Gluconeogenesis & Glycogen Metabolism

By Matt Hryniewicki
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Quick Overview

Gluconeogenesis

Glycogenolysis + Glycogenesis

Deficiencies

Glucose Glycogen

‘ Glycogenolysis | Glycogenesis
Glucose
B phosphate Pentose phosphate
pathway

Gluconeogenesis Glycolysis

\
Pyruvate

'

—p Fatty acid
Acetyl-CoA metzbolism

Electron
—p transport
chain
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Citric acid cycle ATP
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Protein Protein - P

Terminology :

P Y

Phosphatase
(Dephosphorylation)

Kinase: Add phosphate from high energy molecule (ATP)
Phosphorylase: Adds phosphate from an inorganic phosphate
Phosphatase: Use water to remove phosphate -(P)
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¥ Epinephrin

Take [ ! i ]

. GIyCOIYSiS glucose > pyruvate
. GlycogeneSiS glucose > glycogen

T 4 Homeostasis

' Blood Glucose Range

70-100 mg/dL

- Glucose
N

[ft:sszszn] Miake

1 Epinephrin
e Gluconeoqen esis precursors = glucose
e GlycogenOIYSiS glycogen - glucose




Gluconeogenesis

Noncarbohydrate Precursors — Glucose
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Fasting/Starved IMl @ k@

Blood Glucose Range
70-100 mg/dL

Q Gluconeogenesis
N Majority occurs in liver; little bit in kidney
fl Insulin
|
[ fEC|;oiL:1Cea|lagh?inne Making Glucose from 3 precursors
J

1. Lactate (anaerobic glycolysis of muscles and RBCs)
2. Glucogenic Amino Acids (breakdown of proteins)
3. Glycerol (breakdown of fats)

Bypassing 3 irreversible enzymes of glycolysis

Need 2 pyruvate per glucose

study



Glycolysis Gluconeogenesis
ATP Glucose P, Ve

Sibophdon Glucokinase* - glucose-6-phosphatase

H,0 LHexokinase is in muscle and muscles do not contain glucose-6-phosphatase

hexokinase

Glucose 6-phosphate

I

Fructose 6-phosphate

ATP

Phnrphn-

fructokinmse-1

Fructose 1,6-bisphosphate

Dihydroxyacetone Dihydroxyacetone
phosphate phosphate

(2) Glyceraldehyde 3-phosphate

(2) P (2) P;
(2) NAD" (2) NAD"*

o0 NADH + 0 e o oD The 3 irreversible rxn enzymes
that need to be bypassed

(2) ADP (2) ADP
(4 steps)
(2) ATP (2) ATP

(2) 3-Phosphoglycerate

(2) 2-Phosphoglycerate \

[ (2) GDP
(2) Phosphoenolpyruvate ”

- Pyruvate Kinase = (a) Pyruvate carboxylase +
iy (b) Phosphoenolpyruvate carboxyl kinase
(2) Oxaloacetate (PEP Carboxyl Kinase)

> (2) ADP k
(2) Pyruvate pyruvate carboxylase
(2) ATP

(2) ADP

pyruvate kinase

(2) ATP




\
1: Carboxylation of Pyruvate Energy

PC needs Biotin

High CoA: GO
1. Pyruvate carboxylase(+biotin) catalyzes carboxylation of pyruvate — OAA Low CoA: STOP
2. OAA is reduced to malate
3. Export malate from mitochondrion -> cytosol
. 0 g [ ; ) ucose
4. Malate is oxidized to OAA Biosynthesis Q;'< ) )
5. Phosphoenolpyruvate carboxykinase (PEPCK) decarboxylates and cueogsness Syl ST
phosphorylates OAA -> PEP using 1P as phosphate donor /[(/ !
PPP R-5-P F-6-P
Nucleotide synthesis NADP* e
* NADPH synthesis NADPH ®( )
F-l,GI-BP
PEP
PEP Cafboxykl'nase 7 3 ' o * Glyceroneogenesis  Glycerol-3-P +—— G'i'P
GDP Pyruvate kinase  serne synthess serine 396
GTP
. NADH NAD . rCataplerosis @]
Oxaloacetate
OAA Pyruvate < Nl > Lactate * ‘
| Cytoplasm P e T N | Pyruvate Lactate
Malate ShUNIe . M“OChondfia l ~ Oxaloacetate <—Pyruva
Pyruvate R e
ATP — ( TCA cycle it -,
~ PDH " Glutamine
ADP COQ (_}' j ) Fumarate
v . \\\\\ ‘ }cdnam G'KG/ Glutamate
OAA Pyruva!e c_arboxylase Acetyl-CoA lGIutaminolysis Glutamine
(biotin) $- (from B-oxidation
of fatty acids)




Why is biotin important?

