6-P Gluconate Glycogen Galactose

sy = Glucose is essential for life. We have

// ] \(QA—T* previously studied the various pathways of

e o W e=(glucose and its contribution to energy needs
LN S =i of the body. We have studied glycolysis,

PR NN g luconeogenesis (slow response to blood

- mfly.m._w glucose), hex_ose mono_phosphgte pathway,
2 «/«:H —{ monosagcharlde and Q|§acch_ar|de

- metabolism and the citric acid cycle. Now
we will look at another source of glucose,

3 cerate

PEDD N

21 serate

B-Hydroxybutyrate

glycogen. Main stores of glycogen in the

] : P body are found in skeletal muscle (fuel
reserve for ATP due to contraction) and
liver (maintain blood glucose levels). About

Glycogen 6'8% Of the Iiver Welght iS (100 g)
( UI;\P-GIucose glycogen. The clear area in the diagram
Clusose f 5 summarizes the glycogen metabolism.

"

Glucose 6-P <5 Glucose

Notice that glycogen is produced from
Glucose 1-P through UDP-Glucose.
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Glycogen

Glucose 6-P

BLOOD
GLUCOSE

MUSCLE

Figure 11.2
Functions of muscle and liver glycogen.
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The function of glycogen in both
tissues is shown in the adjacent
figure. A single molecule of
glycogen could have a mass of up
to 108 daltons. They exist in
cytoplasmic granules that contain
the enzymes for glycogen
synthesis and degradation. The
primary glycosidic bond is a a-1-

4 linkage. After each 8 to 10
glycosyl residue there is a branch
containing a-1,6 linkage. Muscle
glycogen stores are not depleted
In short periods of fasting and is
moderately depleted in prolonged
fasting (18 hr).




ATP ADP
hexokinase f
H OH H OH
Glucose Glucose 6-phosphate

AG'"Y = —16.7 kd/mol




Formation of Glucose 1P

e Glucose 1P is

Phospho-

g!ucénutase X Glucose 6-® formed from
Phospho- GIucoseé,)G-@ Glucose 6P by

glicomulase Phosphogluco
mutase through the
Sl iitass Glucose 1-(P intermediate
P Glucose 1,6
TS TL% s ko et g +romam oy rsphogare bisphosphate

6-phospha
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0 0 0 0
Sugar phosphate NTP
MNDP-sugar
pyrophosphorylase |
/ |
y
|[I:I:I I[IZI]I {IZI} Lilj
{'l"—l-l"-—ﬂ-— | —0 Sugar —ﬂ—ﬁ'—f]—fl’—ﬂ—_ Ribose — Base
() () 0 ()
Pyrophosphate (PP, Sugar nucleotide
i : iNDP-sugar)
INorgFanice
pyrophosphatase ‘
i
2 {'}—ll'-'—i_}II
O

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




SCH,OH
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—C'H. CH.OH CH.OH
a Uraeil (} 0}
3 H /1 H

1 1 1

H H OH H /| OH H .
I H HO I g —

U D P-glucose

OH OH—_ H H OH
™~

Nonreducing end of
a glyeogen chain
with n residues

ln = 4]

glyeogen
aynthase | LJDP

CTIL 0 CHLOH CH,0OH

- Hx

New nonreducing |~ H
OH H

Elongated glycogen
with n + 1 residues




UDP-Glucose

C—O

I"/ H \H

¢
o\OH (H3/OI|°'OPOCH2/\

H

Glucose Uridine diphosphate
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o(1—4) glycosidic
bonds

CH,OH
0

—0 OH

OH

Glycogen is synthesized from
molecules of a-D-glucose. It occurs in
the cytosol requiring energy from ATP
and UTP. Notice the a-1-4 and a-1-6
bond in the structure.




Glucose 6-phosphate

¢’r Phosphoglucomutase
Glucose 1-phosphate

uTp UDP-glucose l
pyrophosphorylase > UDP-glucose HO
(UDP - @) < .
o Glycogenin

Tyrosine

UDP
H,0 Pyrophosphatase
o-0- o%
UDP-glucose o(1—6) bond

2 P (UDP - @) Glycogen

synthase o
UDP ®

a(1—4) bonds Branching ;5( .‘.’b / b 2
P - - =y enzyme ‘." £ d c o - 0
% ®. _o-0-°

A
o nm |l k j i h g f e d ¢ b a
0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0 4.6 transferase 1 @

i .-
o-0-0®
Further elongation at the nonreducing ends
by glycogen synthase, making o(1—4) bonds.
l Further branching,

NONREDUCING making o(1—6) bonds.
ENDS

Glycogen synthase IS responsin t 1-4 put can only add on to existing
chains. In the absence of glycogen fragments the glycogenin protein can serve as the

Initial donor for the elongation. It begins on the hydroxyl group of a tyrosine. The bond is
from the carbon 4 of the glycosyl residue to the hydroxyl carbon 1 of activated glucose
by glycogen synthase. UDP is released.




The advantages of glycogen not being linear in animals (increase surface
area, reduces volume, increases solubility, increases number of
nonreducing ends) this accelerate the rates at which glycogen synthesis
and degradation can occur .

