!'_ Glucose metabolism <"~ ™




Metabolism

o Most pathways can be classified into:

use ATP Lo prduce~@  Catabolism: degrade complex molecules (proteins,

more AP carbohydrate and triglycerides) to few simple products (CO,,
ey NH5 and H,0). Capture chemical energy to form ATP.
= Considered a convergent process (large no. of substances

are degraded to few common end products).

m @ Anabolism: synthesize complex end products from simple

Pesy “=== precursors. Requires energy which is provided by the
breakdown of ATP. Considered a divergent process (few
starting precursors produce wide variety of complex
substances)




Regulation of metabolism

D yo\> 2

o @ Signals from within the cell (intracellular)

The rate of a metabolic pathway may be mfluenced by the
©availability of substrates, product inhibition, or “alterations in
the levels of allosteric activators or |nh|b|tors — W\ LA Ly

o ® Communication between cells (intercellular)
Can be mediated byf%urface-to-surface contact, hormones
and, in some tissues, by formation of gap junctions

o ® Second messenger systems ©

Two of the most widely recognized second messenger
systems are: N

o The calcium/phosphatidylinositol system

o The adenylyl cyclase system
o




Synaptic signaling

Target
cell
%
Nerve /
cell Neurotransmitter

Endocrine signaling

Hormone @
<t Target

q cell

( Blood vessel | |
aE————o4

Signaling
cell

Communication between cells




Adenylyl cyclase — -

>—\5°”

<~ Regulation of metabolism

® Glocugpn Chomon)

Unoecupled reeeptor does
not interact with G.-protein.

Cytosol

L,l'©s tei
7 s-protein i Inactive
vues With bound - gagienylys

Occu led receptor changes
shapo and interacts with
G,-protein. G -Protein releases

ceu ular _ O Hormone or neuro- GOP and blndl GTP,
space - smitter
Cell membrane |
’r’,@- i
Ed Receptor

GTP GDP

cyclase

a Subunit of G.-protein
dissociates and activates
adenylyl cyclase.

O

c.'x‘f.:

GTP >V .-«m et .)-»'

"G be of G-protin
connekion with mcq’hr

Grate)  camp + PPy |

eyelic AMP + 2P

cor¥ichorsteres Ch °"'"'°”)

ep{nar eP  ( Nucotransmiters)

; Inactive
> cycliasakion
‘ J.KAT; o (‘p, adenylyl
v cyclase

When hormone Is no longer
present, the receptor reverts
to resting state. GTP on the
o subunit Is hydrol
to GDP, and aden
is deactivated.

cyclase

¥
sec mussmger‘

GTP-dependent regulatory proteins (Gs and Gi-proteins)

Protein kinases: phosphorylates different proteins and enzymes

Dephosphorylation of proteins: Phosphatases reverse the effect of

kinases.



2 sruche protine

Regulatory — I
subunits subunits
SSUN s
ucve form
cAMP-dependent protein kinase A—

Adenylyl
ATP —)‘“"""’s‘i cAMP (=

' ©
wi/ &
B

Protein —
substrate 2

S protelnv .
H,0
ATP ADP Protein .
p_hosphatasa
P;

aclive borm

|

horeile othen enzyme
— enzyme —> FhP

] emyme — olyphesphlation

EFFECTS protein



O Na-independent °
(facilitated diffusion)

(\—éb

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

. Tissue specificity of GLUT gene expression:

150\ ) GLUT N & 1222 39 Ll > g5 L transporters of. gluase

1. GLUT-3 is the primary glucose transporter in
neurons

2. GLUT-1 is abundant in erythFocytes and
-brain, but is low in adult muscle<
3. GLUT-4 (in adipose tissue and skeletal
muscle). Their number is increased by
insulin — PAYS= 13 o 0 5 CLUTA Lo
GLUT-2 (in the liver, kidney, and p cells of
=~ the pancreas? can either transport glucose
ot into these cells or from it depending on
4 hlood glucose levels — e nrstine e

)

Transport of glucose to cells <

(?oc\\'l I‘o\’&ﬂ

N -inde pendlent” — ditfusion

Nec- clepen dent — Nen-monosachuride

colrasporter system

follows a concentration gradient — re ey nesled

Glucose
Glucose
Extracelular |/ tran
space O {state 1)
Cell membrane |
Cytosol
!
= = Glucose ‘
Extraceliular transporter |
space (state 2)
Syou i




Transport of glucose to cells

(o)

Frudece <— 5. GLUT-5 is the primary transporter for fructose in the small intestine
and the testes ©® o
the only one Found on Fhe mem embrune fﬂ
ot 66 = pharest- foung ot it 6. GLUT=Z gln the liver and other gluconeogenic tissues) mediates
plesre e (et 2glucose flux across the endoplasmic reticular membrane.
o re- dependent s N@a-monosaccharide cotransporter system: is an energy-
e awwd e £ Tequiring process that transports glucose against a conc.
nsperted it oo gradient
Cacrive ko o This system is a carrier-mediated process in which the movement
e of glucose is coupled to the conc. gradient of Na, which is
trasported into the cell at the same time. ®
= It occurs in the epithelial ceIIs of the intestine, renal tubules, and
" Choroid plexus.®
= This system is mediated by a famlly of fourteen glucose i
transporters in cell membranes (GLUT-1 to GLUT-14) — =r = "7 0,

_.» They exist in the membrane in two conformational states.
" Extracellular glucose binds to the transporter, which then alters its
conformation, transporting glucose across the cell membrane.




oxidation-reduction
1. Oxidoreductases Catalyze e

CHa- CH-CO0™ + == CH3-C-COO™ + NADH + H*
E Lactate -
ou,,: E,L,,,w,.,. o
™
Lactate Pyruvate

cmmdc- N- ofP-

2. Transferases

containing groups, such
H0
CH2- CH-COO™ + THF =t CHy-COO™ + THF
OH  NHg* methyl ransterase NHy* CH2
Serine Glycine

Catalyze cleavage of bonds
2 yoronses _ Popiiep kit

NHyC-NH, 4 H0 —  CO, + 2NH,

o
Urea
c.uyudangoac-c.c-s.
. Lyases and certain C-N bonds, such as:
CHy-C - €00~ R CHy-CH + co,
0 decarboxylase (o)
Pyruvate Acetaldehyde
rearrangement of optical
geometric isomers, such as
?.3 —
- 3 ww - 2;
MMOoA SucdlMCM
formation of bonds
6. Ligases between carbon and O, S, and N
coupled to hydrolysis of high-

~C-C00" + COy —pgs 0DOC- C-C00~
CHg g 2 = O-l;é
Pyruvate ate  ace.s, Oxaloacetate




Energy metabolism cycles

Energy metabolism is the process of generating energy (ATP) from nutrients,
starts by glycolysis and ends with oxidative phosphorylation

1) Catabolism: cellular respiration 2) Anabolism: Gluconeogenesis
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A

# Oxidalion of- 9lucase L Aerohic : PYrwic acid
= or
Glycolysis <~
a

o Glycolysis occurs in the cytosol of all tissues and cells

Anacrobic : Lackic acid

o Defined as oxidation of glucose to pyruvic acid (in the presence
of O,, Aerobic) and to lactic acid (in the absence of O,,
anaerobic)

o The catabolism of 1 mol of glucose (6 C) produces 2 moles of
pyruvate or lactate (3 C)

1 mol  Glucese (€c)

o Lactate is produced only in: J
©a RBC: as there is no mitochondria R — zmoes pyruvate (s9)

or

@a Exercising muscles: lack of O, Pna —2 moles laclale (36



Fiesl step Lo giycelysis ; Afler gluwse hack enterel

Phosphorylation/of glucose

Phosphorylated sugar molecules do not readily penetrate cell

membranes (no carriers, too polar to cross) —  joss 135 4L5=
B N i g s e ogms®
nel- Jusl- sluese -

Hexokinase has broad substrate specificity and it is inhibited
by the reaction product, glucose 6-phosphate

It has a low Km (high affinity) for glucose and low Vmax

Glucokinase (similar broad specificity): In liver parenchymal
cells and islet cells of the pancreas

In B cells, glucokinase functions as the glucose sensor,
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

the cell (nok in bloed )