@ @
| M
S # g-ATP
© @@@ Mg-ADP+Pi
©
cﬂ"l @H
HCOs i
o = Biotin Carboxylation | |
N2 .. 8 @
biotin-BCCP @ \@ @
! carboxybiotin- @€
' BCCP : \ &
Carboxyl transfer ’ ‘ksﬁf .
@ -
@ e e
o . c ‘LF—"\.
HLET/L_A“@’; \@5 | pyruvate

=]

‘@ @
O s} cxaloacetate ‘"‘V\@.”f H@c

Biotin + bicarbonate +

—> carboxybiotin

”’loads the enzyme with CO,”

Pyruvate carboxylase then adds this CO, to pyruvate

making OAA

Occurs in mitochondria

study
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Highlights of Step 1

4 reactions are needed to

bypass pyruvate kinase
(don’t forget about the malate shuttle!)

Pvruvate Carboxvlase

O\\C/O_
O\\ /O_ |
C ATP ADP + P,

C=0 GTP GDP

C=0 % > CH,

| -

o P
O O

pyvruvate oxaloacetate

Occurs in mitochondria

, Occurs in cytosol

Pyruvate - Oxaloacetate

Carboxylates
Requires ATP

Cofactor: Biotin
Acetyl CoA regulates this
enzyme

PEP Carboxykinase

o

N7

C—OPO;°~
CH>

FEP

Oxaloacetate -
Phosphoenolpyruvate (PEP)

Decarboxylates
Requires GTP

study



2. Dephosphorylation of Fructose 1,6 bisphosphate

Enzyme: fructose 1,6-bisphosphatase Grootyss b Cluconeopni
Bypasses phosphofructokinase-1

Fructose 6-Phosphate
A ADP

RATE LIMITING ENZYME PFK | | FBPase %"
Inhibited by AMP & F2,6BP Alaig,

Fructose 1,6-bisphosphate
1A

Cytosol ¥

Phosphoevnlolpyruvate

s Q
il . _ Il PFK Phosphofructokinase
H o-p_ _ ! ! H D_Fa - Pyruvate FBPase Fructose-1,6 Bisphosphatse
H l.‘f:_ Q i H o o PEP Phosphoenolpyruvate
HO 10 -4 .
HO H |i.] 0 HO H2 v Multiple steps
HO C—0-FP, _ ,/ - HO C=0H
|I = I:: —
0 Fructosebisphospalass
HO O cofactors: Mg-*
fructose-1,6-bisphosphate  AGY =-16.7 kM fructose-G-phosphate
(F-1,8F) iF-6-F)

S
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3: Dephosphorylation of Glucose-6-phosphate

O

jl | Lﬁfi'-l_“c.

Enzyme: Glucose-6-phosphatase o HO
Bypasses Glucokinase HG  OH Effﬂﬁ_ﬂf:f‘“? ud B
Only present in liver and kidney B T ghizoes
Makes glucose Blood
. . Glycogenolysis Gluconeo-
Occurs in the endoplasmic N gonesi
reticulum then transported back to | A /
cytosol. a6p <L) G6P
Glucose
P G*ucosa-@ﬁ ucose
GLUT-2
ER P GLUT-3

S

Liver cell g



Gluconeogenesis: summary

Pyruvate - PEP (repeated 2x/glucose):

» Pyruvate - oxaloacetate in mitochondria

» Oxaloacetate > malate for export to cytoplasm

» Malate - oxaloacetate in cytoplasm

» Oxaloacetate - PEP

» Hydrolysis of 1 ATP & 1GTP

» [rreversible pyruvate kinase reaction bypassed by PC &
"EPCK

» Lactate & glucogenic aminoacids enter at this stage

Glycerol

phosphate
_CH,0H
o=

N\
CH,0PO 52~

PEP - Fructose-6P (PEP—->Glyc-3P repeated 2x/glucose):
» PEP - Fructose-1,6-BP reactions shared with glycolysis

» Hydrolysis of 1 ATP & oxidation of 1 NADH

 [rreversible PFK-1 reaction bypassed by Fructose-1,6-

1, Ei—l:ﬂsphcusph.a'(aseI

Dihydroxyacetone _

3iphosphatase
» Glycerol enters at this step

Repeated 2X

per glucos?é<

~ructose-6-P - Glucose:

» Fructose-6P - Glucose-6P reaction shared with glycolysis
 Irreversible glucokinase reaction of glycolysis bypassed by, ..~ ...
jlucose-6-phosphatase

Lactate
Some amino acids

**Reactions shared with glycolysis
**Reactions unique to gluconeogenesis

Glucose

I »p
Glucose

6-phosphatase H,0

Glucose-6-phosphate

Phosphoglucose]
isomerase
Fructose-6-phosphate

» P,
Fructose

H,0

Fructose-1,6-bisphosphate

Aldolase
Triose phosphate
IsOmerase N Glyceraldehyde
3-phosphate
Glyceraldehyde )
3-phosphate
dehydrogenase | NADH

