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Metabolism

a Most pathways can be classified into:

L2~ o' Catabolism: degrade complex molecules (proteins,
Prokenn carbohydrate and triglycerides) to few simple products (CO,,
O/VA ¢ nd H,0). Capture chemical energy to form ATP.

onsidered a convergent process (large no. of substances
are degraded to few common end products).

o' Anabolism: synthesize complex end products from simple
precursors. Requires energy which is provided by the
breakdown of ATP. Considered a divergent process (few
starting precursors produce wide variety of complex
substances)



sxs 3 U Glucose Metabolism Ji. Glucose Metabolism L o b
il s . Anabolism i, Catabolism v : ppdpledl o e

s lden s e olepl s UL L WL oSS Ll L ¢ s macromolecules
&5 Seggtal g ¢ la dgmil (g ¢ CASTUT pmy .. 2a5 @MINO ACIAS W 7 § Jon
gl ihly e 53250 @MINO ACIAS U 7)1 (5t Wabined ¢ g ¢ 1 Ogop ¢ anid
s« Anabolism s, <L . Anabolism sAna ¥; Cata Sacey s 1igh ¢ (pdss]
L Sl slles 2 pagd lkes 2 U Gatabolism

. Glucose J <y 4S5 3ls Starch Ui Su. Starch e g2 oLl i b
LY oS5 Glycolysis b als oy asasdd 2o e« Glucose o Je 5,8
gda oo Loty b STy sy ddl . H_20 5, CO_2 ¢ xf o M 3Ll g
5 & lyally o ols CO_2 5 4... H_20 , fatty acids CO_2 i« sls NH_3
ele; 0ls DNA L s i nucleotides i olus bk Jalle; sy, 1as L CO_2
* ket 3 Nitrogenous substances ,» U

very simple J s~ complex molecules ... us L ; Catabolism
s, « Water 41, CO_2 4 ; poor energy molecules . 4 molecules
o <3 0 ol 3| ANADOlISM 1 Convergent Method ... sl» 0

. Divergent Process ... ieal sl 0f LS>5 cOMplex compounds

5 ATP i ¢ Jlay, Catabolism Ji ey  NADPH o s ATP b,

Citric - 6 s lipids Ji; polysaccharide Ui, protein Ji sl . NADH
> NH_3 45, CO_2, ATP . Acid Cycle

energy poor J carbohydrate. fat. protein .- Catabolism _ ides Oga'
obles i « NADH 3 ATP s ey sy products (CO_2, H_20, NH_3)
.NADPH ; ATP (5 cllgzas sls Lansl Ul Olie azas <L wlkes ANAboOlism
STt g8 bk £



Catabolism
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Regulation of metabolism

Q

T
Signals from within the cell (intracellular)

The rate of a metabolic pathway may be influenced by the
availability of substrates, product inhibition, or alterations in
the levels of allosteric activators or inhibitors.

—~—

Communication between cells (mtercellular)

Can be mediated by surface-to-surface contact, hormqnes
and, in some tissues, bm,rmat&of gap junctions ~.__ 5
Second messenger systems  rewor —sin os b o)

n&ATON ~D M

Two of the most widely recognized second’ messenger YV, <

systems are: WV )
The calcium/phosphatidylinositol systemuvz\ }'40) OSe a2 L

The adenylyl cyclase system [~ve_ 4 20

S 28
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Reqgulation of metabolism
Adenylyl cyclase
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Cop le 2. Protein kinases: phosphorylates different proteins and enzymes
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3, Dephosphorylation of proteins: Phosphatases reverse the effect of

kinases.
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:Second Messenger i, Adenylate Cyclase
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Transport of glucose to cells
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Glucose cannot diffuse directly into cells, but
enters by one of two transport mechanisms:

Na-independent, facilitated diffusion transport
system

In facilitated diffusion, glucose movement
follows a concentration gradient

Tissue specificity of GLUT gene expression:

GLUT-3 is the primary glucose transporter in
neurons

GLUT-1 is abundant in erythrocytes and
brain, but is Jow ir duIt muscle

per IS Incre
in, ;5K el o A /n-w
GLUT-2 (in the liver ’_le_c’IJney, 2nd B cells of
the pancreas? can either transport glucose
into these cells or from it depending on
blood glucose levels - et
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Transport of glucose to cells

weos c — 1) ® GLUT-5 is the primary transporter for fructose in the small intestine
Sluss < P and the testes

oM S . GLUT-7 $in the liver and other gluconeogenic tissues) mediates
- (P glucose flux across the endoplasmic reticular membrane.

