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BI/CH 422/622

ANABOLISM I: Carbohydrates

Exam-1 material

Exam-2 material

Exam-3 material

} Know mechanism

Carbohydrate Biosynthesis in Animals

Regulation of Carbohydrate Metabolism
Anaplerotic reactions

Regulation of Carbohydrate
Metabolism

Regulation of Pyruvate
Dehydrogenase
Complex

+ Allosteric regulation by energy charge and
substrate/product

—ADP & pyruvate activates
—~ATP/NADH & acetyl-CoA inhibit
*Regulated by reversible phosphorylation of E1
—phosphorylation: inactive
—dephosphorylation: active
+PDH kinase and PDH phosphatase are part of
mammalian PDH complex.
—Kinase is activated by ATP.
+ high ATP > phosphorylated PDH - less acetyl-CoA made

* low ATP - kinase is less active and phosphoprotein phosphatase
removes phosphate from PDH > more acetyl-CoA made
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Regulation of Carbohydrate
Metabolism Gene controlled

Glycogenolysis prv— Lafabollsr
versus
I e lase )G"“’“"‘ Synthase — Phosphorylase Glycogen
Synthase
Glycolysis ﬂ
versus

]

*Regulated enzymes
often correspond to
points in the pathways
that have the same

substrate and product,
but a different enzyme.

* Also where there are
junctions.

phosphoglucomutase

— Hexokinase Glucose 6-
phosphatase
_ Phosphofructo- Fructose 1,6-

kinase-1 bisphosphatase
-1

«Can you name those P 5 PERCK
’ : = PEPCK..
enzymes? ™ Pyruvate v/
o]« S d—

Regulation of Carbohydrate

Metabolism
Regulation of Pyruvate

= Liver onl H All glycolytic tissues, including liver

Al tissues Kinase W e ’

« Allosterically activated by i | N .
fructose-1,6-bisphosphate — fé e | 6 steps !

—increase flow through glycolysis %&x« e :
— Feed-forward activation : H ;
. . ® LU LA [ N — ’ ATP,

+ Allosterically inhibited by —_ gz ........ cn ety
signs of abundant energy  eyruvate (pyruvate  ATP*|Q9e======= ity acds
supply. &‘i:::&;% T e i

—ATP H,0 LI tunsamlnnloni
—acetyl-CoA and long-chain fatty acids : o L !
—alanine (enough amino acids) )

Liver onhl (under hormonal control)

Inactivated by phosphorylation in response to signs
of glucose depletion (low blood-
glucose—>glucagon) (liver only) This is not the only time we'll see

Glucose from liver is exported to the brain and other gg{m:;s" control of these

vital organs.




Regulation of Carbohydrate
Metabolism Gene controlled

Glycogenolysis
versus

Glycogen
I Sycogen

Glycolysis ﬂ
versus

]

*Regulated enzymes
often correspond to
points in the pathways
that have the same
substrate and product,

but a different enzyme.

* Also where there are
junctions.

«Can you name those

Glycogen

)Gumamwmnse _ Phosphorylase

utase
_ Hexokinase
— Phosphofructo-

kinase-1

— Pyruvate Kinase /

enZymeS? \ : Joo gyrr:n:iate /
K | . ehydrogenase
I Acetyl-CoA I < 5 Py — Complex

Glycogen
Synthase

Glucose 6-
phosphatase

Fructose 1,6-
bisphosphatase
-1

ruvate
carboxylas e

Regulation of Carbohydrate

Metabolism

Regulation of Pyruvate
Carboxylase

e

pyruvate carboxylase by

Glucose

- Allosteric activation of

acetyl COA Oxaloacetate
stimulates glucose synthesis @ pyruvate
carboxylase

via gluconeogenesis because /~
plenty of acetyl-CoA signals |
plenty of CAC intermediates | _

- ® dehydroqenau

i/ complex co;