1,3-Bisphosphoglycerate
- ADP
Phosphoglycerate

kinase . 1

3-Phosphoglycerate

Phosphoglycerate
mutase

2-Phosphoglycerate

o o
Enolase HyO

Phosphoenolpyruvate

Phosphoenol- » GDP, CO,
pyruvate

carboxykinase ||~ Gm®
- Oxaloacetate

[ _$UADR+ P,
|
ATR;HCO;

Pyruvate
carboxylase

~ Pyruvate

26

N

TOTAL ENERGY USED

4 ATPs
2 GTPs
2 NADHSs

Because 2x pyruvate for every
glucose produced

study




Review of Regulation
GLUCAGON

Lowers F2,6BP -> activation of F1,6-bisphosphatase (also affected by epinephrine)

Stimulates Production of cCAMP — Stimulates conversion of hepatic PK to its inactive
(phosphorylated form) — decreasing conversion of PEP to pyruvate — diverts PEP to
synthesis of glucose

Increases transcription of PEPCK ACETYL COENZYME A

Potent stimulator of the transport of glucogenic amino acids by the liver Euring falsting, allosteric of pyruvate carboxylase
y acetyl CoA

(reciprocal inhibition of pyruvate dehydrogenase)
Increased lipolysis-> fatty acids accumulation -> lots of acetyl

SUBSTRATE AVAILABILITY CoA made

D d insulin f bilizati f ami ids f L tei AMP
ecreased insulin favors mobilization of amino acids from muscle protein :
providing carbon skeleton for gluconeogenesis P - INHIBITS fructose 1,6-bisphosphatase

Catabolism of fatty acids provides and required for gluconeogenesis

Glucagon and epinephrine 11 in response to decrease in blood glucose

Hi%h amounts of alanine (amino acid) inhibit glycolysis at pyruvate kinase step:
“gluconeogenic signal”

released during stress and hypoglycemia, synthesizes more PEPCK, PC, and F1,6-BP

Gluconeogenesis

Fed state Fasting state Inducer Repressor Activator Inhibitor
Pyruvate carboxylase ¢ T Glucocorticoids, glucagon, epinephrine Insulin Acetyl-CoA ADP
Phosphoenolpyruvate carboxykinase T Glucocorticoids, glucagon, epinephrine Insulin

Glucose-6-phosphatase N 0 Glucocorticoids, glucagon, epinephrine Insulin



Glucose Glycogen

el | Precursors

Glucose-6-phosphate <€ Glucose-1-phosphate
Lactate: provides carbon
Fructose-6-phosphate Amino Acids: most importantly alanine
Fruc-1,6-bisphosphatase Glycerol

Fructose-1,6-bisphosphate

Glyceraldehyde-3-P €= DHAP €— Glycerol-3-P €— Glycerol
A
PEPCK
> PEP
\coz Alanine
v AAT or LDH ]—
Pyruvate <€ -
PDH ]_I.actate
PC \)coz
co; Acetyl CoA
. OAA Citrate
Ma?ate TCA cycle Isocitrate

Fumarate " bcoz )
ST.uccinate ° 3<' i : s.I-UngId *
0,

R Succinyl CoA




Lactate - Pyruvate

Muscles and RBCs (lack mitochondria) make lactate when body needs glucose
(during hypoxia, ischemia, tumors, high-intensity exercise or rapid energy needs, like fight-or-flight)

Want to avoid 1 lactate build up because leads to Glycogen Geolysi
| drop in pH (acidosis). GIf’éZinfQifiﬁ': tdehi‘éfif;;jimseL -
- . ucose yruvate actate
Take the lactate and turn it into pyruvate. RS S +
NADH + H
s NAD*

Skeletal muscle

- — o
Glucose @ (®) Circulatory system @)  Lactate
A

1eogenes is

Glyceraldehyde-3-P Lactate
dehydrogenase dehydrogenase W
Glucose €—

—~— Pyruvate «—— - Lactate
4 /:‘TP NADH + J—
2GTP NAD*

Liver




Glucose-Alanine Cycle

1 Acetyl-CoA (from fatty acid oxidation) /) pyruvate dehydrogenase
Which leads to 1 build up of pyruvate

Excess pyruvate - alanine
Alanine amino transferase (ALT) Muscla
To be transported to liver and transaminases

back to pyruvate

Liver

N\

Al

Yo

Muscle
protein

Amino acids

'

NH;

.