... = Na-monosaccharide cotransporter system: is an energy-
Ablasmss  F€QUIring process that transports glucose against a conc.

cebaul gradient

N . M\ = This system is a carrier-mediated process in which the movement
<o) = of glucose is coupled to the conc. gradient of Na, which is
\po afd trasported into the cell at the same time.

= It occurs in the epithelial cells of the intestine, renal tubules, and

Choroid plexus. @\ Grwpre rO%eclvety) =" _
U2 ar E- Tﬁm%nﬁs mediated B"y a family of fourteen glucose

ative transporters in cell membranes (GLUT-1 to GLUT-14)

Pacs T They exist in the membrane in two conformational states.
e V- Extracellular glucose binds to the transporter, which then alters its
conformation, transporting glucose across the cell membrane.



:Transportation of Glucose to the cells
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Ceerosiv, O GchonS|s occurs in the cytosol of all tissues and cells
).‘L:/ s »
o Defined as oxidation of glucose to pyruvic acid (in the presence

g of O,, Aeroblc) and to Iactlc acid (in the absence of O,,
hrowms Por ey anaerobic) |
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Phosphoryfation of glucose

= Phosphorylated sugar molecules do not readily penetrate cell
membranes @o carriers, too polar to cross)
sl “all over Ve So —> ‘v‘/:@dg;z;é
wwék\ﬁ o =PI L L
L= exokinase has broad substrate specificity and it is inhibited
b E

P ucose. y the reaction product, glucose 6-phosphate

= It has alow Km [(high affinity) for glucose. And|low Vmax ' B
S k52 Al E |

= Glucokinase (similar broad specificity): In liver parenchymal
cells and islet cells of the pancreas Bl S 08
W' v o
= In B cells, glucokinase functions as the glucose mn
determining the threshold for insulin secretion. In the liver,

the enzyme facilitates glucose phosphorylation during
hyperglycemia.

= Glucokinase functions only when the intracellular
concentration of glucose in the hepatocyte is elevated, such
as during the brief period following consumption of a
carbohydrate- rich meal

Concentration
of fasting
blood glucose

—— —

e - = - = mw  ————

Glucokinase

Enzyme activity

Vmax
hexokinase

Hexokinase

=3 . . i | S TT Y Sl T |

G0 =15 ="20
A X
Km

Km
Hexokinase Glucokinase

Glucose concentration, mmol/L
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Steps of glycolysis

e Ol
o Energy investing phase:

o Step 1: glucose is phosphorylated to glucose-6-phosphate.
The reaction is irreversible and is catalyzed by either
glucokinase (GK) in liver cells and I1@2<9\I<iﬁ§§e (HK) in other

tissues. “— vgmiaded and teevorble
o Step 2: glucose-6-phosphate is isomerized to fructose-6-

phosphate by isomerase enzyme —r ff)\
e

o Step 3: fructose-6-phosphate is phosphorylated to F-1 6- Lo
diphosphate. The reaction is catalyzed by phosphofructo- She
kinase (PFK). reﬁ“\“\mif woreversible

a Step 4: F-1,6-bP is split by aldolase into two trioses
(Glyceraldehyde-3-P and dehydroxyacetone phosphate)

"\

D

F



Steps of glycolysis

o Step 5: DHAP is isomerized to G-3-P which is catalyzed by
Isomerase

II- Energy generating phase:

o G-3-P is oxidized phosphorylated forming 1,3-
biphosphoglycerate (1,3-BPG) and NADH which is catalyzed by
glyceraldehyde 3-P dehydrogenase. NADH produces 2.5 ATP in
ETC.