—_— acldinj phosphale ON C—=6

©OHexo kinase
s
@G lumkinase

Glucase Gluceose G-pho

Concentration
of fasting
blood glucose

J """ = Glucokinase =~
= Ywon
5 ;
=
2 =
° Glucokinase
&
=
£
> r
N Vmax
e | hexokinase
Y= ' Hexokinase
il ; \(“cﬁhgr 1 1 J
Qe -5 1 A(.) 15 20
1 1
Km
Hexokinase Glucokinase

Glucose concentration, mmol/L
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Steps of glycolysis

Wt L

I Energy investing phase:

-~ Step 1: glucose is phosphorylated to glucose-6-
phosphate. The reaction is irreversible and is
catalyzed by either glucokinase (GK) in liver
cells and hexokinase (HK) in other tissues.
., Step 2: glucose-6-phosphate is isomerized to »
fructose-6-phosphate by isomerase enzyme o B
.~ Step 3 fructose-6-phosphate is phosphorylated
to F-1,6-diphosphate. The reaction is catalyzed
by phosphofructo-kinase (PFK).
Step 4: F-1,6-bP is split by aldolase into two
trioses (Glyceraldehyde-3-P and
dihydroxyacetone phosphate)
Step 5: DHAP is isomerized to G-3-P which is
catalyzed by isomerase

O™ C =i
e C =OM
W C =OM
CHz0m
Ghucose

—» glyceraldehyde-3-phosphate
NAD" +P, @ Giveeraldehvde-3-phosphats
Debydrogenase

vecuckion
! —> OxXidaki
- « NADH ' H < ion

S16 1.3-bisphosphoglycerate phos.

ADP

©Phosphoglicase Isomerase aslp e ARP

l":}'ll:“. o tost « ' @sphosphoglycerate
@ Phospholmuctokinase ¢

ADP {-3—» tmeversabile
frctose liBsbisphosphate i

®I Aldolase

ghocose
AlP q
© Hexokinase
ADP

glucosesbephosphate
\somers [

Glycolysis

@ Phosphoglveerate Kinase

L reversible

Phosphoglycerate an
2-phosphoglycerate =

H-O Q{ @W —» dehydralion

. b 540 phosphocnolpyruvate
+ dahydroxyacetone-phosphale we-on ADP
L

'}ﬁ/‘@lm‘m ATP

Glveolysis continued

cubing it te lws
Urioses

© ¥
glyveeraldehvde-3-phosphate

S0 we huve
Lwe of
pu

pyruvate

asl\ o\

II- Energy generating phase:

Step 6:

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.

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

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

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

Step 10:PEP is dephosphorylated giving its P to
ADP to form ATP and converted to pyruvate. Rxn
is irreversible and catalyzed by pyruvate kinase.
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

glveeraldehyde-3-phosphate

NAD' +P, :1

-+ pyruvate o oxidied \p sy gy

-3 M
“ Glyeeraldehyde-3-phosphaty
Dehydrogenase

by laclate Jeherbjenqse

Lackate

q@n\m\ ate Kinase —» dephosphngation
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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

Schematic representation

Aerobic C Anaerobic
glycolysis glycolysis

Glucose G-P\/ Glucose Glucose S-P\/ Glucose
4 I
Fructose 6-P Fructose 6-P
Fructose 1,6-bis-P Fructose 1,6-bis-P
A A
v Y v N

fon)

¥ v
o Glyceraldehyde 3-P < Dihydroxy- tlyceraldehyde 3-P <5 Dihydroxy-

| A acetone-P NAD* —] ‘ acetone-P
2 RDH -5 AP eNADHDl faon——341

1,3-bis-Phosphoglycerate i1.3-bis-Phosphog|ycerate
| A | | A

| vl

{ 3-Phosphoglycerate

| | 4 losk 5 AP

Wy
Yi

tPhosphoglycerate

(%)

| A
v !

2-Phosphoglycerate 2rPhosphoglycerate
; 2 H
d L Phosphoenolpyruvate PhHosphoenolpyruvate
;;'?:r;“llaelion Pyruvate Lactdte <——~——1_ Pyruvate

NADH consumption




Summary 5 Glucose
ATP




Energy gain
v N\

aerobic glcolysis Anaerobic glycolysis
Glucokinase (GK) -1 ATP Step 1 Glucokinase (GK) - 1 ATP
Phosphofructokinase - 1 ATP Step 3 Phosphofructokinase |- 1 ATP
(PFK) (PFK)
Phosphoglycerate kinase | + 2 ATP Step 7 Phosphoglycerate + 2 ATP
kinase
Pyruvate kinase (PK) + 2 ATP Step 10 | Pyruvate kinase (PK) | + 2 ATP
2 NADH + 5 ATP
+ 7 ATP Net gain + 2 ATP
ATP
e 20 consumption ——

production lT
mim 2 (Phosphoenolpyruvate) NADH Fructose 1.6-bis-P
v production
Glyceraidetyde 3P~ DHAP A Glyceraidetiyde 3-P —2 DHAP
x 2 (Pyruvate) 2 NAD" L I
2 NADH + 2H"
NADH consu
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Hormonal regulation of Glycolysis

L

GK (or HK), PFK and PK are the key enzymes of
glycolysis. ™

+*PFK is the most important and considered the rate

Jd

limiting enzyme.

Hormones regulate glycolysis according to blood
glucose level:

2 After CHO feeding: blood glucose increases, this
stimulates insulin secretion, insulin stimulates
glycolysis by increasing the synthesis of the three
key enzymes: GK, PFK and PK.

2 During fasting: blood glucose level decreases,
which inhibits insulin secretion and stimulates
glucagon, adrenaline and corticosteroid which
inhibit the synthesns of and actwnty of GK, PFK anc

PK — insulin ‘“w" phesphoroiation —3 Rchve > Glyoly
- l_,h@rjan —> phosphoriabion > inachve enzymes —» no Glymdysis
ﬂlio&on: dephospheryletion s gupmy 51 gslar pe g in $
S e o 0t 44600 g il

yyen Giyrmgen phophorglase :

Ww: "‘-".‘.‘“4‘“' "&— G"‘ws “M ."Jb\.,,”-y:n-.. 1) deshopholiandeg & Acke "
G'r’o‘s’uhf i LS B e Us J . ,,,..mw’} — %

‘ m_’\ g'.A/: ¢ haiher Jq-![“.‘ acive V»s.’

Glucose

Glucokinase R Insulin |
NG cagon |
Glucose 6-P
W
Fructose 6-P
g <~ N

Fructose 1,6-bisphosphate

Phosphofructo-,
kinase

Glyceraldehyde 3-P 5 Dihydro)%

] e
1,3-Bisphosphoglycerate
&Phosprt:giycerate
2-Phosprt:glyoefate

i1
Phosphoenolpyruvate

O w
g g B Glucagon
Pyruvate
i1

Lactate




Insulin
- W (hieh)~_

T ]
WALAALAIAALAL LA AL AR AL A

Activation of many enzymes

M

/ Adenyly! ",
' cyclase v

ATP cAMP
11
4\

Active protein kin.:iso A

High insulin/glucagon ratio causes
decreased cAMP and reduced levels of
active protein kinase A.

v
v

Glycolysis Fructose 6-phosphate ) Fructose 6-phosphate ' PFK-2/FBP-2 complex.
1

o 6. i -

ol ATP _,\7 {p‘:‘
Fruatose 6.9 Phosphofructo- ° Bifunctional anyme ATP ADP -

Fructose 1,6-bis.P kinase-1 ‘\ 7‘
: ol Voo (e
rossyn 37 %5 g ADP ﬁ- inactive)
s f -w.;A.m rate v .....

Fructose 1,6-bisphosphate Fructose

2,6-bisphosphate

Decreased protein kinase A activity
favors dephosphorylation of

Prosphy rate |

Elevated concentration of fructose 2,6-bisphosphate activates
PFK-1, which leads to an increased rate of glycolysis.

N0y

Dephosphorylated PFK-2 is active,
whereas FBP-2 is inactive,; this favors
formation of fructose 2,6-bisphosphate.