Glutamate

a-Ketoglutarate

lllllllll

Alanine

a-Ketoglutarate

Glutamate

L ]
Urea



Other glucogenic amino acids

Alanine
Cysteine
Glycine
Serine I g
Threonine e
Glucose ryptophan
Tryp .‘ ha Isoleucine Phenylalanine
Teucme Tryptophan
v Tryptophan lyrosine
Pyruvate | '
Phosphoenol- e
pyruvate A v
Acetyl CoA Acetoacetyl CoA
Asparagine ..
Aspartate * Oxalboacetate
-Aspar!ale :
Phenylalanine |——» Fumarate Citrate
Tyrosine
Arginine
' ‘ I
Isoleucine Succinyl -Keto- glzzggi‘tg
' C lutarate .
Methuopme _~» CoA a e Histidine
Threonine :
Proline
| Valine

study




Glucose

/ADP el
Pyruvate kinase

Glycolysis

Glucogenic

amino acids p \
/ ‘ ATP

NAD* *
CoA-sH PPH

NADH + H*
+ L0,

[actate

Acetyl-CoA

e,

CAC cycle




Glycerol precursor

Triglycerides undergo lipolysis providing G'"°A°S°
glycerol .
. Fructose 1,€;-Phosphate
Glycerol kinase phosphorylates glycerol to % N
glycerol-3-phosphate G'V;:r:;::*g:e % ===== Dihydroxy acetone phosphate
NAD:‘.AL?ﬂ Glycerol 3-phosphodehydrogenase
G3P gets converted to DHAP SR T
Aoi;ppﬂ Glycerol kinase
DHAP gets converted to Fructose 1,6- | Glycerol
bisphosphate

GLYCEROL.: As a precursor of gluconeogenesis

BIOLOGY READER

S

study



LIVER
(kidney)

§ Insulin
1 Glucagon
1 Epinephrin

Gluconeogenesis

Gaase

Glucose <
' !

Glucose-6-Phosphate

Fructose-6-Phosphate

F | B RPase () PFE-1

Fructose-1.6-Bisphosphate

Dihydroxyacetone-Phosphate

ZIH

Glyeeral Phosphate

[

Glveerol

From glycerol (TG
breakdown)

From oxaloacetate
{amino acids)
{odd carbon fatty acids)

a— Glyceraldehyde-3-Phosphate

F

3
| 3-Bisphosphoglycerate

F

r
3-Phosphoglycerate

A

r

2-Phosphoglycerate

y
Phosphoenolpyruvate

PK

Pyruvate
Oxaloacetate .,_/ W J' N

Lacrate

From lactate
{Cori Cycle)

Glycolysis

lactate is continuously
produced. goes back
to liver (and skeletal
muscle). when
gluconeogenesis is
running in the liver
lactate goes into this
cycle

remember that when
dealing with aa
metabolism we must
rid of ammonia. urea
cycle is continuously
running when
gluconeogeneasis runs
for this reason

Alanine

From pyruvate
{amino acids)

Ha

remowved 11!

Ammonia needs to be
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Glycogenolysis

Glycogen - Glucose



'7

GLYCOG

S

Insulin

Stimulates
glucose uptake
by cells

’ l Tlssue oe”s l

Stimulus: /a'ice
Rising blood
glucose level

Stimulates
glycogen formation

|

GLYCOG

Liver A
Glucose Glycogen

Blood glucose
falls to normal

range

[Homeostasns Normal blood glucose level (about S0 mg/100 ml)]

Blood glucose
rises to normal
range

-Glycogen Glucose
Liver

EN@ILYSI]S

e~

Stimulates
glycogen breakdown

Glucagon

Stimulus:
Declining blood
glucose level

ez

=N

ESIS




1 11 111 1V
fed, fasted early starved late starved

O,
o

- - -

( exogenous (dietary glucose))

H
o

-

[tota! glucose ]

(gluconeogenesis J

rate of glucose used
(g/hr)

40

o
o
-d
N
N |
o
N
-
o))

hours days
time of starvation s‘fudg




Glycogen is smaller and more efficient
to store

Higher concentration of glycogen in
liver but total muscle mass is greater so
75% of total body glycogen is in muscle
Glycogen exists as granules in cell
cytoplasm with enzymes for both
glycogenesis and glycogenolysis.

Glucose around glycogenin in
* linear a1,4 bonds
 branched a1,6 bonds

Glycogen in Muscles

» Provides a readily available source of G1P
for glycolysis within the muscle

* Lack of Glucose-6-phosphatase does not
allow for muscle glycogen to yield free
glucose directly

5 .
, o
200 T -
- .
v 14 3 -
AN * ’
T .~ ~
L} ~
N
- R ~
.
) ’ A N
-
s N
- . -
N e o S
3 .
N
"

A core protein of glycogenin is surrounded by branches of glucose units.
The entire globular complex may contain approximately 30,000 glucose units.