* Notice the reciprocal

control of PC & PDH

Complex by acetyl -CoA

BB

.'A-

Energy




Regulation of Carbohydrate
Metabolism Gene controlled

Glycogenolysis prv— Lafabollsr
versus
I e lase )G‘“"“"‘ Synthase — Phosphorylase Glycogen
Synthase
Glycolysis ﬂ
versus

oglucomutase
_ Hexokinase Glucose 6-
phosphatase

*Regulated enzymes
often correspond to
points in the pathways
that have the same
substrate and product,
but a different enzyme.

ructose 1,6-
bisphosphatase

Phosphofructo-
kinase-1

— Pyruvate Kinase / ‘=, PEPCK...¢
- Pyruvate \/

*Can you name those

enzymes? { A 3 Pyruvate carboxylase
I_I P \. e I Dehydrogenase /
Acetyl-CoA | <& 5 Py Complex

Regulation of Carbohydrate
Metabolism

Regl"ation of . “":"‘\ ¥ g Tow [ATP brn o
Phosphofructokinase-1 3% : o

versus
Fructose 1,6-bisphosphatase-1

* Fructose-6-phosphate - fructose 1,6-bisphosphate is the commitment step in glycolysis
*While ATP is a substrate, ATP is also a negative effector.

* [Fructose 6-phosphate]

Homeostatic level of Fru 6-P

Fructose 2,6-
- Do not spend glucose in glycolysis if there is Fructose 26-  Gluconeog bisphoseh
plenty of ATP. b'SP'i"SPhﬂte T I
- Sarr%? Jgsc;iérgfﬁégstgere is plenty of citrate, do arp. Y Fructose 6-phosphate é) P;
AT e R e ATP
+ Low energy charge inhibits biosynthesis of Gic. %: _______ s
ATP AMP, ADP PFK-1 @( _______ A onnmss " ® FBPase-1
‘® @ ® Cmmmm citrate
Fructose 6- + ATP Fructose 1,6- + ADP ADP Fructose 1,6-bisphosphate H0

phosphate ,@ bisphosphate

7
i

<im\ fructose 2,6- Glycolysis
bisphosphate . . . .
o missing an FBPase +  Go glycolysis if AMP is high and ATP is low.

Is this a typo? that responds to AMP +  Go gluconeogenesis if AMP is low.




Regulation of Carbohydrate

Metabolism
Fructose 2,6-(bis)phosphate .I.. 1. .

(BD-Fru-2,6P,) ° K P‘ ' < Ho
H :lu,o« (I;Hz )
-NOT a glycolytic intermediate, only a regulator OH  OFOs
*Produced specifically to regulate glycolysis and gluconeogenesis

—activates phosphofructokinase-1(PFK-1) (glycolysis)

—inhibits fructose 1,6-bisphosphatase (FBPase-1) (gluconeogenesis)
Enzyme for synthesis and degradation of
Fru 2,6P, done with a dual-function
enzyme: PFK-2/FBPase-2*

osphate P,

4l 3
OH H

pD-Fru-1,6P2

ATP
PFK-2

Fructose 2,6-bisphosphate

*6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase

ADP

Regulation of Carbohydrate

Metabolism
Regulation of Glycolysis and
Gluconeogenesis by Fru-2,6P,

100 Homeostatic level of Fru 6-P ‘_;‘ 100 Homeostatic level of Fru 1,6-P2
E :
£ 8o > 8ot
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oLt * T 1 1 ™™ 0 |
0 0.05 0.1 0.2 04 0.7 1.0 2.0 4.0 0 50 100
[Fructose 6-phosphate] (mM) [Fructose 1,6-bisphosphate] (uM)
« Without Fru 2,6P,,  STOP glycolysis * With Fru 2,6P2 (130 nM), Go glycolysis.
— GO gluconeogenesis. + With Fru 2,6P» (1300 nM), Stop gluconeogenesis.
I I et e e G I I I This would be the state of high Glc I

What controls PFK-2/FBPase-2?