a Step7: 1,3-BPG gives its high energy phosphate to ADP to form
ATP converting to 3-PG. This is catalyzed by phosphoglycerate
kinase.

o Step 8: 3-PG is converted to 2-phosphoglycerate by mutase



Steps of glycolysis

a Step 9: Enolase enzyme dehydrates 2-PG forming 2-
phosphoenol pyruvate (PEP)

o Step 10:PEP is dephosphorylated giving its P to ADP to form
ATP and converted to pyruvate. Rxn is irreversible alﬁ catalyzed
by pyruva.lte klna‘lser\-s e bl Y‘eﬂ/\\o\}\f&;& @g\:{ﬁ \;;;aj

o Step 11: in RBC's and under anaerobic conditions NADH formed
in step 6 is oxidized to give hydrogen and pyruvate which
converts into lactate by lactate dehydrogenase
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Energy gain in aerobic glcolysis

Step 1 Glucokinase (GK) -1 ATP
Step 3 Phosphofructokinase (PFK) - 1 ATP
Step 7 Phosphoglycerate kinase + 2 ATP
Step 10 Pyruvate kinase (PK) + 2 ATP
Step 6 2 NADH + 5 ATP
Net gain + 7 ATP




Anaerobic glycolysis

Step 1 Glucokinase (GK) -1 ATP
Step 3 Phosphofructokinase (PFK) - 1 ATP
Step 7 Phosphoglycerate kinase + 2 ATP
Step 10 Pyruvate kinase (PK) + 2 ATP
Net gain + 2 ATP
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Hormonal regulation of GchonS|s ol o, .
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| Glucose

a  GK (or HK), PFK and PK are the key enzymes of Glucokinase gw m
glycolysis. NG ucagon_

Glucose 6-P Al J,.A
| A Lo Lls.

o PFK is the most important and considered the rate Fructose 6-P

limiting enzyme. R Pl eed Insulin__
e ISR Glucagon |

Fructose 1,6-bis-P

o Hormones regulate glycolysis according to blood

: Y
glucose level: Giyceraidehyde -7 5. Dinydrory:
a After CHO feeding: blood glucose increases, this mmilmwm
stimulates insulin secretion, insulin stimulates | 0
glycolysis by increasing the synthesis of the three 3ﬂ°"°sp'i°tg'vwa'°
key enzymes: GK, PFK and PK. | 2Pnosphogiycerate
o During fasting: blood glucose level decreases, | ,,hosp,,*ge,,o,pymm
which inhibits insulin secretion and stimulates | O <~

glucagon, adrenaline and corticosteroid which | Pyruvate (PP Glucagon |
inhibit the synthesis of and activity of GK, PFK anc =

yruvate
PK. | i

Laclate
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In-vitro inhibition of glycolysis

a _Flouride inhibits enolase enzyme (step 8)
POK' C. A'./

c/a—»It is used in toothpastes as it inhibits glycolysis in mouth bacterial

AN flora.
bm%t‘”‘“\ - o Itis also used as anticoagulant for blood samples to estimate its
lova glucose content. )
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! ETHANOL SYNTHESIS ,

* Occurs In yeast and :
some bacteria (including
intestinal fiora).

* Thiamine pyrophosphate-
dependent pathway.

——

Eﬂumolé;

Fate of pyruvic acid T(’

NADH + H*

Acetaldehyde Lactate

o Formation of acetyl CoA (&mgf

. . . PYRUVATE
o Formation of oxaloacetic acid

NAD™

o Formation of lactate P ) e

PYRUVATE
DEHYDROGENASE
COMPLEX

* Inhibited by
acetyl CoA.
= Source of acetyl
CoA for TCA and
fatty acid synthesis.
= An irreversible
reaction.

o Formation of ethanol (in yeast
and some M.O)

PYRUVATE
CARBOXYLASE

* Activated by acetyl CoA.

* Replenishes intermediates
of the TCA cycle.

* Provides substrates for
gluconeogenesis.