Remember the Cori and glucose-alanine Cycles

studyaid *




Fasting/Starved IMl @ k@

Blood Glucose Range
70-100 mg/dL

Glycogenolysis £ g Ko gle 1

& Insulin Break down glycogen - glucose @ Ceowsn chain
@qucagoq PLF |Glycogen phosphorylase
@ Epinephrin 1. Break bonds

al,6 bonds = free glucose o
al,4 bonds = glucose-1-phosphate H@a pos

2. Convert G1P = Glucose

+
HO HO HO
H@ﬂ @@H
OH OH OH

Remaining glycogen J




Glycogenolysis step simplified

!
O}.) Q) e O\g\ Cleave glucose residues until
‘-% doi o ' 4 are left
& 'O ; % - Transfer over a group of 3
L O ® :
ig’ o/ ~mit o - Cleave the final glucose
g’ ; 0 - Repeat
@ > O > O/J > O}f
Phosphorylase Glucan ‘ Debranching
transferase , enzyme

-0 1 Glucose residues joined by
7~ : e
0-0 | 1-4-glucosidic bonds
Glucose residues joined by
&1 1 — 6-glucosidic bonds

study



Type 5: McArdle’s Disease
MUSCLE

Glycogen Phosphorylase s

Type 6: Her’s Disease

HEPATIC
Breaks a1,4 bonds
Y'ields G1 P Nonreduunq ends
a N\
1
Requires a coenzyme: Pyridoxal phosphate p ! ’ .
(derivative of B6) d ¢ 2 .. “
¢ k q( 9 %+~ Bond
< ’ Q& < )
: : 51 Q ?
Phosphate form is active S 8 &, S
J\ '$ a-14-glucan- @ glucosidase @
:)) 81 2 Q lransferase ,3 ,3
Rate limiting enzyme 9 9 9

S

study



DebranChing enzyme+ Type 3: Cori Disease

Enzyme with 2 catalytic sites

Q «—a-1.4-bond °
\. 2 .q. ' % %e,
[] (] J .‘ 1,6-glucosidase
.. : Phosphorylase 4 .. (debranching enzyme) QQ.
S - [6) > > @O0 > {
s d—-%. Pa/ C%?oshe-:. ( dgéﬁgan“mt::giﬁg:e) g Free\g'l‘ucose .Q,
phosphate
3 o : ® 0
) ) °
i a-1,6 bond [»]
4-a-glucanotransferase Activity Amylo-1,6-glucosidase Activity
 Moves trisaccharide unit e (Cleaves branch and leaves free
glucose

S

study



/Glycogenolysisy

Glycogen P,

* Glycogen phosphorylase
(break a-1,4 bonds)

* Debranching enzyme
(break a-1,6 bonds)

Glucose 1-P

Phosphoglucomutase
Mg?*

\ 4
Glucose 6-P

H,O
Glucose 6-phosphatase

P,

v

Glucose
K Sdencefacts

Phosphoglucomutase: isomerization reaction
transforming G1P — G6P

In liver, but not muscle, glucose-6-phosphatase
catalyzes hydrolysis of G6P, yielding glucose that
is exported — increase in the blood glucose
concentration + Type 1: von Gierke Disease

study




Glycogenesis

Glucose - Glycogen



After meal/ Fed state I_I__I—I AKE
Glycolysis (just learned)

Glycogenesis
* Occurs in the liver (makes reserve for blood glucose) & muscles (for energy*)

3 *  Make

Gludose

Blood Glucose

TABLE 16-1 Storage of Carbohydrate in a 70-kg Person

: Insulin ik Dinner P—
Vepnopmn || § oo 4 s b s P R El
l 2 2
E i % Liver glycogen 5.0 1.8 kg 90
¥ Muscle glycogen 0.7 35kg 245
Extracellular glucose 0.1 10L 10
T —— studyaid *



Preparing glucose

Glucose

glucokinase hexokinase

Glucose-6-Phosphate

phophoglucomutase
Move the phosphate group

N/
Glucose-1-Phosphate

study



UDP Glucose pyrophosphorylase

Glucose-1-phosphate reacts with uridine triphosphate (UTP) to form
the active nucleotide uridine diphosphate glucose (UDPGlc) and

pyrophosphate
‘6
(0) =
OH - =
4 OH phosphoglucomutase

OH

Glucose 6-phosphate

HO
H O 10
|
OH | O- i"’ -0

OH

Glucose 1-phosphate

0]

HN '

a 2 %0 0PN

ﬁ’—O—I?—O—FI’—O (@)
o O O
UDP-glucose

pyrophosphorylase

HO
0]
OH o)
1
HO 0 —P—0
OH &

UDP-glucose

OH OH



Glycogenin

Protein and enzyme

Gilucose 6-phosphate
*T PRospnoghicortase 'ym a
e l Autoglucosylation: adds
[N 5 o gucoue HO %\ glucose onto itself
PP, o ] Glycogenin
Pyroptospmatase uoP
o= e % Forms a glycogen
4 07 gucane ey primer to which
* sl Lo . glycogen synthase can
e » . .
a(1-+4) bonds - Banching .‘-”” 7 - now continue add]ng
a - 1 K W A X e et 0t "c‘..o
0-0- -.-.-‘-.-...-.- ~9-9-8-8-0 %Jﬁr‘nﬁwao ( :’)‘F'. o-o® e % glUCOSe
.09
Further olongation at the nonroducing ends
lbvomm-m.mmw +4) bonds,
NONREDUCING ::kmx :m‘:g;\a.
ENDS
GLYCOGEN