3




Glucagon
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Adenylyl
cyclase

ATP  cAMP + PP,

!

Active protein kinase A

-

ruvate
nase
(aclive)

e

-
- - -

\
\
\
<.

ATP £ Pyruvate

Glucose

CYTOSOL

* @ld'i\/t
Glucose ., ‘
6-phosphate NUCLEUS

Fructose
6-phosphate
+ Gluco:(inase
regulatory
Pyruvate klng;‘;c(o GK) rotein
(inactive)  (GKRP)



oal
In-vitro inhibition of glycolysis

glveeraldehyde-3-phosphate

- - . . \\[) P 1 ‘ceraldeny U-:-Y osphat
o Flouride inhibits enolase enzyme (step 8) R :I o ey
o 1.3-bisphosphoglycerate
. = o Q onef 0 q ADP
_ .o Itis used in toothpastes as it inhibits glycolysis in ~ :I Phosphoglycerate Kinase
mouth bacterial flora. L S
—o Itis also used as anticoagulant for blood samples I Phosphoglycerate Mutase
to estimate its glucose content. 2-phosphoglycerate

Fr
5 H.0 4{ Enolase

phosphoenolpyruvate

\DP ,
Pyruvate Kinase
\TP

/SIS S\ \’V‘—'O-’L; Z}t’& pyruvate




| ETHANOL SYNTHESIS

l * Occurs in yeast and
some bacteria (including |
t intestinal fiora).

* Thiamine pyrophosphate-
dependeont palhway

Fate of pyruvic acid k’

Acetaldehyde NADE Lactate
megoriby - FOrmation of acetyl CoA on
(ThiaminePP)
i . > medialor of PYRUVATE |
o Formation of oxaloacetic acid  cciric acit cyeite b
NADH
a FOI‘matIOH Of |aCtate i—— Ug;) 38[/&? io::a cetate Acetyl Co
02 )

PYRUVATE
DEHYDROGENASE
COMPLEX

* Inhibited by
acetyl CoA.

* Source of acetyl
CoA for TCA and
fatty acid synthesis.

o Formation of ethanol (in yeast
and some M.O) o5

* An irreversible

‘ l P‘Im‘ml.t & L reaction.
" Ao N - VPYROVATE
ox tCoz oxi — 2 CARBOXYLASE
\t l’ —(o2 L_ || = Activated by acetyl CoA.
Oxloacetake 3 OXi || " ey s
Lactale Xerle Acetyl R 3 || o

* An irreversible reaction.
Cthano)




[)) . Needs pyruvate dehydrogenase (PI?H) complex

2 Requires 5 coenzymes *
» Thiamine pyrophosphate
a 2<Wpoic acld
» CoASH
» FAD

Aerobic phase of glucose oxidation ™

&

= Pyruvic acid formed by glycolysis enters the mitochondria
where;:
= it will be metabolized to acetyl-CoA by oxidative decarboxylation
and
= then Acetyl-CoA is oxidized in Kreb’s cycle
CYTOSOL MITOCHONDRION o Occurs in mitochondria
Transport protein reduction
o qu+ o c o Irreversible
-—CoA _ D
?—OI e/ > I=v<'am Krebss Cycle /No ATP =2 NADH
¢=0 | > 2 CO2 + 10 ATP
Pyru: el CoonzymoA Acetyl CoA . _' f ; . sy
x2 ?M‘J Y uﬂ_auJaﬁalwm-c

Yield = 2C compound + CO, + NADH x2




Regulation of pyruvate dehydrogenase
/—\ ( PDH)
Diveckly indireckly
AR S R
O

® phospho protin phosphalse

By | [ O Cron pree
® Acelil-coh © O\ 2% . ‘. Vo Pephpinie
© Nt & Dehydrogenation L o P08

++ MADH
Ico) uvale o ficebyl co,
flcetyl op me* tylcon

protein kinase
pos [ S oS



C  Tricarboxylic acid (TCA) cycle

y 5

Acetyl-CoA

@ Tricarboxylic acid (TCA) cycle is also
called citric acid cycle or Kreb’s cycle

Oxaloacetate Citrate

@ Qccurs in the mitochondria of each cell

Ma?:t/o' Is>>tfate
& Does not occur in RBCs (no mitochondria) It » il’tcoz'
Fumarate a-Ketoglutarate

(D Considered the final common pathway: for s&cim s‘,cciny{(c’ff :

the complete oxidation of acetyl-CoA
Obtained from partial OXidation Of CHO, Figure 9.1. The tricarboxylic acid cycle shown as a part of the central

Iipids and proteins. —> here we Ffinish i bt o e
Yhe celldler respem\l'(‘on
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Complete cycle of TCA/citric acid or kreb’s

Step 1: condensation of acetyl-CoA and

C Cle g oxaloacetic acid to form ditric acid.
~
2 Oxaloacetate will reinitiate the cycle again. :fetyl Con CoASH Catalyzed by citrate synthase.
H,C—C00"
o‘c—ooo 5 Citrate synthase > HO—C—C00-
) nd—coo H,C—coo-
NADH + H Oxaloacetate Citrate
NAD* Malate AQN
dehydrogenase
OH 2 Malate is owidized to oxaloacetate by H,C—COO'
i malate deydrogenase. NAD is reduced to
HC—COO-  NADH. c—coo
H,C—CO0" e —coo-
L-Malate cis-Aconitate

Fumarase

N Tricarboxylic ““‘"“‘“X
B Acid Cycle Wocao

g Step 2: Citric add is converted 10 isoditrate HC—C00"
-00C” MW by aconitase. H
Fumarate by s::chate dd\y:w':m s Isocitrate

reduced to FADH2. NAD*
FADH, Succinate Isocitrate
dehydrogenase Step 4: is converted to  dehvdrogenase NADH + H*
succiny Ct\:.h is rde;sed and NADH Is co,
reaction a-
FAD e Y & Hc—co0-

coenzymes | Step 3: Isocitrate is oxidized to o-
CH,CO0" Pyrophoschat, Rpokc acids, Cok-SH, FAD 17 ketoglutarate by isoditrate
CH,CO0- - C—C00" NADH is produced and CO2 is released.
2 Sucdinyl-CoA a-Ketoglutarate

Succinate _  synthetase CoASH~_  dehydrogenase_~ a-Ketoglutarate

H,C—C00-
GTP " ,<I= NAD*
Step S: the high-energy, thioester bond o | NADH + H*

Succinyl-CoA i GDP —SCoA o,
for the synthesis of GTP fro g’m 0;
Succinate is mwmm is Succinyl-CoA



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
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The overall energy gain of glucose
oxidation

o Glycolysis --------- 7 ATP + 2 pyruvate
o 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



Defects in Gchonsirs\ A

o Pyruvate dehydrogenase deficiency: leads to congenital
lactic acidosis. — - make ccelyl R so our bccl_tj us@ : lacte acid pPathway

o This enzyme deficiency results in an inability to convert
pyruvate to acetyl CoA, causing pyruvate to be shunted to lactic
acid via lactate dehydrogenase.

o This causes particular problems for the brain, which relies on
the TCA cycle for most of its energy, and is particularly sensitive
to acidosis. )



Energy metabolism cycles

Energy metabolism is the process of generating energy (ATP) from nutrients,
starts by glycolysis and ends with oxidative phosphorylation

1) Catabolism: cellular respiration 2) Anabolism: Gluconeogenesis



2) Anabolism: Gluconeogenesis

Gluconeogenesis

gluconeogenesis is the synthesis of glucose from
non-carbohydrate sources and occurs in liver
and kidneys.—  siimeled log uczen
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Gluconeogenesis

gluconeogenesis is the synthesis of glucose from

non-carbohydrate sources and occurs in liver iy

and kidneys. ~— —— o

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

During prolonged fast and depletion of hepatic

glycogen

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

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

When and where does it occur

Glucose used, g/hr

40

Ingested glucose

—» use whal” | needd of Glucase + the

Resl- use o
build

N
o
1

Glycogen
Gluconeogenesis

BT

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

Those include all the intermediates of glycolysis and the citric acid

cycle.