= An irreversible reaction.
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Aerobic phase of glucose oxidation

= Pyruvic acid formed by glycolysis enters the mitochondria
&L, where:

Ndari = it will be metabolized to acetyl-CoA by oxidative decarboxylation
f [ and Orwlescer)y o T
= then Acetyl-CoA is oxidized in Kreb’s cycle
Car\oo] imﬂe;
Thio-Ester
0 #*High Energy
\OH 702 . Bond
:
gzg + CoA-SH - A CH3-C—S CodA
CHz / \.

NA D+ NADH
Kreb’s cycle

2 CO, + 10 ATP
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NADH . Jsax +NAD W .Pyruvate Dehydrogenase enzyme
(S B 0n S e gy (i gaie (S Jya INADH o6 oS guie o 15 Jas
NADH 5ua5 S (o JAYL guie ally 755 ACELYI-COA (il cpiiis ey yu o3
Llee Lo COBNZYME A I £ lias 7 .05 agie pllay cpish LS

sy JACEtyl-COA e S o)l wliss S &5 =al€ Decarboxylation
"ATP &y, CO2 4 Jsax Krebs cycle Jau Acetyl-CoA



A-Oxidative decarboxylation of pyruvic
acid

o Occurs in mitochondria

o Irreversible

o Needs pyruvate dehydrogenase (PDH) complex
o}

c-0°
o Requires 5 coenzymes go
o Thiamine pyrophosphate Pm'fm
o 2-lipoic acid CoA
a COA'SH dehpy}:uro;a
NAD"
o FAD P"UJMCQ' ¢ Acetyl CoA wu> © K
o NAD* P 1L NADH e 3y | CO;
ed buc k iv\\f\‘\\,\-;c,\ﬂ/-f‘) Y\) NADH + H’
@3%\/‘0\"& o)
NC CoA-C-C
A&ﬁwwu enzyne \ Ac:tw co':a
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0sSs oY Keto diet calS o) i daie (56 a3¥ GsSslad ol jauagss < Fat Jl Jsas
LoaS sl soa e oo ot asY) ) Gsa s s o ol paatsn S dupds Lgad
Irreversible .S agls ) 4ay,5U sonl osaus Irreversible «f asi das
Glucokinase, Hexokinase, Phosphofructokinase, : |;.a
Pyruvate 4 sa U wle 55005 slag Pyruvate Kinase

“ ".Dehydrogenase enzyme

Thiamine pyrophosphate ., (Jais, oLie Coenzymes S 1 - tisy
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Reqgulation of pyruvate dehydrogenase
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Tricefl\rbox lic acid cycle

o~

Occurs in the mitochondria of
each cell = I

Does not occur in RBCs (no
mitochondria) =

Considered the final common
pathway for the complete
oxidation of acetyl-CoA

obtained from partial oxidation |

of CHO, lipids and proteins.

Om=wrs Kelogh et © G e— Hs
/ J/sco, A
M / Succimate Succinyt CoA.—WTnlw
Urza e
. / Nigt f—+ —= Propomy-CoA

{ Succinate

Acetyl-CoA
Oxaloacetate Citrate
Malate Isocitrate
}>Co,
Fumarate a-Ketoglutarate

/sco,
Succinyl CoA

2 S

\
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Steps of TCA

e ve

o Step 1: condensation of acetyl-CoA and
oxaloacetic acid to form citric acid.

Catalyzed by citrate synthase.
G— S & ol

o Step Z:MS converted by isocit

by aconitase.

H

3

o Step 3: Isocitrate is oxidized to a-
ketoglutarate by isocitrate dehydrogenase.
NADH is produced and CO?2 is released.