S

study



Building Glycogen

Type 0: Lewis’ Disease + Glycogen synthase: glycoside bond between C-1 of UDP glucose and C-4 of

uor —@

Glycogen synthase
(many cycles)

UDP v

Branching enzyme
transfers

the terminal glucose residue of glycogen, releasing UDP in the process

Branching enzyme: transfers a portion of the a1,4 chain (at least 6 residues)
. to a neighboring chain form an a1,6 linkage called a branch point
TP U9 The growing chain needs to be at least 11 residues long before branching

Glycogenin

00800000000t :Gly:cog:em:n' enzyme initiates this transfer. Type 4: Anderson Disease
y

6 glucose residues
to form a new branch

A 4

Alpha-1, 6 linkage

Repeat action of
glycogen synthase and
branching enzyme

Glycogen

- Min. 11 gluCOSe reSidUes ««--smrrmrmmmmre e
0. S 2 - Wy Ho_
L0, — —0, ) Ho,
o )\O/<°L)\o mf)\g/é”j /<§ X /\/‘?,T o l
W ™ oH OH oH 7’7)\0 gl OA o
o P 2 Y
No FhEy ®

/\o ;

Branching % i 2 ;

enzyme b °"‘<_7 o |

y D

o o o, o o o o, o o o o, o o o o
& b L & & 18 & b b & b & & b & &
Glycogenin i
W e Ho,
o A 1. {ﬁ
»«>/< [‘f\o//i g\/@ii\o /<5~ % m}
VR S i
EARIRVAN ‘i_l
g

— ER e PR
b@bbbbbbbbbbbbbb

B study
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Putting it all together

1. Add glucose to pre-existing glycogen fragment
2. If no fragment, glycogenin makes fragment, then we elongate:

STRAIGHT CHAIN (a1,4) BRANCHED CHAIN (a1,6)
a1,4 glycosidic bonds Branches every 8-12 glucose
Hydroxyl group of C1 of activated glucose to residues

the C4 of the accepting glucose chain
Can only elongate an existing chain
RATE LIMITING ENZYME

ACTIVE WITHOUT phosphate*

Attaches as a1,6 glycosidic bonds.
Increases solubility and density




Regulation of Glycogen Metabolism

Glycogen Phosphorylase

Phosphorylation:
activity

increases formation of cyclic AMP
-> increased phosphorylation

Allosterically inhibited by ATP and
G6P

Only in liver: free glucose is an
inhibitor

Only in muscle: IS activator

In short IS an activator

Glycogen Synthase

Phosphorylation reduces
activity

increases activity of
phosphodiesterase,
terminating hormone action,
decreasing phosphorylation

(by decreasing phosphorylation
we are INCREASING activity)

Control by phosphorylation in liver & muscle

,'/‘.7 T " . =0 N
(glycogen) __kinase _  dglycogen) -
YMRESE)  orosphatase  SYMMNASS)
Active Inactive
f i kinase (
glycogen T glycogen |
phosphoryiase| o, sphatase [PhOSphorylase
Inactive Active
Hormone causing Tissue Hormones causing
dephosphorylation phosphorylation
Insulin Liver Glucagon, epinephrine
Insulin Muscle Epinephrine

Hormonal Regulation

Muscle cells lack glucagon receptors:
Only promote glycogenolysis in
response Lo siress

Glucagon receptor

Glucagon:
Hepatic cell Low blood glucose Adrenoreceptor
membrane G v Epinephrine:
\ Stress
L}
Glyconen Synthesis l mMPdependent pathway Glycogenolysis
I, " PKA

VRN

INACTIVE

~—_

g\

R Gl‘/":"ge" o B
Glycogen Glycogen E?l cogen lycogen Ph Ph
5y¥thgse 5y¥thgse | hosgho?yla; hosgho?'ylas Osiﬁ;;glase oshl;lggglase
5 | I
~

Glucose 1-phosphate

—

vy

INACTIVE INACTIVE

~_ ~__

__—

PPP !
Insulin receptor |
Insulin: |
High
blood
glucose



Metabolic characteristics

Epinephrine
(liver and muscle)

AMP muscle

’

Glucagon (liver)

