BB 422/622
OUTLINE: ANABOLISM I: Carbohydrates

Carbon Assimilation - Calvin Cycle

Stage One - Rubisco X

Exam-1 material Oxygenase
Glycolate cycle
Exam-2 material Stage Two - making sugar

Stage Three - remaking Ru 1,5P2

Overview and regulation
Calvin cycle connections fo biosynthesis| Know pathway
C4 versus C3 plants

Exam-3 material Kornberg cycle - glyoxylate

Carbohydrate Biosynthesis in Animals

Know pathway

PHOTOSYNTHESIS:
Overview of Photosynthesis

Key experiments: Pentose-Phosphate Pathway | Know pathway

Light Reactions oxidative-NADPH
energy in a photon non-oxidative-Ribose 5-P .
pigments Regulation of Carbohydrate Metabolism
HOW Acetyl-CoA/Pyruvate
Light absorbing complexes-"red-drop experiment” Pyruvate/PEP
Reaction center F6P/FBP: Fru 2,6P2
Photosystems (PS) Glc/Glc6P: sequestration .
PSII - oxygen from water splitting Glycogen: PKA/PP1 lnstagram
PSI - NADPH Insulin signaling .
Proton Motive Force - ATP Anaplerotic reactions
Overview of light reactions Biosynthesis of Lipids

Regulation of
Carbohydrate
Metabolism

Catabolism vs. Anabolism
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RECALL: Gluconeogenesis

Glycolysis

—seennsis (GluCONEOQgENESIS
| occurs mainly in

the liver and

kidney cortex.

«Irreversible reactions of
glycolysis must be

Glycolysis versus o e
AL

Fructose
ATP - G-phosphate _ p,

\ \
phospho- fructose
fructokinase-1 | 1,6-bisphosphatase-1

Glycolysis occurs
mainly in the Aor-/‘:;;":m.\u,o
muscle and brain. o=

Phoephate bypassed in
5 Vamuns ™ luconeogenesis.
- Opposing pathways that are both S et & ATPg o
thermodynamically favorable: o | g - roAr generate :
4 anao'|[-awa0*  GAPDH during gluconeogenesis;
+Glycolysis: AG“=-35 kcal/mol 2NADH + 24" | |- 2NADH + 21 instead 6 ATPs and 2
*Gluconeogenesis: AG°=—9 kcal/mol (.,,,::?,m:"n. bex NADH needed per Gic.
19 H
— operate in opposite direction =2 | R — Some different enzymes
. ) (2)3-Phosphoglycerate results in the different
« end product of one is the starting 2 ) et
compound of the other (212 Phosphoglycerate pathways
- Seven Reversible reactions are l - differentially regulated to

prevent a futile cycle

~ [ PP
Pyruvate \\u.be.,\lmu
26TP

used by both pathways.

* Three "glycolysis-specific” steps
are reversed with Four
“gluconeogenesis-specific” steps.

\
2ATP - (2) Oxaloacetate
| .anop
Soyruvate
[ carboxylase
/21e
S

[(2) Pyruvate |

Regulation of Carbohydrate
Metabolism Gene controlled

Glycogenolysis Syeosen Catabolism
versus
I g:‘y;;’g‘e;rylasg e Glycogen Synthase _ Phosphorylase Glycogen
Synthase
Glycolysis ﬂ
versus

1

*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; e.g., Glc6P

osphoglucomutase

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

kinase-1 bisphosphatase-1

.Can you name those _ Pyruvate Kinase - PEPCK

P *

— Pyruvate
enZymeS? ) rboxylase
I_I _ < -~ Pyruvate Dehydrogenase

Acetyl-CoA < i sl Complex —_—




Regulation of Carbohydrate

Metabolism

Regulation of Pyruvate
Dehydrogenase
Complex

Acetyl
+ 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

(A) HIGH ENERGY CHARGE
Pyruvate

(B) LOW ENERGY CHARGE

Pyruvate
NAD*
e
©]

NADH

NAI

By

Acetyl CoA
@ Aopml ATP ADP 7
e e
ADP Pyruvate
CoA ('13‘11":) H,0
NAD* o "QM
ATP | oyFioe phosphatase
ey
NADH Gehydrogenase) > Py
ATP Bk, A
NADH 1
Pyruvate +b Acetyl CoA
Co,

Regulation of Carbohydrate

Metabolism

Gene controlled

Glycogenolysis

Glycogen

versus
'ﬁ.’:ﬁﬂylase - Glycogen Synthase _ Phosphorylase Glycogen
Synthase
Glycolysis ﬂ
versus
t phosphoglucomutase
— Hexokinase Glucose 6-
+Regulated enzymes phosphatase
often correspond to
points in the pathWayS — Phosphofructo- Fructose 1,6-
kinase-1 bisphosphatase
that have the same KR

substrate and product,
but a different enzyme.

