny

10



PEP Carboxykinase Regulatory Region is Complex

- Foullun ATF3 CREB aw

Glycogen Phosphorylase

Nonreducing end
CH20H CHz0H
H 4 H H A H
OH H OH H
o o-—
H OH H OH
p, -] glycogen Glycogen chain
phosphorylase (glucose),
Nonredu:lngend
SCH,0H CH,0H
5
H H
H -
0
‘Now H A ic * m
HO / D—PH—O HO o o—

H OH
Glucose 1-phosphate Glymgen shortened
by one residue

(glucose),,_,

4/28/2010

Glycogen Granules, Liver Cell

Glycogen Phosphorylase and Debranching Enzyme

Nonreducing ends

lr1—+8)
linkage
Glycogen
glycogen l
phosphorylase

Y0000 0060H00
o000o0 -
Glucose 1-phosphate
molecules
transferase

activity of
debranching

c;,,c;mc)mc)la OO(}G%OO—

lor1-+6)
glucosidase
activity of
debranching Glucose
enzyme o
000000000

Unbranched (o1~ .4}polmtr

for further

11



Phosphoglucomutase

HOCH;

H HO
Glucose 1-phosphate

Glucose 1 &blsphosphalu

o
~0— I! —0——CHy
o v
il
H HO

Glucose 6-phosphate

Phosplluglucornutase
L] \_ o
[
OH H p-o‘ O_T_
0‘ o

Glycogen Synthase uses UDP-glucose

p-Glucosyl group

CH,OH
(o]
H H
OH H idi
HO Uridine
o
H HO 1 I
“o—lﬁ—o—P_o“ H:l\ |
o]
UDP-glucose

(a sugar nucleotide) OH OH

Synthase
or

Synthetase

Thereis a
difference!

transporter— [ 5
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Liver Transports Glucose to Blood

Not a Cytoplasmic Enzyme

Plasma
Cytosol Glucose/ membrane
G6P 6-phosphatase
- Glucose Capillary
L 1) transporter
/ (12)
6P Glucose Glucose
ti P, P GLUT2
lumen \ P; transporter
(T3)
Increased
blood
glucose
concentration

NDP-sugar Pyrophosphorylase

1 mﬁ'
I I
0—?—0' + T0—$—0—8—056—0
o 0" [+ 0"
Sugar phosphate NTP
NDP-sugar
pyrophosphorylase
i 1 f 1
e o e e e
" [ - [
Pyrophosphate (PP;) Sugar nucleotide
inorganic (NDP-sugar)
pyrophosphatase
[+]
parech
2 Dv—Fl'—OH
o

Phosphate (P;)
Net reaction: Sugar phosphate + NTP — NDP-sugar + 2P,

12



NDP-sugar Pyrophosphorylase

i N
[Sugar}-0—$—07 + “0—p—0—f—058—0
[+ o [ [
Sugar phosphate NTP
NDP-sugar
pyrophosphorylase
P 1 |
_G_T_O_T_o_ o*?—om-sf—o Ribose
o o~ o° o~