.
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Deficiencies



Glycogen Storage Diseases

Type Deficient Enzyme

D d | —Von Gierke Glucose -6- Phosphate
ycogen to rage visoraers 1-Pompe iysosomal a 14 lycosidase
Il - Cori Debranching Enzyme
IV - Anderson Branching Enzyme
V - McArdle Muscle Glycogen Phosphorylase
VI - Hers Hepatic Glycogen Phosphorylase
Glycogen @ Villainous President Called And Molested Her.
GSDO GSD YV, VI e ot g
glycogen synthase glycogen phosphorylase
and branching enzyme and debranching enzyme
GSD IV GSD III
UDP-Glucose )
Glycolysis
pathway
Glucose-1-P
Glucose-6-P Fructose-6-P Fructose-1,6-P
phosphofructokinase
glucose 6-phosphatase
GSDI GSD VII
Glucose
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Type O: Lewis’ disease
Glycogen synthase deficiency

Muscle: GYS1 Liver: GYS2
Genetic defect causing decreased or absent

activity of the enzyme and moderately v T
decreased amounts of structurally normal :mse&%mhi
glycogen in the liver ]

IGlucose et Glucose-6-Phosphate m===s Pentose

Causes: fasting hypoglycemia, high blood , i
ketones, and increased fatty acids and low i =
levels of alanine and lactate

Alanine ¢ Pyruvate —

l

es s Acetyl-CoA

Lactatel

* Limited glycogen stores and inadequate
gluconeogenesis '

I
Triglyceridesl

Free Fatty Acids

* Excess glucose is converted to lactate via
glycolytic pathway

(B)

Glycogen
( 3( GSDO
Glucose-1-Phosphate
lGlucose e==t Glucose-6-Phosphate === Pentose
phosphate
. shunt
]
Alanine ¢ Pyruvate = Lactate
Ketones lc—o Acetyl-CoA \

l Free Fatty Acids

Triglycerides
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Type |l: Pompe Disease

Type |: Von Gierke Disease Lysosomal debranching enzyme

Glucose-6-phosphatase deficiency

deficiency
Glucose can’t be made; buildup of G6P Most severe disease
Autosomal recessive (both parents have to be carriers) Autosomal recessive
Deficient in liver, kidney and intestinal Affects muscle and nerve cells
mucosa .
la: deficiency of glucose-6-phosphatase Glycogen can’t be broker) dOVY” in lysosomes
- . and accumulates - especially in heart muscle —

Ib: deficiency in a translocase CARDIOMEGALY
* Glycogen and fat accumulate in liver -

hepatomegaly

* No glucose = hypoglycemia

* Hyperuricemia, hyperlipidemia
(fat/protein catabolism)




Type lll: Cori’s disease
Glycogen debranching enzyme deficiency

Unable to convert branched glycogen
polymers to glucose

Limit dextrose accumulates in cytoplasm

Excess amounts of abnormal glycogen
structures deposited in liver, muscles,
sometimes heart

Presents during infancy as failure to thrive
with hypoglycemia

Hepatomegaly and muscular disease

Cori = Coral

Type IV: Andersen’s disease
Glycogen branching enzyme
defect

Autosomal recessive

Long unbranched glucose chains = low
solubility — glycogen precipitation in the
liver — CIRRHOSIS

Deposits can build up in muscle and cardiac
cells as well
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McArdle = Muscle Her = Hepatic

| 4
Type V: McArdle’s Disease Type VI: Hers Disease ’
Myophosphorylase Deficiency Liver Glycogen Phosphorylase Deficiency

Autosomal recessive Autosomal recessive (most) OR X-
Can’t break down glycogen to G1P linked recessive
Accumulation of intramuscular glycogen Can’t break down glycogen

and lack of G1P for cellular fuel

Muscle cramps + hypoglycemia on
exe rti On 9 myog lo bi n u ri a Normal Skeletal Muscle Contraction

Hepatomegaly, fasting hypoglycemia
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I: Von Gierke Glucose-6-phosphatase Severe hypoglycemia = hyperlipidemia
(90% of all GSDs) - Lactic acidosis
- Hepatomegaly

- Hyperuricemia
- Short stature/doll-like facies/protruding abdomen

Il: Pompe Lysosomal enzyme defect - Cardiomegaly = death by age 2
(acid maltase) - Hepatomegaly
- Muscle weakness
Ill: Cori disease Debranching enzyme - Mild hypoglycemia and hepatomegaly
IV: Andersen Branching enzyme - Infantile hypotonia, cirrhosis and death by 2 years
disease
V: McArdle Muscle glycogen - Muscle cramps and weakness on exercise
phosphorylase - Myoglobinuria
(myophosphorylase) - Norise in lactate during exercise
- Recovery or «second wind» after 10-15 minutes of exercise
VI: Hers Hepatic glycogen - Mild fasting hypoglycemia (compensated by
phosphorylase gluconeogenesis)

- Hepatomegaly and cirrhosis




Which gluconeogenesis reactions are catalyzed by the enzymes which are NOT involved in glycolysis?

®  Pyruvate carboxylase catalyzing the conversion of pyruvate to oxaloacetate.