Branching by glucosyl 4:6 transferase ( ) this enzyme
transfers a chain of five to eight glucosyl residues from the nonreducing
end. It attaches It to a a-1-6. Glycogen synthase can then continue adding
glucose and branches ( ) to the glycogen fragment.

Degradation of Glycogen

The primary product of glycogen degradation is glucose 1-Phosphate
from the a-1-4 and glucose from the a-1-6 bond.




HO o HO o HO o HO o
HO OH O OH @) e OH 0 OH L
OH OH OH OH
Glycogen chain

PLP |Glycogen phosphorylase
Y

HO o

o
HO\! O -POg

OH

Glucose 1-P

+
HO HO HO
0 0 0
HONOH 0 - —\OH O-\OH .,
OH OH OH

Remaining glycogen

Glycogen phosphorylase cleaves the a-
1-4 glycosidic bond at the nonreducing
ends. Contains pyridoxal phosphate as
coenzyme. It degrades the glycogen
chain until four glucosyl units remain
resulting in a structure called limit
dextrin. Then branches are removed by
two enzyme activities. Glucosyl (4:4)
transferase which removes the outer
three of the four glucosyl residues and
transfers them to the adjacent non-
reducing end thus a a-1-4 bond is
broken and another made. The second
enzyme that breaks the a-1-6 remaining
bond on the branch is amylo a-(1-6)-
glucosidase which releases the free
glucose. Both of these enzyme activities
are domains of a single polypeptide the




Glucose 1-P produced by

Phospho- glycogen phosphorylase is
glucomutase Glucose 6-(P) then converted to Glucose
@ 6-P (phosphoglucomutase)
by passing through the
Phospho- Glucose 1,6-(P) intermediate Glucose 1-6
glucomutase : o
@ bisphosphate This Is a
reversible reaction. G6P is
then translocated to the ER
Phospho- Glucose 1_® where It Is converted to
glucomutase Glucose by Glucose 6
@ phosphatase. It is
. J transported to the cytosol
I 118 and then to the blood until

Interconversion of glucose B-phosphate and glucose 1-phosphate by phosphoglucomutase.

gluconogenesis is activated.
In muscle G6P cannot be
dephosphorylated

(- G6Phosphatase).
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( TYPE V: McARDLE SYNDROME
(SKELETAL MUSCLE GLYCOGEN PHOSPHORYLASE
OR MYOPHOSPHORYLASE DEFICIENCY)

@ Skeletal muscle affected; liver enzyme normal

® Temporary weakness and cramping of
skeletal muscle after exercise

® No rise in blood lactate during strenuous exercis

® Normal mental development

® Myoglobinemia and myoglobinuria

® Relatively benign, chronic condition

@ High level of glycogen with normal
structure in muscle

@ Deficiency of the liver isozyme causes Type VI:
Hers disease with mild fasting hypoglycemia.

‘@,
@,
° f." .
R
® LIMIT
DEXTRIN

— REDUCING
END

: —IL—) L E
® Lysosomal QEvCcos

TYPE Il: POMPE DISEASE
(LYSOSOMAL o(1—4)-GLUCOSIDASE DEFICIENCY)

® Lysosomal storage disease
® Generalized (primarily heart, liver, muscle)

® Excessive glycogen concentrations
found in abnormal vacuoles in the lysosomes

@ Normal blood sugar levels
@ Massive cardiomegaly
® Enzyme replacement therapy available

@ Infantile form: early death typically from
heart failure

horylasa ® Normal glycogen structure

TYPE lli: CORI DISEASE
(4:4 TRANSFERASE and/or 1:6
GLUCOSIDASE DEFICIENCY)

@ Fasting hypoglycemia

® Glycogen has abnormal structure
with four or one glucosyl residues
at branch points

{——— DEBRANCHING ENZYME
(1:6 glucosidase activity)

Summary glycogen
degradation 1.
Starts at the non-reducing
end by glycogen
phosphorylase until 4 units
are left (limit dextrin )
2. Debranching enzyme
activity a) removes the 3
units and transfers to
adjacent nonreducing ends

by glycosyl 4:4
transferase a-1-4 bond
broken and a-1-4 made.
(continues next slide)

Glycogen storage disease
type Il (Pompe’ s disease)
deficiency in the lysosomal
enzyme a-1-4 glucosidase
(acid maltase) accumulation
of glycogen in vacuoles




(TYPE la: VON GIERKE DISEASE
(GLUCOSE 6-PHOSPHATASE DEFICIENCY)

TYPE Ib: GLUCOSE 6-PHOSPHATE
TRANSLOCASE DEFICIENCY

@ Affects liver and kidney

® Fasting hypoglycemia—severe

® Fatty liver, hepato- and renomegaly

@ Progressive renal disease

® Growth retardation and delayed puberty

® Hyperlacticacidemia, hyperlipidemia,
and hyperuricemia

® Normal glycogen structure; increased
glycogen stored

® Type Ib is characterized by neutropenia
and recurrent infections

® Treatment: Nocturnal gastric infusions
of glucose or regular administration
of uncooked cornstarch