Glycerol: released during the hydrolysis of triglycerols in adipose
tissue and delivered to the liver. Glycerol is phosphorylated by
glycerol kinase to glycerol 3-phosphate, which is oxidized by _
glycerol 3- phosphate dehydrogenase to dihydroxyacetone _’ H-
phosphate which is an intermediate of glycolysis. — .

ylycerol %747 rol —3— phosphoate % Dihydrosy acelone  prosphake

hotilabion
phosp ycero ,w - Dihydroxyacetone
phosphate

Lactate: released by exercising muscles and RBC's. Thisis —

Lactate

transferred to the liver and reconverted to glucose. 9/

0
0
0

000X

H

PYRUVATE

Amino acids: hydrolysis of tissue proteins are the major source of
glucose. a-ketoacids (oxaloacetate and a-ketoglutarate are = .;m::.:\
ol- glucenegenic

derived from the metabolism of glucogenic aa which can enter *,.°\...c
the TCA u< leetogenic dewin

glucongenic —» glucenesenesis —= Glucose




Reactions unique to gluconeogenesis

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

My [:ro\olem



Pyruvate carboxylase: Pyruvate is converted

to phosphoenolpyruvate (PEP) by pyruvate
carboxylase and H

(with BAvg Col g Ji] CO: Is activated and transferred to pyruvate \
1 k | "
S M) by pyruvate carboxylase producing oxaloacetate n
> 5 5
( ( ATP  ADP+P, 00 \o OVZ
L residue c-C-O° "o
Hentyme CO2 CH, c-C-0°
\NH Pyruvate NH

membrane so itis
reduced to malate

that can. \
5.9 Malate

NAD*

NH
0 o) (o) 0 0 O-C-cH, 5 o
e /\“_‘ _o'c_ — A_‘_ Oxaloacetate - /\N-‘
Biotin Oxaloacetate
cannot cross NADH + H*
s J S the mitochondrial Malate dehydrogenase ~~:

i dehydrogenase

®-o0-c-c-0 GOP + 1o NADH + H* NAD* 3 In the cytosol, malate
é“z D/ is reoxidized to oxalo-
acetate, which is
Phosphoenoipyruvate Oxaloacetate Malate converted to phospho-
enolpyruvate by PEP
carboxykinase.
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Fructose 6-P

Fructose 1,6-bis-P

Glyceraldehyde -~

P, 2 NAD*
g 2 NADH + 2H*
2 1.3-“-Wl.
2ATP
I 2 ADP
2 3-Phosphoglycerate
2 GDP 2 2—Pho¢:r?o¢yeonto
- 2 P‘ "
2 Phosphoenolpyruvate
4
2 Pyruvate
PEP caboxykinase 2 ATP
o0 o carboxylase
2ADP +2 P
e
2GTP

A speci fic enzyme

A Pyruvate carboxylase — « s t-

solve khe irreversible
problem

+# Lacule —5 Liver— P)"‘uuahr —— oxaloacetale

Pyruvate carboxylase 2

N\

s ey 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
carboxylase for the use of OAA in TCA.

entelet ;- Allosteric regulation: it is allosterically
? activated by Aceg| COA.—> came from lipicdds melabolism

not  glywlysis

oxaloacetate Lgo zis dla e J o1 13]
Lo Lot das JasT (sa gl JI el (s
phosphoenolpyruvate s

/
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1. PEP caboxykinase i
‘ m’\\'od‘dmlﬂa\ o-:-:c:
2. Transport of oxaloacetate to the cytosol: oxaloacetate can‘t cross the n _~

mitochondrial membrane so it is reduced to malate by malate dehydrogenase Matato rechuclion
that can cross. In cytosol malate is reoxidized to oxaloacetate by cytosolic malate ritecnedd

dehydrogenase. ® — cpiolic ‘.C?_Fc?_o_ NADH + H'
3. Oxaloacetate is decarboxylated and phosphorylated in the cytosol by PEP -o-g-l“,
carboxykinase which utilize 1 GTP. Oxaioacetate
Phosphoenolpyruvate o-: 38
0 “w 5

il CIR s Glucagon | vy

sl pyruvate gl &yad i 13)

phosphoenolpyruvate Pyruvate ool Sl
HE -SR] ’Al.salu.cl.:\ 1 2.8_0' NADH + H'
1) pyruvate carboxylase | sirced ‘ o
; ‘0-C-
2) PEP carboxykinase S

inase s irreversi /v jstr
pyruvate kinase is irreversible J!I ;Lic waadl sl LS oo

2 - .
L\ v’/ﬂ - n l— J
)7&)) > ( Phosphoenolpyruvate (PEP)NiII continue in the reverse of glycolysis

Pyruvate carboxylase: Pyruvate is converted il reach f - biphosphate.
— 1o phosphoenolpyruvate (PEP) by pyruvate until reach fructose 1,6- biphosphate

carboxylase and PEP ca nase



*PEP will continue in the reverse of glycolysis until
reach fructose 1,6- biphosphate.

mk(mc-(;-pmsphalc
ATP q
ADP

fructose-1,6-bisphosphate

e 5 S0 we Us® New  enzymes
\r

=i frucose 1,6- biphosphatase

Phosphofructokinase

4. Dephosphorylation of frucose 1,6- biphosphate

by 0 produce
fructose 6-phosphate will bypass the irreversible
PFK reaction. Lneld TP
.~ The enzyme is inhibited by high levels of AMP and
fructose 2,6- biphosphate, while high level of

ATP and low AMP stimulate gluconeogenesis
means  high (TP

—> Then: A e
W
Mé_"“‘/ Glucose 6-P Glucose

(14
reuﬁ“"le

we use 2

—
Pt glucose 6-phosphatase _

5. Déphosphorylation of glucose 6-phosphate: occurs
by glucose 6-phosphatase. This occurs only in

liver and kidney. Two e es are required
(BlioSs1E-phaSPRAEEIANSOEAESto tranfer
glucose 6-phosphate to ER and glucose 6-
phosphatase) gl

ui 6—phosghatase.
Dephosphorytation G@K

T

mnr’o”'a‘m
——
tops here _
Giyceraldehyde 3-P 35 m
P, 2 NAD*
2 NADH + 2H*
veversaloile
2 1,3-bis-Phosphoglycerate processes oinel
2 ATP erjmes
2 ADP
2 3-Phosphoglycerate
"
2 2-Pnosphoglycerate
" —
2 2 Phosphoencipyruvate — P
Noles2
Eim 36Slal) Luwa L g
Glal Ul b ERJL 035
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* Gute-7 <— ol

29— VCrYy imp Lo gluwneogenesis
# Glute in Liver and  kidney —- why?
— B\ need il- o bransport the guase synthesised
inthese organs (o Ihe bleed streum
when neeclecd



Type 1a glycogen storage disease results from
inherited diffeciency of one of them which has the
following symptoms: —
- Hypoglycemia  glucose 6-phosphate translocase.

glucose 6-phosphatase _
2 Hepatomegaly and liver problems

2 Lactic acidosis
2 Growth failure
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Regulation of gluconeogenesis =i

Ywormont

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 cCAMP-dependent protein kinase activity
which will phosphorylate pyruvate kinase to its inactive form.

3. 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.
a, 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.



Glucagon stimulates
gluconeogenesis

(low)

Insulin G'(','f'; 22 '
~u

) S L L T s TE T
AL ALAMAAN) QWL LALLM SaasssaamssaassesbMLAL

CYTOSOL
High glucagon/insulin ratio causes Aoc;:?y vl o Increased protein kinase A

elevated cAMP and increased ATP cAMP activity favors the phos-
levels of active protein kinase A. phorylated form of the

bifunctional PFK-2/FBP-2.

Active protein kinase
Gluconeogenesis Fructose 6-phosphate C_.__ Fructose 6-phosphate

Glucose 6P o Glucose (P‘)

4
¢ N

FepP-1 | &)

Fructose 1,6-bis-P

M £/
Glycaraidehyde 3-P <5 DHAP "zo s IINRGUVE ) e \SRRVE) B R e e e
14

.
13- BisphosphoglyCorme
4

Bifunctional enzyme

.
P'-«' lv

Fructose 1,6-bisphosphate Fructose

2,6-bisphosphate
2-Pn \4;( g,rv e

J n Decreased levels of fructose 2,6-bisphosphate

3 Phosphorylation of the PFK-2
domain inactivates it, allowing
the FBP-2 domain to be active.

decrease the inhibition of FBP-1, which
leads to an increased rate of gluconeogenesis.