®  Phosphoenolpyruvate carboxykinase (PEPCK) catalyzing the conversion of oxaloacetate to phosphoenolpyruvate.

®  Fructose-1,6-bisphosphatase catalyzing the conversion of fructose-1,6-bisphosphate to fructose-6-phosphate.

®  Glucose-6-phosphatase catalyzing the conversion of glucose-6-phosphate to glucose.

Why deficiency of biotin may affect the rate of gluconeogenesis from lactate and alanine, but will not affect the gluconeogenesis from glycerol?

Biotin is a cofactor required for certain carboxylase enzymes involved in gluconeogenesis. It plays a crucial role in the conversion of pyruvate to oxaloacetate
and the conversion of pyruvate to malate in the pyruvate carboxylase and pyruvate carboxylase and malate dehydrogenase reactions, respectively. Biotin
deficiency would impair these reactions and hinder the production of oxaloacetate, which is a critical intermediate in gluconeogenesis.

Gluconeogenesis from lactate and alanine involves the conversion of these substrates into pyruvate, which is then used to produce oxaloacetate. Biotin
deficiency would affect this part of gluconeogenesis, making it less efficient.

However, gluconeogenesis from glycerol involves different reactions that do not require biotin, as glycerol is converted into glycerol-3-phosphate, which can
enter the glycolytic/gluconeogenic pathway without the need for biotin-dependent carboxylase enzymes.

Why deficiency of glucose-6-P dehydrogenase may lead to hemolysis?

Deficiency of glucose-6-phosphate dehydrogenase (G6PD) may lead to hemolysis because G6PD is an enzyme involved in the pentose phosphate pathway
(PPP) and plays a crucial role in protecting red blood cells (erythrocytes) from oxidative stress. The PPP generates reducing equivalents (NADPH) used to
regenerate the antioxidant glutathione (GSH) in erythrocytes.

When G6PD is deficient, the erythrocytes become more susceptible to oxidative damage because they cannot regenerate GSH effectively. This leads to the
accumulation of reactive oxygen species (ROS) and oxidative stress, ultimately causing hemolysis, the destruction of red blood cells.
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How cAMP and AMP affect the activity of glycogen phosphorylase in muscle cells? What is the effect
of Caions on its activity?

In muscle cells, cAMP (cyclic AMP) and AMP (adenosine monophosphate) play key regulatory roles in
affecting the activity of glycogen phosphorylase, which is involved in glycogen degradation.

High levels of CAMP activate glycogen phosphorylase by activating protein kinase A (PKA). PKA, in turn,
phosphorylates and activates glycogen phosphorylase. This results in increased glycogen breakdown.

High levels of AMP indicate a low energy state in the cell, signaling a need for more glucose. AMP directly
activates glycogen phosphorylase by binding to its allosteric site. This leads to an increased rate of glycogen
degradation.

Calcium ions (Ca?") also affect the activity of glycogen phosphorylase in muscle cells. Increased intracellular
Ca?* levels are typically a result of muscle contraction, and Ca?* ions activate glycogen phosphorylase by
binding to calmodulin. Activated glycogen phosphorylase helps provide energy for muscle contraction by
breaking down glycogen to release glucose.
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Why in case of the von Gierke’s disease the hypoglycemia is more severe than in case of Hers’ disease
(deficiency of liver glycogen phosphorylase).

Von Gierke's disease is caused by a deficiency of glucose-6-phosphatase in the liver, leading to impaired glucose
release from glycogen. In contrast, Hers' disease results from a deficiency of liver glycogen phosphorylase, which
hinders the breakdown of glycogen to release glucose.

The severity of hypoglycemia is more pronounced in Von Gierke's disease because, in the absence of glucose-6-
phosphatase, glucose-6-phosphate cannot be converted into free glucose, and the liver cannot release glucose into
the bloodstream. Glucose-6-phosphate accumulates, depleting the available phosphate pool and causing severe
hypoglycemia.

In Hers' disease, although glycogen cannot be efficiently broken down in the liver due to the lack of liver glycogen
phosphorylase, other tissues can still provide glucose through gluconeogenesis and glycogenolysis, helping to
maintain blood glucose levels to some extent.

Explain why degradation of glycogen by glycogen phosphorylase is energetically more efficient than
hydrolysis.

Glycogen degradation by glycogen phosphorylase is more energetically efficient than hydrolysis because it does not
require the use of water molecules and the associated hydrolysis reactions. When glycogen phosphorylase cleaves
glucose units from the glycogen polymer, it releases glucose-1-phosphate. This reaction consumes one phosphate
group but does not involve the hydrolysis of water molecules. In contrast, hydrolysis reactions typically consume two
phosphate groups in the form of ATP (to activate water for hydrolysis) for each glucose unit released. Therefore,
glycogen degradation is more energy-efficient in terms of phosphate group consumption.
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