Regulation of Carbohydrate

Metabolism f%?_
Regulation of Fru-2,6-P, Levels ;ricuraly. his enzyme, with

than those in glycolysis and

1[F26BP] gluconeogenesis (i.e., they
S hdates ShetToe Glucagon stimulates PKA are conjoined, rather than
inhibits gluconeogenesis when blood glucose is scarce. mdepender.nt) and are .
FBPase 2 is activcated. regulated via phosphorylation.
Glycolysis is inhibited, and
GLUCOSE ABUNDANT gluc is is stimulated. GLUCOSE SCARCE
(glycolysis active) = (glycolysis inactive)
Fructose 2,6-bisphosphate In su I in Protein kinase A G I uca g on Fructose 6-phosphate
g (stimulates PFK) ADP ATP  ADP ®) (no PFK stimulation)
/
a3 C
PFK \
more active
ATP P H,0 H,0
Fructose 6-phosphate ~ $ QD ’ % Fructose
Phosphoprotein . 2,6-bisphosphate *

¥ phosphatase (PPI)
Drop relieves the activation

High levels of fructose 6-phosphate of PFK-1, effectively
el R inhibiting glycolysis.

phosphop phosph Drop increases activity of
PFK2 is activated. FBPase-1, stimulating
Glycolysis is stimulated, and gluconeogenesis
| is is inhibited.

9 )

Regulation of Carbohydrate
Metabolism Gene contralld

Glycogen

< Glycogen Synthase _ Phosphorylase Glycogen

Synthase

Glycogenolysis
versus

Glycogen
I g

Glycolysis ﬂ
versus

t phosphoglucomutase  _mm—— ettt
_ ;" Glucose 6- ",
%, phosphatase

_ Phosphofructo- / Fructose1,6-/

kinase-1 bisphosphatase

*Regulated enzymes
often correspond to
points in the pathways
that have the same
substrate and product,
but a different enzyme.

. ) o
Can you name those ; Pyruvate Kinase v

y ‘ — =g

enzymes? Pyruvate / carboxylase

I_'I P N . — Dehydrogenase
Acetyl-Coh ) <& i J Complex




Regulation of Carbohydrate
Metabolism

Regulation of There Are Four Isozymes
Hexokinase of Hexokinase (I-1V)
-Isozymes are different enzymes that catalyze the % | e T
same reaction. g I ks
—typically share similar sequences ol "
—may have different kinetic properties 2 | IK-1 versus HK-IV
—can be regulated differently g e
HK | is expressed in all tissues, to different levels. z | ——

*HK IV (glucokinase) is only expressed in the liver = ° s B w

Glucose concentration (mu)

and pancreas. Glucokinase Is Regulated by Sequestration

—has higher K, so responsive to higher ‘
[glucose] SRy Cytosol [ Nucteus

—not inhibited by glucose-6-phosphate, N Vil BN N
so can function at higher [glucose] il ' @

—functions to clear blood glucose at Plase) V) . v
higher [glucose] for storage as = @‘X’ | &=
glycogen also FrulP Giu:m&rho:::::e 1-phosphale i @

—Glc activates release/Fru6P inhibits Fructose 6-phosph 4\

Regulation of Carbohydrate
Metabolism Gene contralld

Glycogenolysis Glycogen
versus

Glycolysisﬂ

versus

1

phosphoglucomutase
_ Hexokinase / " Glucose 6- .
“.. phosphatase,

_ Phosphofructo- / Fructose1,6-/

*Regulated enzymes
kinase-1 bisphosphatase

often correspond to
points in the pathways
that have the same
substrate and product,
but a different enzyme.
*Can you name those : _ Pyruvate Kinase v "'f"s',E;Fac'vK;':‘e":./
enzymes? ] Pyruvate / carboxylase