* Also where there are
junctions.

*Can you name those
enzymes?

I Acetyl-CoA I

<
<«

[—

Pyruvate Kinase

s CK...

= Pyruvate
Pyruvate carboxylase
Dehydrogenase

Complex

v




Regulation of Carbohydrate

Metabolism
Regulation of Pyruvate

H Liver only H All glycolytic tissues, including liver

Alltissues Kinase |

—_— glucagon :

+ Allosterically activated by | 5 F16BP -~~~ .
fructose-1,6-bisphosphate wr: B e | “mps :

—increase flow through glycolysis PKA ! "2 i
— Feed-forward activation 2 i 1
o ® AP (@e------

+ Allosterically inhibited by S > scaCot
signs of abundant energy  eyruvate {Pyruvate  ATP*|9======= N, fatty acids
su p p l y . (:::::l::) PP E kilr;::e Pyruvate E

—ATP H,0 Py E l transamination E
—acetyl-CoA and long-chain fatty acids E bl st /
—alanine (enough amino acids)

Liver onh{ (under hormonal control)

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

Glucose from liver is exported to the brain and other hormonal control of these

vital organs. pathways.

Regulation of Carbohydrate
Metabolism Gene controlled

Glycogenolysis Syeosen Catabolism
versus
I g:‘y:;ie;rylase — Glycogen Synthase — Phosphorylase Glycogen
Synthase
Glycolysis ﬂ
versus

1

*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 R — Pyruvate kinase v’
enzymeS? | ) Pyruvate /

I_I P \. forsue _ Dehydrogenase
Acetyl-CoA | ¢ (5 Pyraste” Complex




Regulation of Carbohydrate

Metabolism

Regulation of Pyruvate

Carboxylase
+ Allosteric activation of
pyruvate carboxylase by
acetyl-CoA

— stimulates glucose synthesis
via gluconeogenesis because
plenty of acetyl-CoA signals
no need to make more and

—— kr save pyruvate.
I » Notice the reciprocal

control of PC & PDHC by
acetyl-CoA

5 5

Pyruvate Pyruvate
KED e Energy
PE g Gan b e NAD® Ll Sd
o fac

Glucose

Gluconeogenesis

Oxaloacetate

o pyruvate

Pl 2 @ carboxylase
ruvate

pyravate

i

1

1

I

: P ® dehydrogenase

4 complex

’,

Regulation of Carbohydrate

Metabolism

Gene controlled

Glycogenolysis
versus

Glycogen

Glycogen Synthase

Glycogen
',hvos;was, [

Glycolysis ﬂ
versus
|

phosphoglucomutase

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

Phosphofructo-
kinase-1

Catabolism

Phosphorylase Glycogen
Synthase

Hexokinase Glucose 6-
phosphatase

ructose 1,6-
bisphosphatase

*Can you name those sy S _ Pyruvate Kinase / —PEPCK/
enzymes? W - M-
R == —




Regulation of Carbohydrate
Metabollsm

Regulation of i ; G
Phosphofructokinase-1 % ‘ : o
versus 5

* [Fructose 6-phosphate]

Homeostatic level of Fru 6-P

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.

— Do not spend glucose in glycolysis if there is Fructose 2,6-  Gluc
plenty of ATP. b-swliosphate T

Fructose 2,6-

Q=3

— Same for citrate, if there is plenty of citrate, do arp. Y Fructose 6-phosphate P;
not waste glucose ® <eeeeee ATP
* Low energy charge inhibits biosynthesis of Glc. @ <o ADP
PFK- FBP: -
A"I'P A‘MP,ADP 1 @ L AMP - --ennv i ® ase-1
~ L, I 00, s 5~ P e
Fructose 6- + ATP ® @ Fructose 1,6- + ADP ADP 81:“““2 1‘::‘: hosphate H.O
phosphate @ bisphosphate ' phose 2
[} Ll
itrate fructose 2,6-
= @—N’ bophte Go glycolysis if Ai;y:'“y:'s hand ATP is |
A are missing an FBPase o glycolysis i is high an 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 o_‘,gq,%

?—o 'm-num
(BD-Fru-2,6P,) C A X X

*NOT a glycolytic intermediate, only a regulator S 1 B
«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*

Fructose 6-phosphate
& 5 x"ﬁu'
,ﬁ- L FBF‘WV

Fructose 2 6-b|sphosphate

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

a-uuw""'”

Fructese u

PFK-2




Regulation of Carbohydrate

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

100 Homeostatic level of Fru 6-P 'i 100 Homeostatic level of Fru 1,6-P2
3 £
©
E sof RSO > sof ow Gle
. ) F26BP
S $ gh Glc
g 60f PO
.g‘ Y 2 T T"1Tr = "
£ 40 : 2 40 !
o 1 by 1 !
5 | 1 o
g o ! s 2004 Tr26BP |
& ! a ! ]
1 -] ] \
0 Lt - : 1 u 0 1 1
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 Ui E e din g el i EE I I This would be the state of high Glc I

What controls PFK-2/FBPase-2?