Glucose Glycogen
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‘ Glycogenolysis \ Glycogenesis
Glucose

6-phosphate

Pentose phosphate
4 pathway

Gluconeogenesis Glycolysis

\J
Pyruvate

l_ —p Fatty acid
ACBtyl-COA e | tabolism

Electron
—p transport
chain

N\

Citric acid cycle ATP



Metabolism of mono and
disaccharide

X %
\{06 mela ’5%

A fructose B Galactose C Lactose



A Where do we get the
;})\/)» fructose from?
B

0 The major source of fructose is the disaccharide sucrose, which,
when cleaved in the intestine, releases equimolar amounts of
fructose and glucose

0 fructose is also found as a free monosaccharide in high-fructose
corn syrup (55 percent fructose/45 percent glucose, which is used
to sweeten most cola drinks), in many fruits, and in honey.

a2
0 Entry of fructose into cells is not insulin-dependent and, in contrast
to glucose, fructose does not promote the secretion of insulin.

melabolism

F-’u C?OSQ 5 Summury of Gruclose
e o~ | A
. 0, Clealge :‘*‘_ v AoP |
| ({F Glyceraldehyde < Fructose 1-P |
| 4 Y ®

e 3-P 5 Dihydroxyacetone Pl Aehyl cen
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DHAP is en
e\,gpmo-ltckl c 0

Metabolism of fructose

Phosphorylation of fructose: by hexokinase or
fructokinase (found in the liver, kidney, and the
small intestinal mucosa). and converts fructose
to fructose 1-phosphate, using ATP as the
phosphate donor

Cleavage of fructose 1-phosphate (by aldolase
B) to dihydroxyacetone phosphate (DHAP)®
_and glycerolaldehyde. IDHAP|can directly enter
egconS|s or gluconeogene5|s whereas

poth @lqlvceraldehvde can be metabolized by other

pathways

CH,OH CH.OH
C=0 Cc=0
HO-C-H HO-C-H
H-C-OH H-C-OH
H-C-OH w7 H-C-OH
CH,0H ‘ CH,0-(P
Hexokinase Fructose
Fructose =-T00niiirs > 6-phosphate
~ATP ~ATP
i\)ADP t’ADP
CH,0- P CH,O-(P
C=0 C=0
HO-C-H HO-C-H
H-C-OH H-C-OH
H-C-OH H-C-OH
CH,0H CH,0-(pP
Fructose Fructose
1-phosphate 1,6-bisphosphate
0
C-H
H-C-OH
CH,OH

] Glyceraldehyde
‘Glyceraldehyde ! 3-phosphate

Dihydroxyacetone
phosphate

|




Metabolism of fructose
e\ g5l g5l

C. Kinetics of fructose metabolism
A. The rate of fructose metabolism is more rapid than that of glucose

Trioses because the trioses formed from fructose 1-phosphate bypass =~
nrgp DA - phosphofructokinase (the major rate-limiting step in glycolysis). &Tf;‘;
pShast B. Intravenous infusion of fructose elevate the rate of lipogenesis e
caused by the enhanced production of acetyl CoA. VS ST
lipogenesis —> the process inwhich lipids ane produced ﬂmglycolySIsmm@JMwﬂl w3l 13 é)
. . AAeus e 4] Les phosphofructoklnase
D. Disorders of fructose metabolism £l metabolism U1 csia 381 3500 e S50

dlatl sl

~>s~« A, fructokinase deficiency: benigﬁ”condition

2=« B, Hereditary fructose intolerance (HFI): a severe disturbance of liver
and kidney metabolism as a result of aldolase B deficiency. Fructose
1-phosphate accumulates, and ATP,and inorganic phosphate|levels

significantly, causing hyperuricemia, hypoglycemia, vomiting,
jaundice, hemorrhage and hepatomegaly.

If fructose was not removed from the diet, liver failure and death can
occur.

Diagnosis of HFI can be made on the basis of fructose in the urine



GLUCOSE «——— 7" Gicose 6 —>—> GLYCOGEN
X =

1 2 oo L GLUCONEO-
SUCROSE > FRUCTOSE N “GENESIS
i S5 Fructose 6-P |
’ - X \
Fruclose 1,6« |
. N - bisphosphalase |
| ESSENTIAL FRUCTOSURIA T i NG s
} ®Lack of fructokinase. ADP('4 ~) 934”2 P EFructose 1,6-bis-P
L ® Autosomal recessive (1 in 130,000 Fructose 1-P U)J A
births) <~
® Benign, asymptomatic condition. K‘Q Aldolase A
® Fructose accumulates in the urine. ‘;’8 T e y,
Glyceraldehyde _  ATP T
SEREDITARY FRUCTOSE INTOLERANCE NADH + H*
("FRUCTOSE POISONING") Triose P
® Absence of aldolase B leads to intracellular Aleohol Triokinase oomacase
trapping of fructose 1-P. dehydrogenase
® Causes severe hypoglycemia, vomiting, ‘
jaundice, hemorrhage, hepatomegaly, NADY. veduclion lycera (_.)
and hyperuricemia. % 9 O
® Can cause hepatic failure and death. Glycerol ADP Triose P '
® Therapy: Rapid detection and removal of isomerase
fructose and sucrose from the diet. ATP / v '
e Dihydroxyacetone P GLYCOLYSIS
Glycerol kinase 7’ |
) Glycerol P
e ADP(—/ W v
: ) ‘
BHOSPHOGLYCERIDES <—— <—2 aiycerorp ¥© PYRUVATE -

TRIACYLGLYCEROLS <— %




/\ ,;/ Metabolism of fructose

7 -
E. Conversion of mannose to fructose 6-phosphate

Hexokinase phosphorylates mannose, producing
mannose 6-phosphate, which is (reversibly)

isomerized to fructose 6-phosphate by
phosphomannose isomerase. Q

F. Conversion of glucose to fructose via sorbitol

. = A. In seminal vesicles, glucose converts to sorbitol by

M aldehyde reductase followed by oxidation of &

' sorbitol by sorbitol dehydrogenase to produce
fructose. This is necessary in seminal vesicles as
fructose is a major carbohydrate energy source.

dl/z/ B. In hyperglycemia as in uncontrolled diabetes

2 ) . =
(27 glucose enter these cells (retina, lens, kidney,

nerve cells) convert to sorbitol which will be o mooo

(- due tg osmosis. cataract formation, peripheral
w2 «neuropathy, and vascular problems leading to

- orbilol—s cvger —= cemolic

e _W/nephropgthy arﬁ ;9tlcgopathy. Sorloilol— <o mokic

corseuerses 3 trapped nside the cell, leading to water retention |ieatss)

Glucose




B Galactose metabolism

[0 The major dietery source is lactose (in milk)

of'/LIJ]® Phosphorylation of galactose by galactokinase to galactose 1P
using ATP as phosphate donor

0 Formation of UDP-galactose by exchange with UDP-glucose.
The enzyme that catalyzes this reaction is galactose 1-

phosphate uridyl-transferase. CCD%PUT)"’g*’;;e

Glycogen Galactose 1.
, x | : ATP '
\ | v QGDP

Glucosg<, > Galactose 1-P UDP-hexose 4-gpimerase.

Lake 11 of
\ / foluost:

Glucose 1-P

G2 PUT) |

~3 U_QP-Galactose !

| f {-%’ : E_u_n.)‘;qd"’“_
¥l ®© Glyamamifoslycurs
Glucose 6-P €5 Glucose @c,yxymim




Galactose metabolism

entemnec e @
C. Use of UDP-galactose as a carbon source for glycolysis or
@) gluconeogenesis. UDP-galactose isonverted to UDP-
glucose by UDP-hexose 4-epimerase.

CG[U@SQ /Gq[aC}ose are epmers on C J\JO-L\>

S 5S e el yi
D. Role of UDP-galactose in biosynthetic reactions: can be utilized in
many metabolic pathways as in biosynthesis of lactose, A
2 glycoproteins, glycolipids, and glycosaminoglycans.’