C 0o
C):lC
/

ClHe_

@

<y

OO0
0 ¢-C-0
"0-C-CH,
Oxaloacetate

Q
COA = C- CH3
Acetyl CoA

Citrate
L0 A é synthase

+

CoA

CH,-C-0O°
=
HO-C-C-O°

Q
— (C - Co0-C-CH,
Citrate

l

—.C::.ccmf

NAD™

Isocitrate NADH + H®

dehydrogenase

0 CO;
?Hz’& - O.
o cH

S—0 __ ||;0-C-C=0

a-Ketoglutarate
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Steps of TCA

o Step 4: a-ketoglutarate is converted to Tt C}Hz-é-%‘
succinyl CoA. CO, is released and NADH is .o 2
produced. The reaction is catalyzed by a- i
ketoglutarate dehydrogenase complex. It Co i

also requires 5 coenzymes (thiamine |
pyrophosphate, lipoic acids, CoA-SH, FAD | &heseis

—

co, |

and NAD) e s e
0
a Step 5: the high-energy, thioester bond of Co%‘éi:;*"
succinyl-CoA is cleaved providing energy | Suctinyl CoA
for the synthesis of GTP fro GDP and Pi. GDP + P
Succinate is formed and the reaction is iy con <
catalyzed succinate thiokinase. | GTP
y | V\COA

.O'C ’CH:_

Succinate
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s U Goenzymes J) .a Coenzymes Lo.a sas € complex
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INADH x25 q‘f
|FADH2 x 1.5 - s =3 YORTP
) GTP = (AT = ( | AT
Steps of TCA r B
"0-C-CH,
’ Succinate
Step 6: succinate is oxidized to fumarate ; Succhate 238
by succinate dehydrogenase. FAD is ey ==
reduced to FADH?2. | e
Eeieiof
Step 7: fumarate is hydrated to form : st
malate by fumarase. | l/“eo
Malate is oxidized to oxaloacetate by ~_e
malate dehydrogenase. NAD is reduced to .O_sC?_CI:H
NAD H . L-Malat: NAD'
dohyuz?;gnm
Oxaloacetate will reinitiate the cycle again. 2 9 ~~snioHon
oLl

Oxaloacetate
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Energy gain in Kreb’s cycle

Isocitrate DH 1 NADH 2.5 ATP
a-ketoglutarate 1 NADH 2.5 ATP
Succinate thiokinase 1 GTP 1 ATP

Succinate DH 1 FADH2 1.5 ATP
Malate DH 1 NADH 2.5 ATP
Net gain 10 ATP




The overall energy gain of glucose
oxidation

o Glycolysis --------- 7/ ATP + 2 pyruvate
a 2 pyruvate -------- 2 acetyl-coA + 2 NADH ----- 5 ATP
o 2 acetyl CoA --------- 20 ATP

o The net ATP produced by the oxidation of 1 mol of glucose = 32
ATP ) o2

Nanine e mdelaon

| -
Qvay o« Pymiafe  HW=12:5
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Defects in Glycolysis

o Pyruvate dehydrogenase deficiency: leads to congenital
Lac/fac/—e lactic acidosis.

S b
2~ g This enzyme deficiency results in an inability to convert
'l\)»A\cA* pyruvate to acetyl CoA, causing pyruvate to be shunted to lactic
acid via lactate dehydrogenase.

a This causes particular problems for the brain, which relies on
the TCA cycle for most of its energy, and is particularly sensitive
to acidosis.
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Gluconeogenesis
When and where does it occur

During prolonged fast and depletion of
hepatic glycogen

- 40-

During overnight fast, liver is responsible
for the majority of gluconeogenesis (90%)
and the rest in the kidney

Ingested glucose

During prolonged fast, kidney produces
about 40% of glucose production.

Glucose used, g/hr
N
T

Glycogen
Gluconeogenesis

Glucose is formed from precursors as
lactate, pyruvate, glycerol and ketoacids

0 8 16 24 2 20 40
<—Hours —> <—Days—>
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Substrates for gluconeogenesis

a  Those include all the intermediates of glycolysis and the citric acid
cycle.

1. Glycerol: released during the hydrolysis of triglycerols in adipose
s.=.. _ tissue and delivered to the liver. Glycerol is phosphorylated by
5 " glycerol kinase to glycerol 3-phosphate, which is oxidized by
) > glycerol 3-phosphate dehydrogenase to dihydroxyacetone

~==< phosphate which is an intermediate of glycolysis.