Regulation of Carbohydrate
Metabolism Ll
Regulation of Fru-2,6-P, Levels :ructral. ihis anzyme, with
than those in glycolysis and

1{F26BP] gluconeogenesis (i.e., they
are conjoined, rather than

Stimulates glycolysis, Glucagon stimulates PKA

inhibits gluconeogenesis when blood glucose is scarce. independent) and are .
FBPase 2 is activcated. regulated via phosphorylation.
Glycolysis is inhibited, and
GLUCOSE ABUNDANT gl g is is stimulated. GLUCOSE SCARCE
(glycolysis active) = G I (glycolysis inactive)
} Fructose 2,6-bisphosphate In su I n Protein kinase A uca g on Fructose 6-phosphaté]
g (stimulates PFK) ADP ATP  ADP (no PFK stimulation)
:. e0 ;
°
PFK
more active
ATP P H0 H,0
Fructose 6-phosphate ~ $ Ph (_Dh o % Fructose *
osphoprotein 3 bi
_____ =7 phosphatase (PPI) 4S-blsphiasphate

Drop relieves the activation

High levels of fructose 6-phosphate of PFK-1, effectively
3 1 . h - o o inhibiting glycolysis.

L PHOp L L Drop increases activity of
PFK2 is activated. FBPase-1, stimulating

Glycolysis is stimulated, and gluconeogenesis
gluconeogenesis is inhibited.




Regulation of Carbohydrate
Metabolism Gene controlled

Glycogen

< Glycogen Synthase _ Phosphorylase Glycogen

Synthase

Glycogenolysisu

versus
' P e

Glycolysis ﬂ
versus

t phosphoglucomutase 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.

_ Pyruvate Kinase / '—I?EPCK’
— Pyruvate

*Can you name those

enZymeS? ;yr}:n:iate / carboxylase
ehydrogenase
[reoicon] < S

Regulation of Carbohydrate

Metabolism
Regulation of There Are Four Isozymes
Hexokinase of Hexokinase (I-1V)

-Isozymes are different enzymes that catalyze the | - Homal astiog

X > [glucose] Hexokinase IV
same reaction. £l {ghicokinase)

—typically share similar sequences i | "’
—may have different_kinetic properties 3 | HK-I versus HK-IV
—can be regulated differently $ Hexokinasel
b Kp=02mm

2

*HK | is expressed in all tissues, to different levels. — - - -
*HK IV (glucokinase) is only expressed in the liver = ° § 0

Glucose concentration (mu)

and pancreas. Glucokinase Is Regulated by Sequestration
—has higher K, so responsive to higher ‘
[glucose] SRSy Cytosol || Nucteus
—not inhibited by glucose-6-phosphate, o |
so can function at higher [glucose] %l

3
®

—functions to clear blood glucose at Pladma i v E— W
higher [glucose] for storage as 7 @@

Glucose 6-phosphate 1 @
glycogen also FrulP ) Fructose 1-phosphale i \\ . 2

—Glc activates release/Fru6P inhibits Fructose 6-phosphate —-—-—-——-- s




Regulation of Carbohydrate
Metabolism Gene controlled

An lism

— Phosphorylase Glycogen
Synthase

Glycogenolysisl pr—
versus

Glycogen Synthesistg'"ffvﬁ"'vl-se

Glycolysis 1
versus
Gluconeogenesis t
phosphoglucomutase JUOITTEIT
_ Hexokinase / "Glucose 6- ",
'v...;.)hosphata.s_e_,l

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

Phosphofructo- / Fructose 1,6-/
kinase-1 bisphosphatase

— Pyruvate Kinase / '—FEPCK’
— Pyruvate /

*Can you name those

enZymeS? fo Pyruvate / carboxylase
Iml < \_. S e _ Ez_m/&genase
n
Regulation of Carbohydrate
]
Metabolism . .- -
Regulation of PN
Glycogen Phosphorylase .. 5o S
i ) B . 4 . M . 4 = s
ser'* oy OH Ser' "9}5 ” :Jt:’ ~
prers éHz éu. <hain . VN by
. Phosphloryhub o ‘\? y ? ‘l NI
©| (less active) a y; {\‘ : Q‘j;{,':’ \ :;;2 'Z
. acvwine—" ooy = 7:" o
- AR O
PP1 phosphorylase b 1915-1974 ’ P W, sl