C

E. Disorders of galactose metabolism

fl" A. classic galactosemia: Galactose 1-phosphate uridyltransferase is
missing and so galactose 1P and galactose accumulate in cell
causing a problem similar to that in fructose intolerance
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CLASSIC GALACTOSEMIA
® Uridyltransferase deficiency.
® Autosomal recessive disorder (1 in 23,000 births).
@ |t causes galactosemia and galactosuria, vomiting,

GALACTOKINASE DEFICIENCY

® This causes galactosemia and
galactosuria.

diarrhea, and jaundice.

® Accumulation of galactose 1-phosphate and galactitol
in nerve, lens, liver, and kidney tissue causes liver

® |t causes galactitol accumulation
if galactose is present in the diet.

damage, severe mental retardation, and cataracts.

® Antenatal diagnosis is possible by chorionic villus
sampling.

Galactitol NADP*

Aldose
reductase

5
ALDOSE REDUCTASE
® The enzyme is present in
liver, kidney, retina, lens, nerve |
tissue, seminal vesicles, and
ovaries.

® |t is physiologically unimportant
in galactose metabolism unless
galactose levels are high (as in
galactosemia).

® Elevated galactitol can cause
cataracts.

———

T

NADPH + H*

Galactokinase
GALACTOSE—|7—T) Galactose 1-P | ~ UDP-Glucose

- GLYCOSAMINOGLYCANS UDP-GLUCOSE

® Therapy: Rapid diagnosis and removal of
galactose (therefore, lactose) from the diet.

= ST —
Glycogen

PP;
Galactose 1-phosphate
uridyltransferase UDP-Glucose
A pyrophosphorylase
LACTOSE <——— UDP-GALACTOSE Glucose 1-P oL
T Phosphoglucomutase
UDP-Hexose
A( 4-epimerase Glucose 6-P

4

GLYCOLIPIDS VY
GLYCOPROTEINS =
GLYCOLYSIS GLUCOSE

2N
"/ Glucose 6-phosphatase (liver)

S




Lactose synthesis

oun ‘i’,}’) .
Produced in mammary glands of mammals UDP

Lactose is synthesized by lactose transferase which transfers o~ ¢
galactose from UDP-galactose to glucose, releasing UDP. Glucose

= Laclose

This enzyme is composed of two proteins, A and B. Protein A is a B-
o-galactosyltransferase, and is found in a number of body tissues.

In tissues other than the lactating mammary gland, this enzyme
transfers galactose from UDP-galactose to N-acetyl-D-glucosamine,
forming the same (1-4) linkage found in lactose, and producing N-
acetyllactosamine a component of the structurally important N-
linked glycoproteins.

In contrast, protein B is found only in lactating mammary glands. It
is a-lactalbumin, and its synthesis is stimulated by the peptide
hormone, prolactin. Protein B forms a complex with the enzyme,
protein A, changing the specificity of that transferase so that lactose,
rather than N-acetyllactosamine, is produced.




Protein A is a B-0-galactosyltransferase,
and is found in a number of body tissues.

\’

cen'l- Yoe Cound in

. . . o “=gdidC Se: gilL SE |”muwo_m
protein B is found only in lactating mammary glands. qalactosyltransferase forming the same (1-4) linkage found in factose, and producing N-

C-lactalbumin ' | linked glycoproteins.
UDP

R

its synthesis is stimulated by the peptide
hormone, prolactin.

Protein B forms a complex with the enzyme, | acety—D-glucesamine + gulac lose

m&aamlmwwmamumnmnm B(i-1)
than N-acetyllactosamine, is produced. .
giving
— complex Lormation — lahof speificly Rz

T3> n-linked g\yepretiens



Enzymes



KV 1. Oxidoreductases W:W
CHa- CH-COO™ + NAD* = CH3- C COO™ +« NADH + H*
- Lactate
Enzymes M
Lactate —— . Pyruvate
transfer of C-, N-, or P-
e 2. Transferases Catalyze taining g m““
. ﬂ H,0
» Enzymes are protein catalysts that increase the c...z-wcoo-.mpm—:-..; CH,-CO0™ + THE
. . . . OH  NH,* mwmb'ax'*‘a cuz
rate of reactions without being changed in the 2= o I
overall process. Syadmdo:'ngoofm“:
Acrive S\Abs\“""“'t m,‘,-C,NH.‘, + "20 U'-:;: Co, + 2"“3
AL O
> Nomenclature . Urea
i » Recommended name — ey bo Cnzyme mmacﬁh-sé:
Most commonly used enzyme names CHg-C - c00" CHg-CH + CO,
Substrate + -ase e.g. sucrase, urease, glucosidase) o decarboxylase o
Action performed e.g. lactate dehydrogenase and Dy .
adenylyl cyclase e o O ts o o
s
® » Systematic name O O S omimaony oA 2 2
_|UBMB divided the enzymes into six maJor classes: TR COh S Do
- formation of bonds
OX|doreductase Transferase Hydrolases, Lyases 8. Ligases m;;-bonmd?as#“
© |somerases, ngases energy phosphates, such as:
Example: lactate:NAD+ oxidoreductase CHgmCrriii s COp =g SC Crg tat
0 carboxytase ©
Pyruvate "; w},p. Oxaloacetate




3.

4.

/
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emymes need

Glaclors

Enzyme properties

Active sites: enzyme contain special pocket or cleft that binds the

substrate

RV
Catalytic efficiency: highly efficient (103-108) faster than uncatalyzed
reaction

Specificity: highly specific, catalyzes only one type of chemical reactions.

Cofactors, Apoenzyme and holoenzyme: some enzymes need nonprotein
cofactors like metal or organic molecule. The enzyme with cofactor is
prokein + g~ fercror

©) _ . . . C
called holoenzyme, the protein portion |s%poenzyn1e. The enzyme

without cofactor doesn’t show biological activity T

Regulation: can be activated or inhibited by different substances.
Location within the cell: each enzyme is localized in specific organelle

within the cell which isolates the reaction substrate or product from
other competing reactions.



How enzymes work

» In each chemical reaction there is an energy barrier
(energy of activation) o

» For the molecules to react, they must overcome the
energy barrier

» Enzymes reduce the energy of activation without
affecting the free energy of the reactants and
products and fasten the reaction rate

There is no difference in the free
energy of the overall reaction (energy

of reactants minus energy of products)
between the catalyzed and uncatalyzed
reactions.

Free energy
of activation
(uncatalyzed)

——

N

Free energy (G)

Free energy
of activation
(catalyzed)




Factors affect Reaction velocity
(1] Substrate concentration« v...

» Maximal velocity: The rate of an enzyme-catalyzed
reaction increases with substrate concentration
until a maximal velocity (V,,,,) is reached
(saturation with substrate of all available binding

sites on the enzyme) Enzymes following Michaelis-
Menten kinetics show
y _ hyperbolic curve.
lox conc of sulosknd —> Wigh eflinily of- enzymes (link fuster) :
. . . )
» Hyperbolic shape of the enzyme kinetics curve: Ve b = ;“J»f;m
Most enzymes show Michaelis-Menten kinetics =
show hyperbolic curve while, allosteric enzymes Z
frequently show a sigmoidal curve %:,
g > coniviled
/’! s Allostéric enzymes
v - show sigmoid curve.
V. Ve c oV . . ey
Simple Allosteric : Ul
s s

Om

ety e
v
che — herberic @ - —.
oRer
L

Aot
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Reaction velocity
[ 2 Temperature« v

> |Increase of velocity with temperature: The reaction
velocity increases with temperature until a peak
velocity is reached as a result of increased number
of molecules having sufficient energy to pass over
the energy barrier and form the products of the

reaction.