Pyrophosphate (PP;) Sugar nucleotide

inorganic | , 14,0 (NDP-sugar)
pyrophosphatase
el
2 D-—-Sl'—OH
"o

Phosphate (P;)
Net reaction: Sugar phosphate + NTP —— NDP-sugar + 2P,

Discovered Various Glycogen Diseases

TABLE 1 Glycogen Storage Diseases of Humans

Primavy organ
Trpe {name) Ennyme affected affected Symptoms
Twa O Glycogen symihase Livesr Low bioad gucose, high
hrtone bodies, ey death
Type ta (von Glene's) Glucose 6-phosphatase Lves Enlatged I, kickesry faddure
e it Micrsomal ghecosn L A5 In Lac alsa high
E-phosphate anskcase suscepabilty 1o bactarial
infections
Type ke Microsomal P, L Asinla
transportar
Type 1 {Fompe's) Lysosomal Qucossiase Sheietal and Infantisy doem: death by age 2:
cantlac muscle Juvenile foem: muscie defects
[myopathy]; adult fom: as in
HiSELEF BySA
Tyie: Ml {Cor's of Forbes's) Debrnching enspme Lives, skabetal Enlasged fve in infants
and cartiac ppathy
muscle
Type i Liver deteanching Lives Enlasgead frves in infars
ennyme (musce
enryme pormal)
Type IV (Andenen's) Branching ensyme Lives, shasletal Enlarged iives and spleen,
muscle mpogotin i urie
Trme V (MeAntie's) Muscle phosphorylase Skeletal muscle Exprtise-induced cramps and
pain; mpeglotin in ussn
Typa W1 (Hars's) Liver phosphorylase Liver Enlacpad Ivee
Typa VI (Tanil's} Muscs PFR-1 Muscln, &5 in ¥ aiso hemotytic
iy anemin
Type Vit VIIL e [ Prosghorylase kinsse Lives, leukncyses. Enlatged livee
S
Type X1 iFanconi-Bicked) Glugoss transporier Liver Fadlum i theive, enlaggod
Lotk Inver, rickets, hidney
dystunction

The Cori’'s

Cori Cycle in Rapid Exercising Muscle and
other ways Muscle becomes Anaerobic

4/28/2010
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Cori Cycle 5/27 7

Muscle: ATP produced by

glycoly ,.‘_l_'or rapid

. ,‘\'3-.
.!.nmu-?—n~ Glycogen |
ATP i

Blood lactate Blood glucose

T

[ ATP :

| Liver: ATP used in synthesis
| of glucose (gluconeogenesis)
. during recovery.

y
L 4

Branching Enzyme
Amylo (124) to (126) Transglycosylase

CLOLOLOLOLOLCLBLELE

NOnI::::mg {1+ 4) shpecgeri-bnehig
enzyme

e TeNeNeNeNeoWel

[e1=+6) Branch

point
Glycogen
core
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Glycogen Synthase

SCH,0H
H H
foon n A
HO ]
3 2
H HO ?
"O=P—0—P—0"
1 SO CH10H CH10H
* | [uracil] o
: H H J}t/ii \ML
UDP-glucose 4 1 4 1
H H OH H OH H
H H HO o \i_r o—'
OH OH H OH H  OH
Nonreducing end of
glycogen a glycogen chain
synthase N, upp with n residues
New (n=4)
nonreducing CH:O:; CH30H (H;O:
and am \Ht h t'\H‘L 4 y
OH H OH H OH M
HO o A 4
H OH H OH H OH

Elongated glycogen
with n + 1 residues

Glycogenin

14
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CH0H

Each chain has
A "ﬁ-@- Giycogenin 12 to 14 glucose
oH Ty residues
H Hi ‘I,
UDP-glucose —g_§_o P () glycogenin
o
glucosyltransferase — primer
activity
UDP-glucose (3 m— second tier
CHzOH wes third tier
H
o W o—@— wee fourth ’tter
W W'___/ outer tier
oo (unbranched)
H M
UDF—qucou_o_P_‘c_E_o_ UDP

] 1 Repeats
0 T J peal
° [Ribose] £ et
chain-axtending
activity

Covalent Modification
Protein substrate

o

Discovery of c-AMP

ATP P;
S phosphoprotein
protein kinase phosphatase
ADP H,0
o] _ '
|
o= T —0 Earl W. Sutherland, Jr. Earl W. Sutherland, Jr.
o 1915-1074 1915-1074

15



Ser" °H OH serll
side | | side
chain €H: CH; chain
1
Phosphorylase b
(less active)
glucagon
i
2, e~ \@ ™

phosphorylase a phosphorylase b
phosphatase kinase
PPN\ 21,0 280p <@ epinephrine,
~Hica™ 1 (AMP)
(muscle)

(active)

Ehriinger Prisciphes of Biochemisiry, Fith Eiition
© 2008 W W Freerman and Company

Figure 15-34

Phosphorylase is A/lso Regulated by Glucose

Allosterically
® 9
o O Insulin OH
m Lo R
2 Glucose g "
ﬂ,‘ M% lepllluvlult Phospharylase b
/'_""‘\f/_"‘\ i | P e ae | o
thon T e
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Phosphorylation Cascade with Ca** and AMP

nmh*'?""“ '“‘i"" Hepatocyte

1
,J 52

= _..‘;-e, ,‘,(L-._

ATP ey Cyclic AMP
e iyl 20«
cyctase

Inactive PRA Active PIA
e [10x mobecules)