(Figure 11.8 continued)

lRepeat steps

GLUCOSE1-P + GLUCOSE
A

(Ratio ~8:1)

Glucose 6-phosphatase

Gluconeogenesis
enzyme

Glucose

GLUCOSE

Then the a-1-6 bond is removed by the amylo (1-6) glycosylase

activity of the

(3) This is repeated until

degradation is completed and glucose 1-P and eventually glucose is the

final product. Immediate Glucose levels are maintained and energy
demands are fulfilled. Liver functions to restore Glucose level muscle to
produce energy since it lacks (- G-6phosphatase)







) LivER

Glycogen

Glucose 6-P >
ATP v > Q

Glycogen p  Glycogen
phosphorylase  synthase

o ANV
Glucose 6-P

Glucose w> @)

Glucose 1-phosphate

[E) muscLE
Glycogen
Glucose 6-Pun > © <~~~
> Q Glucose 6-P

Glycogen Glycogen
phosphorylase  synthase

AMP \wAr> © /

Glucose 1-phosphate

Regulation of Glycogen Synthesis The
synthesis and degradation of glycogen ar:
tightly regulated. Glycogen synthase and
glycogen phosphorylase are allostericall
controlled and are hormonally regulated.
Glycogen synthesis is stimulated when
energy levels and substrate availability a
high. Glycogen degradation is
Increasedwhen energy levels and

available glucose supplies are low. In
muscle, contraction requwes ATP hence

AMP is accumulated. Ca? is released

due to depolarization of nerve impulses.
Ca2™ binds to calmodulin (a subunit of

phosphorylase kinase) and activates this
enzyme (glycogen phosphorylase).




Glycogen synthesis
favored
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Glucagon
(LIVER) Epinephrine
(MUSCLE and LIVER)

adenylyl
cyclase

CAMP (o) Z1010y, 5 pyp
diesterase

cAMP-dependent
protein kinase A
(inactive)

grfc)
2r)e)

cAMP-dependent
protein kinase A
(active)

Glycogen lycogen 1
synthase a synthase b
(active) (inactive)

GLYCOGEN
SYNTHESIS
IS
INHIBITED

Inhibition of glycogen synthase . There are two forms
of this enzyme, the activated a and inactive
(phosphorylated) form. The enzyme can be
phosphorylated at various sites on the enzyme, the
higher the degree of phosphorylation the greater its
Inactivity. This phosphorylation process is catalyzed
by a :
Glucagon and epinephrine induce adenylate cyclase
which in turn activate cyclic AMP dependent kinases

(see figure). Epinephrine activates degradation and
Inhibits synthesis in muscle.




Ca® is released from the
endoplasmic reticulum
in response to hormones
of neurstransmilters
binding to cell-surface
recepiors.

The transient increase

in the intracellular Ca®*
conceniration favers the
formation of the
calmodulin-Ca**complex)

The calmedulin—Ca** complex
i& an ezzential component of
many Ga?*-dependent
Enzrymes.

Figure 11.10
Calmodulin mediates many
effects of intracellular calcium.
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Epinephrine
O (MUSCLE and LIVER)

ROLE OF CALCIUM IN MUSCLE

During muscle contraction,
Ca®* is released from the

sarcoplasmic reticulum. The cAMP-dependant eAMP-desandant =
Ca®* binds to the calmodulin pratein kinase A profein kinase A + h
subunit of phosphorylase {inactive} active) ?

kinase, activating it without
phosphorylation. Phosphorylase
kinase can then activate glycogen
phosphorylase, causing

glycogen degradation.

- }phasphmrhsa kirase

(inactive)

X

(

ADP

P
Glycogen

phosphorylase kinase a
(active)

H,0

Protein phosphatase 1 ) €anvs Insulin

GLYCOGEN
IS
DEGRADED

ROLE OF AMP IN MUSCLE

In muscle under extreme conditions of anoxia and depletion of ATP, AMP
activates glycogen phosphorylase b without it being phosphorylated.

Insulin

Figure 11.11
Stimulation and inhibition of glycogen degradation.

Copyright @ 2008 Lippincoit Williams & Wilkins

Activation of
glycogen
phosphorylase
by means of
glycogen
phosphorylase
Kinase
through cAMP,
Glucagon and
epinephrine
activating
adenylate
cyclase. When
glucose is In
sufficient
concentration

It will bind to glycogen phosphorylase a making it a more
suitable substrate for protein phosphatase 1 and converting




Summary

1. Glycogen synthesis and degradation are regulated by the same
hormonal signals. Elevated insulin level results in increased
glycogen synthesis whereas glucagon and epinephrine cause
Increase glycogen degradation.

2. Cyclic cAMP increases In the presence of glucagon and epinephrine
Increasing glycogen degradation while insulin decreases cAMP.

3. Key enzymes are phosphorylated by a family of kinases activating
one glycogen phosphorylase a and inhibiting others glycogen
synthase.
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Figure 11.13

Key concept map for glycogen metabolism in liver.
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