2. Lactate: released by exercising muscles and RBC's. This is
transferred to the liver and reconverted to glucose.

3. Amino acids: hydrolysis of tissue  proteins are the major source of
glucose. a-ketoacids (%?Lo_aceta@ and a-ketoglutarate-are—,
derived from the metabolism of glucogenic aa which can enter, "¢,
the TCA o
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Reactions unique to gluconeaasracic

a Seven of the glycolysis reactions are
reversible and are used for gluconeogensis
while three of them are irreversible (Pyruvate
kinase, phosphofructokinase and hexokinase)

1. Pyruvate carboxylase: Pyruvate is converted
to phosphoenolpyruvate (PEP) by pyruvate
carboxylase and PEP caboxykinase

o Biotin: covalently bound to the N of lysine in
the pyruvate carboxylase, requires CO, and
ATP for the convertion of pyruvate to

» ! oxaloacetate. It occurs in mitochondria of liver

~_ = _~“—and kidney. Muscles contain also pyruvate

Qs ¢ m)\ carboxylase for the use of OAA in TCA.

o Allosteric regulation: it is allosterically
activated by Acetyl coA.
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Pyruvate carboxylase

e

| Pyruvate carboxylase  Acetyl CoA

attached biotin)

N

(with covalently é

CO, is activated and transferred to pyruvate

' Lysyl residue
. of enzyme

Phosphoenolpyruvate

CO»

&

by pyruvate carboxylase producing oxaloacetate.
= v e S
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co C-C-O° o
2 - C-C-0
CH, 0 '
NH Pyruvate
9) “O-C-CH;
Oxaloacetate
-O-C- ¥
Oxaloacetate | 4
cannot cross r NADH + H
the mitochondrial |
membrane so it is |
reduced to malate NAD*
that can. Y
——_~ Malate
GDPH: == NADH + H* NAD* g E
/ \/ =
< Oxaloacetate <€ Malate

In the cytosol, malate
is reoxidized to oxalo-
acetate, which is
converted to phospho-
enolpyruvate by PEP
carboxykinase.
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FtONgluconeogenesis

2. Transport of oxaloacetate to the cytosol: oxaloacetate can't cross
the mitochondrial membrane so it is reduced to malate by malate
dehydrogenase that can cross. In cytosol malate is reoxidized to
oxaloacetate by cytosolic malate dehydrogenase.

3. Oxaloacetate is decarboxylated and phosphorylated in the cytosol by
PEP carboxykinase which utilize 1 GTP. PEP will continue in the
reverse of glycolysis until reach fructose 1,6- biphosphate.

4. Dephosphorylation of frucose 1,6- biphosphate by frucose 1,6-
biphosphatase to produce fructose 6-phosphate will bypass the
irreversible PFK reaction.

The enzyme is inhibited by high levels of AMP and fructose 2,6-
biphosphate, while high level of ATP and low AMP stimulate
gluconeogenesis



Reactions unigue to gluconeogenesis

5. Dephosphorylation of glucose 6-phosphate: occurs by glucose 6-
phosphatase. This occurs only in liver and kidney. Two enzymes
are required (glucose 6-phosphate translocase to transfer
glucose 6-phosphate to ER and glucose 6-phosphatase)

Type 1a glycogen storage disease results from inherited diffeciency
of one of them which has the following symptoms:

o Hypoglycemia
o Hepatomegaly and liver problems
o Lactic acidosis
a Growth failure



Regulation of gluconeogenesis

1. Glucagon: stimulates gluconeogenesis in three mechanisms:

1. Change in allosteric effectors: it lowers level of fructose 2,6-
biphosphate leading to activation of fructose 1,6-biphosphatase
and inhibition of phosphofructokinase.

2. Covalent modification of enzyme activity: it elevate cCAMP
leading to activation of CAMP-dependent protein kinase activity
which will phosphorylate pyruvate kinase to its inactive form.

5. Induction of enzyme synthesis: it increases the transcription
of PEP carboxykinase gene.

2. Substrate availability: like glucogenic amino acids
3. Allosteric activation of pyruvate carboxylase by acetyl coA.
4. Allosteric inhibition of fructose 1,6-bisphosphatase by AMP

Note: ATP and NADH are produced in large quantities during fasts
from fatty acid oxidation is required for gluconeogenesis.