Heat inactivation
of enzyme

» Decrease of velocity with higher temperature: as a
result of temperature-induced denaturation of the

enzyme

Reaction velocity (vo)

20 a0 60 80
Temperature (°C)




Reaction velocity
(3 pH

» Effect of pH on the ionization of the active site:
First, the catalytic process usually requires that the
enzyme and substrate have specific chemical
groups in either an ionized or unionized state in

order to interact » [

> Effect of extremes of pH on enzyme denaturation: | o
because the structure of the catalytically active = lPepsi Trypsin -~ Alkaline
protein molecule depends on the ionic character of 8 phosphatase
the amino acid side chains. >
S
» The pH optimum varies for different enzymes: g
often reflects the [H] at which the enzyme oy NN
functions in the body ‘3 5¢ 7 *°9 11
pH

* Ong emvyme presenl inbhe ool —s oplimum Pt 7.4 (oryetosint pi)



Inhibition of enzyme activity

Inhibitor: any substance that can diminish the velocity of an enzyme-
catalyzed reaction

@ Reversible inhibitors: bind to enzymes throughmoncovalent bonds.
Dilution of the enzyme-inhibitor complex results in dissociation of the
reversibly bound inhibitor, and recovery of enzyme activity

©  TIrreversible inhibition: occurs when an inhibited enzyme does not
regain activity on dilution of the enzyme-inhibitor complex.

The above types can be competitive or noncompeLtitive.

Joinds. Lo the adve <ite binds Lo the
J allosteric site

s\ N o
Cs ¢ o wosY

> no preskl o (os s
(vio reackion) J/

idalvion

change  canformetiion

net doing it s funclion
cmpmore o) i AN u»’)
Vst
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Inhibition of enzyme activity
(@ Competitive inhibitors

occurs when the inhibitor competes with the substrate for the same site.

0000 D inbibitor

o 00 0o 09 o
Vmax is unchanged o2 00085022,
60 BO N eds O subst-
0 s smy it mesh Y ———
- 105
Apparant Km is increased ot e witen | 0

Statin drugs are example

Maximal velocity, Vmax, is
the same in the presence
of a competitive inhibitor

Michaelis constant, Kn. is increased
in the presence of a competitive inhibitor



Inhibition of enzyme activity
(®Noncompetitive inhibitors

> Occurs when the inhibitor and substrate bind at different sites on the
enzyme.

> It can bind either free enzyme or the ES complex, thereby preventing the
reaction from occurring

> Km is unchanged

> UTTESEIAREICARED —> oo, e formation ot enzqme (ol viormal —= pall g o2

W Substrate

£ 3 ®
@ — Maximal velocity, Vmax, is
TR % of noncompetitive nhibitor S SULEIIE
Enzyme (E) ES complex = A :
Ll G

/Inh(ill;nor \@ ;
»
}

With noncompetitive
inhibitor 1

Hoonutlon velooity (Vi)
l

El complex ESI complex Kmn T\J Michaelis constant, Kn, is unchanged
(inactive) (inactive) \ in the presence of a noncompetitive inhibitor




Examples on enzyme inhibitors

aod
> non- competitive inhibitor: lead forms covalent bonds with the sulthydryl
side chains of cysteine in proteins
oF M@
A ¢ Cuncrion: . . .
> Ferrochelatase, an enzyme that catalyzes the insertion of Fe+2 into

protoporphyrin (a precursor of heme) is sensitive to inhibition by lead.

> as drugs ®
> The widely prescribed B-lactam antibiotics, such as penicillinand . ve
» amoxicillin, act by inhibiting enzymes involved in bacterial cell wall ="
synthesis - 5
> ¢ Angiotensin-converting enzyme (ACE) inhibitors (captopr11 enalaprll P

and lisinSpril). They lower blood pressure by blocking the enzyme that
cleaves angiotensin I to form the potent vasoconstrictor, angiotensin II
ag Tl = no realsorb

&

ACtE

ol

Ry



Regulation of enzyme activity
(Allosteric regulation)

cavedlent %
ey 20

Allosteric enzymes are regulated by compounds
called effectors (or modifiers)

Can have positive or a negative effect

Reaction velocity (vo)

May affect the Vmax, Km or both.

Can be ( eBlectors [ynoel Piers)

1 homotropic (the substrate itself) sigmoidal shape S
curve ks
2. heterotropic (the product or other subsance) feed

Reaction velocity (Vo)

[Substrate]
back inhibition

S \ Uow vich
A = B mm> C mmdp D mmd £ =)




Regulation of enzyme activity
(Covalent modification)

Pm\'ien kinases

en{me

=¥

> "> The phosphorylated form of the enzyme
more or less active

> @CD Glycogen phosphorylase (glycogen degr
increase activity upon phosphorylation
> @ ® Glycogen synthase activity decreases

Phosphorylation (uses ATP as phosphate donor) or |
dephosphorylation by: phosphoprotein phosphatases

can be

V10
adation)

@ ATP. CProtein  , ADP

kinase

euns
Enzyme Enzyme
1 1 =
OH OP0;
% Phospho-"\ usny

protein
HPO; phosphatase" F20

o

glycogen phosphorylase buii 6 yiuwgall-

glycogen synthase bl & auwgall«

»? L2
# induction and repression of enzyme synthesisidue to the above

factors
P‘b‘f#‘dj[iwn : d ‘Ph"‘y!““ 2
*‘/‘J .'L*"'*-s!u-f Uyl g mas :
C i ’—x Flygrogen wafjhu :
*’“W T Yes > > Clj(agtn 53#“\«5: :

Ghycogen synr&m -y J

gy S gl e o in 3
oo S Lo b ot kiides § acht Sy
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> Low conc. of enzymes is present in blood due to cell turnover *”
"

Upmﬁ“‘*\

> Destruction of cells due to any damage may lead to release of some

~ | Increased plasma levels
of intracellular enzymes - >
due to cell damage :

CAPILLARY

Enzymes

B Normal cell turnover B Cell necrosis as a result of disease or trauma




Alteration of plasma enzyme levels in disease
states

The activities of many enzymes are routinely determined for'diagnostic
purposes in diseases of the heart, liver, skeletal muscle, and other tissues.

253
The level of specific enzymelactivity in the plasma frequently correlates
with the extent of tissue damage.

Determining the degree of elevation of a particular enzyme activity in the
plasma is often useful in evaluating the prognosis for the patient.



Plasma enzymes as diagnostic tools

> Some enzymes show relatively high activity in only one or a few tissues.

> The presence of increased levels of these enzymes in plasma thus reflects
damage to the corresponding tissue.

> (9) For example, the enzyme alanine aminotransferase (ALT) is abundant in
7 thelliver. The appearance of elevated levels of ALT in plasma signals
possible damage to hepatic tissue.

> This lack of tissue specificity limits the diagnostic value of many plasma
enzymes.
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Isoenzymes and diseases of the heart

Isoenzymes (or isozymes) are enzymes that catalyze the same reaction.
However, they do not necessarily have the same physical properties
because of genetically determined differences in amino acid sequence

v/ 1soenzymes may be separated from each other by electrophoresis

Different organs frequently contain characteristic proportions of different
isoenzymes. The pattern of i isoenzymes found in the plasma may, therefore,
serve as a means of identifying the site of tissue damage.

The plasma levels of creatine kinase (CK) and lactate dehydrogenase
(LDH) are commonly determined in the diagnosis of myocardial infarction.

> They are particularly useful when the
electrocardiogram is difficult to interpret, such as
when there have been previous episodes of heart
disease.

Multiple forms of enzymes

Different amino acid sequence / Different genes

Catalyze same reaction



Quaternary structure of 1soenzymes

> @ Creatine kinase occurs asthree isoenzymes. Each isoenzyme is a dimer
composed of two polypeptides (called B and M subunits) associated in one

of three combinations (CK1 = BB, CK2 = MB, and CK3 = MM). Each CK
isoenzyme Shows a characteristic electrophoretlc mobility

> Myocardial muscle is the only tissue that contains more than five Sé/}cent
of the total CK activity as the CK2 (MB) isoenzyme.
H-g h
> Appearance of this hybrid isoenzyme in plasma (four to eight hours

following onset of chest pain which reaches peak after 24 hr) is virtually
specific for infarction of the myocardium.

> 101 Lactate dehydrogenase activity is also elevated in plasma following an
infarction, peaking 36 to 40 hours after the onset of symptoms. LDH
activity is, thus, of diagnostic value in patients admitted more than 48 hours
after the infarction



ANODE (+) CATHODE (-)

Direction of migration

®® ®m

i

CK1 CK2 CK3

00 O n

Origin

CK isozymes are negatively |
charged and migrate toward |
the anode.