I_II P W | /s — Dehydrogenase
Acetyl-CoA | & ot y Complex




Regulation of Carbohydrate

Metabolism . .. ..
Regulation of \}

Glycogen
particie

Ser' oH OH Ser i g
side | | side
chain CH, CH, chain
I
| Phosphorylase b|
G| (essactive) |2 &)
Nobel Prize 1972
2P, 2ATP Earl Sutherland
PP phosphorylase b 1915-1974
kinase  «Glycogen phosphorylase cleaves glucose
2H,0 2ADP

residues off glycogen, generating glucose-1-
phosphate (Glc 1P).
*Phosphorylation activates glycogen phosphorylase-b
—Phosphorylase-b Kinase
—Accentuated by allosteric binding of AMP (muscle only)
»Dephosphorylation inhibits glycogen phosphorylase-a
—Phosphoprotein phosphatase-1 (PP1)
—Accentuated by allosteric binding of Glc (in liver only)

Regulation of Carbohydrate il o L
Metabolism ol m———
Regulation of s e -
Phosph;serlr;es 3ATP pop G I yCO g en ?:"/:::;jn L
hear carboxy! kinase B 2 +

kerminus

are Synthase

Phosphorylase b
kinase 2

Casein kinase | Al least nine ..

Casein kinase || 5 0

Glycogen synthase

kinase 3 3A, 38, 3C * &+
Glycogen synthase

kinase 4 2

Need energy: stop storing & release
+Glycogen synthase adds glucose residues to
% glycogen using UDP-Glc.
* Phosphorylation inhibits glycogen synthase-a
—Its complicated, responding to multiple signals

—Example: First Casein Kinase-2 (CKII), then Glycogen
Synthase Kinase-3 (GSK3) [inactivated by insulin]
S Regulation of glycogen
. Dephosphorylatlon activates glycogen synthase-b synthase/glycogen
—Phosphoprotein phosphatase-1 (PP1) (in liver it's a different PP)

~PP1 is bound to GS-b phosphorylase is I

+Also, feedforward control by glucose and Glc-6P somewhat similar to |4 ..._:
—Binding causes a conformation favorable for PP-1 binding regulation of PDH H"'"I ]
—Binding does not allow GSK-3 access to phosphorylation sites complex [ AR




Regulation of Carbohydrate
Metabolism

Nobel Prize 1992
Edwin Krebs
1918-2009

*Glucagon/epinephrine signaling pathway

activated when there is a NEED for energy
— starts phosphorylation cascade via cAMP

— cAMP activates PKA

— PKA activates phosphorylase-b kinase
— this kinase activates glycogen phosphorylase

— Massive degradation of glycogen
+ Inmuscle: Glc1P->Glc6P->glycolysis
Glc1P->Glc6P->Blood glucose

+ There is reciprocal inhibition of GS
— PKA phosphorylates Gu, which is bound
to PP1 on GS, thus dissociating it.
— PKA also phosphorylates PP1-inhibitor
protein, which binds and inactivates the

« Inliver:

Myocyte PePlies

Glycogen Phosphorylase Cascade

Glucagon

free PP1, thus leaving GS-® and inactive

Fepmtocyte I 2 i
& i
Y H A
P-adenorpeeptor ", glucagon receptor
O
s
i ctivation
ATP ——— Cyclic AMP
earyly
e/ [20xmolecaie]
Inactive PKA Active PKA
<o __.-" 10x molecules
G O -
ok Inactive & Active
5
kinase - kinase
{ 100x molecules.
Inactive 7\ Active
glycogen ———  glycogen
AAMP)- = == e e S ! [1,000x molecules.
A -
O /
— /
..... - |
.
i A
» o o — Glucose 1
s >
Wy G &
G is the glycogen- = Glycolysis |
targeting protein 1 H
Muscle contraction i Blood glucose
1 10,000 molecules

Regulation of Carbohydrate
Metabolism

Gene controlled

Glycogenolysis
versus

Glycogen
I g

Glycolysis ﬂ
versus

]

*Regulated enzymes
often correspond to
points in the pathways
that have the same
substrate and product,
but a different enzyme.

*Can you name those

enzymes?
Acetyl-CoA

Glycogen

-
<«

phosphoglucomutase

_ Hexokinase /

[

Phosphofructo-
kinase-1

v

_ Pyruvate Kinase /
Pyruvate /

Dehydrogenase
Complex

Glycogen /

Synthase

Fructose 1,6-/
bisphosphatase

carboxylase