L 5
Inactive w
p..,‘m. iyehﬂa'wr!llub

Inactive.
glycagen —-—-—r glycogen
phorylase siphorylsiea

HAMPjeseansssnannan /1.000x molecules

~w S

Glycogen Synthase Regulation

Phosphoserines  3ADP ® 3ATP ADP
near carboxyl GSK3
terminus

Y
Glucose I

- £
[lnsulinl L

Glu::use
6-phosphate

epinephrine
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Active site

CASVPPSPSLSRHSSPHG

synthase

Ser residues
phosphorylated in
glycogen synthase

Insulin Insulin

“nnol Innul BRRAGBIBEIGREREISIELEISARNRIRRISRIRIIRRIS
OH

4/28/2010

GSK3 in Phosphorylated to Inactivity

¥

wvy

4 W

HNGR P R T T S F R J
A 0 +4
Pseudosubstrate

Glycogen Synthase and Phosphorylase Are a
Protein Module

Glycogen
granule insulin epinephrine

insulin-
sensitive
) /-.—u-\ 0 %\ Inhikhis, or
m ®
G

@‘9

!Phosphorylated
P) 'mlllhitor 1
' binds and

Phosphorylase kinase linactivates PP1
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High tilaod glucase
ru:_‘- GLUTE
Insulin-seniative 1PER !nllh-nhnf
protein b hesobiase .
: il
RP1 L asK G0
| Phospharylase 1 Glycogen
Kinate + pethaie
|, tGipagen
TR S N

T t t
e, v e
thogte | Friae ipp
[ SN PO, SN |
t
1
? Glueagen
A
Low blood ghetode
1 Glycogen 1 Glycogen
breakdown synthesis i Clrcohyss
1 Glycogen | Glycogen | PFK-1

phosphorylase synthase T
| F26BP

t Phosphorylase t FBPase-2 | Pyruvate
kinase | PFK-2 kinase L
t PKA
T cAMP
1 Glucagon
Low blood glucose

4/28/2010

High blood glucose
1 Insulin GLUT2
|
v v y
1 Insulin-sensitive t PKB Synthesis of
protein kinase hexokinase II,
l PFK-1, pyruvate
kinase N
tPP1 | GSK-3 1 [Glucosel;,ide
—l
| Phosphorylase T Glycogen
kinase synthase
1 Glycogen
phosphorylase l l l
1 Glycogen 1Glycogen :
: : 1 Glycolysis

TABLE 15-3 Some of the Genes Regulated by Insulin

Change in gene expression Fathway

Increased expression

Hexokinase Il Glycolysis

Hexokinase IV Glycolysis

Phosphofructokinase-1 (PFK-1) Glycolysis

Pyruvate kinase Glycolysis

PFK-2/FBPase-2 Regulation of glycolysis/gluconeogenesis

Glucose 6-phosphate dehydrogenase
P

Pyruvate dehydrogenase
Acetyl-CoA carboxylase
Malic enzyme
ATP-citrate lyase

Fatty acid synthase complex
Stearoyl-CoA dehydrogenase
Acyl-CoA-glycerol transferases

il

Decreased expression
PEP carboxykinase
Glucose 6-phosphatase (catalytic subunit)

Pentose phosphate pathway (NADPH)
Pentose phosphate pathway (NADPH)
Fatty acid synthesis

Fatty acid synthesis

Fatty acid synthesis (NADPH)

Fatty acid synthesis (provides acetyl-CoA)
Fatty acid synthesis

Fatty acid desaturation

Triacylglycerol synthesis

Gluconeogenesis
Glucose release to blood

18



Difference Between Liver and Muscle

Epinephrine
Glucagon l l
Liver Muscle
Glycogen Glycogen
4 Glycogenolysis
Blood o  Glucose Glucose
glucose 6-phosphate 6-phosphate
¥ Glycolysis 1
T 4 Gluconeogenesis ¢
Pyruvate Pyruvate

4/28/2010
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