Xiase -Glycogen phosphorylase cleaves glucose
residues off glycogen, generating glucose-1-
5 phosphate (Gic 1P).
Q @ »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)

2H,0 2ADP




- 3
Regulation of Carbohydrate AN ey G .
Metabolism e
Degree of
Insulin - Kinase Wm iorod
[l Regulation of = :-
Protein kinase G 1A B 2
Phosphoserines  ADP & 3ATP \1p G chogen Protinkiase "
hear carboxyl («:I N/:nmuu.n .
kerminus oy Synthase Prosphonyse & ;
7 Casein kinase | Al least nine TR
7 g [Casein kinase II 5 0
’ - Glycozen synthase
S 7l
) kinase 4 2

£ Need energy: stop storing & release
+Glycogen synthase adds glucose residues to
pP1 % glycogen using UDP-Glc.
R *Phosphorylation inhibits glycogen synthase-a
—Its complicated, responding to multiple signals

\ ™
\ S
k N —Example: First Casein Kinase-2 (CKIl), then Glycogen
Glucose Synthase Kinase-3 (GSK3) [inactivated by insulin]
6-phosphate

Regulation of glycogen
*Dephosphorylation activates glycogen synthase-b gt gyeog

—Phosphoprotein phosphatase-1 (PP1) (in liver it’s a different PP)
—PP1 is bound to GS-b
+Also, feedforward control by glucose and Glc-6P

—Binding causes a conformation favorable for PP-1 binding
—Binding does not allow GSK-3 access to phosphorylation sites

synthase/glycogen
phosphorylase is

somewhat similar to | &~ ]

regulation of PDH
complex

s

Regulation of Carbohydrate

Metabolism
Glycogen Phosphorylase Cascade

!omolh‘uﬂmw

Myocyte ‘ Hepatocyte
Nobel Prize 1992 & ‘ S
Edwin Krebs B-adensr:gc;pwr oy | glucagon receptor
1918-2009 T
, N s ) e
*Glucagon/epinephrine signaling pathway {
activated when there is a NEED for energy T et
— starts phosphorylation cascade via CAMP i T S
— cAMP activates PKA 7 kinase s Kinase
/ [100x malecuies
— PKA activates phosphorylase-b kinase imactive &) mm_

— this kinase activates glycogen phosphorylase

— Massive degradation of glycogen e

* In muscle: Glc1P->Glc6P->glycolysis —
« Inliver: Glc1P->Glc6P->Blood glucose

 There is reciprocal inhibition of GS v &

— PKA phosphorylates Gy, which is bound e ¢

to PP1 on GS, thus dissociating it. PR
— PKA also phosphorylates PP1-inhibitor | &% the glycogen-

protein, which binds and inactivates the Lo poen
free PP1, thus leaving GS-® and inactive

10



Regulation of Carbohydrate Metabolism

o >/ glycolysis
won oo —o ("t ) " e

Reciprocal regulation of
glycogen synthesis and

insulin A
° 1 Glucose 1-phosphate ?
! protein kinase A
K N 1 cAMP cAMDA
26 Fructose 2.6- glucagon glucagon
u.ur.m- ] ' pinephri epinephrine
+ Fructose 6-phosphate G S Glucagon
are Y
) ® low Pancreas f secret
isatuas, ATP glucose ——o~ acell etion
[ RS ADP BLOOD
PRKY @ AAAAAAA s ® FBPase-1
< LIVER
®) <-eeenee citrate f o - glycogenesis
ADP Fr\xlou!,t-lbhmncNo FZGP“ 0 ucose @—— I:mymms

Glycolysis glucagon

Regulation of Carbohydrate

Metabolism Gene controlled

Glycogenolysis
versus

Glycolysis 1
versus
Gluconeogenesis t

*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?

Glycogen Synthesists'“’éfﬂ?w'm

Glycogen

Glycogen Synthase _ Phosphorylase / Glycogen \/
Synthase

hosphoglucomutase
Hexokinase / " Glucose 6- ",

Lo s’
[

Phosphofructo- Fructose 1.6-‘/
kinase-1 bisphosphatase

_ Pyruvate Kinase / '—PEPCK
- Pyruvate /

Pyruvate carboxylase

I Acetyl-CoA I :

\. B — Dehydrogenase /
i Pyt Complex
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