~ Myocardial
infarction

Normal

o Enzyme activity ——>

CK2 activity
in plasma
peaks about

infarction.

24 hours after

LDH activity in
plasma peaks
about 36 to 40
hours after
infarction.

0
T Infarction

Hours




Newer markers for myocardial infarction

> CDTroponin T and troponin I are regulatory proteins involved in myocardial

contractility.
S (jo-1) day
> They are released into the plasma in response to cardiac damage.
2\
> Elevated serum troponins are more predictive of adverse outcomes in

unstable angina or myocardial infarction than the conventional assay of
CK2

Notes Diagnostic Value Time to Peak Time of Appearance in Plasma Marker
Described as a hybrid Virtually specific for infarction Peaks at 24 hours 4-8 hours after onset of chest ~ Hybrid isoenzyme (CK-MB)
isoenzyme of the myocardium pain
Activity is elevated in plasma Valuable in patients admitted Peaks at 36-40 hours after  Not specified Lactate Dehydrogenase (LDH)
following an infarction more than 48 hours after symptoms

infarction
Regulatory proteins involved in ~ More predictive of adverse Not specified Released into plasma in Troponin T and Troponin |
myocardial contractility outcomes in unstable angina or response to cardiac damage

myocardial infarction than the
conventional assay of CK2



Calcunlalion ©

Michaelis-Menten equation

~

vy = Vmax[S]

L _}(m + [S]

1 ab me
2

» Where
» v, = initial reaction velocity
> V.., = maximal velocity

» K . = Michaelis constant ={k=1=+k2}/k1

» [S] = substrate concentration

» Velocity of the reaction is directly proportional to
the enzyme concentration

a\"\@

» assumptions made in deriving the Michaelis-
Menten rate:

1. The conc. of substrate [S] is much greater than the
conc. of enzyme [E]

2. [ES] does not change with time (the steady-state
assumption

Reaction velocity (\;o)

P

Vmax

Vmax -

Enzyme1

SN

\Enzyme 2

1
MU S vl B B M LN SR ) =1

[Substrate]

Large K, of enzyme 2
reflects a low affinity
of enzyme for the
substrate.

reflects a high affinity
of enzyme for the

Small K, for enzyme 1
substrate.
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Michaelis-Menten constant -

K.,-the Michaelis constant- is characteristic of an enzyme and its particular
substrate, and reflects the affinity of the enzyme for that substrate

K., is numerically equal to thesubstrate concentration at which the
reaction velocity is equal to(1/2 V.

K., does not vary with the concentration of enzyme

Small K, reflects a high affinity of the enzyme for substrate, because a low
concentration of substrate is needed to half-saturate the enzyme

Large K, reflects a low affinity of enzyme for substrate because a high
concentration of substrate is needed



Michaelis-Menten constant

The rate of the reaction is directly proportional to the enzyme
concentration at all substrate concentrations =1 « v

velocity of the reaction |
first order Thu . -
proportional 10 substn
ro—-:nnlrr.m

For example, if the enzyme concentration is halved, the initial rate of the
reaction (v,), as well as that of V__,, are reduced to one half that of the
original. D v Vo

2 =

max’

When [S] is much less than K, the velocity of the reaction is
approximately proportional to the substrate concentration (first order)

When [S] is much greater than Km, the velocity is constant and equal to
V... The rate of reaction is then mdependent of substrate concentration
(zero order) i _Catayzod

Km k

v
v Ls]) V - anttanl- =V mex

Tesh o

irst erdlen ependent of.

/ svbghrale canc
Zero order

v of product formaton




Linearization of Michaelis-Menten equation
(Lineweaver-Burke plot)

» Itis not always possible to determine the V., from plotting v, against [S]

» The intercept on the x axis = -1/K
» The intercept on the y axis = 1/V

max

_?é kyy\ = E51 — when \J = lz’meM



Why do we do a Linearization of Michaelis-Menten
equation- (Lineweaver-Burke plot)

A
Vmax
Error Vmax e — —
l Vmax plateu
‘O
5]
)
>
Will not give Errorin
accurate K., Substrate
value of Km
Lineweaver-Burk plot
g _ vmax [S]
Invert the K + [S]

equation

K

m

max [S] vmax[S]

_1__
v
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Km=m * Vmax
Km= slope* Vmax

» Velocity (V,) unitis concentraﬂonlgue
(i.e. mmole/L/min)

« Km unitis concentration (same as
substrate unit given in the questlon)l -

e

O.0r=m = km
Ve

—> & lkkmz Ymay (a-ot)
wm: 2o (o-02) s0.04
= bobind km -
@ km= mxVmax
@ lm: Slope

N meot

mlercepl S

® 1o ot Vo By extrapolating the line to |
i the X-intercept. ‘




# Lineweaver—Burk plot Limitations !

A Plotting very small

1/V,| valuesof1/[S]is

very difficult ° Vmax e -

° 2 plate

°° 3 |

(A < |

1/ Vmax b°° 2 L
If [S] is very large Substrate
1/ [S] is very small
= >

-1/Km 1/1(S]
Limitiation:
» 1. You have to be careful to the interpretation of the inverse

1 1
values: —and —.
v, [s]

: 1
» Plotting very small values of —

= can be challenging, however,



Enzyme questions

The kinetics of an enzyme are measured as a function of substrate
concentration in the presence and absence of 100 mM inhibitor.

What are the values of Vmax and KM in the presence of this inhibitor?

What type of inhibition is it?

[S] Velocity (mmol/L/minute)
(mM) No inhibitor |Inhibitor

3 10.4 2.1

5 14.5 2.9

10 22.5 4.5

30 33.8 6.8

90 40.5 8.1
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1
2 Velocity (mM/min)
3 Substrate-(mM) No inhibitor with inhibitor
4 3 10.4 2.1
5 5 145 2.9
6 10 22.5 4.5
7 30 33.8 6.8
8 90 40.5 8.1
9
10
11 Velocity (mM/min)
12 Substrate-(mM) No inhibitor with inhibitor
13 1/s 1/V (No ) 1/V (with 1)
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23 Slope 0.2240 1.1080
24 Intercept 0.0220 0.1120
25 Vmax=1/intercept 45.4545 8.9286
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27
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Enzyme questions-answers

1. The kinetics of an enzyme are measured as a function of substrate
concentration in the presence and absence of 100 mM inhibitor.

b) What are the values of Vmax and KM in the presence of this inhibitor?
Without inhibitor [1 Vmax= 45.45 mmole/L/minute, Km= 10.18 mM
With inhibitior (1 Vmax= 8.92 mmole/L/minute, Km= 9.8929 mM

C) What type of inhibition is it?

Noncompetitive inhibitor (km did not change), Vmax also decreased

Q Remember !
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How to judge if Km values are equal?

Subtract the value of Km and divide the answer by any km
value*100

So
10.18-9.892=0.288

0.288/10.18*100=2.8% (Km 1s considered as unchanged if you
obtain any difference value below than 10%![] probably due to
experimental error).



Summary

Type of inhibitor Vmax Km
competitive ihibitor unchanged increased v

non-competitive inhibitordecreased v unchanged v

uncompetitive inhibitor decreased decreased

The Lineweaver-Burk plots for inhibition

— inhibitor — inhibitor — inhibitor
1V // — no inhibitor 1/V / — no inhibitor 1V / — no inhibitor

1/[8] 1/[S] 1/[8]

Competitive Uncompetitive Noncompetitive
inhibition inhibition inhibition
Kysincreased Ky reduced Ky unaffected

Vinax unaffected Vinax reduced Vnax reduced



Increasing

(A) Competitive / (]
- =0

B) Uncompetitive \ | i
(B) pe ’ / il ncrc.;lalsmg
s,
(C) Non-Competitive "‘“’[:'l““’
=0

K, 11S]



Competitive
inhibitor N

Inhibitor—> Active site

Substrate

Noncompetitive
mhnbator

Inhibitor—=> Allosteric site

e Substrate competitive inhibitors
& yd
\Xe
v° =
~_ 7
Enzyme _ Enzyme

(a) Substrate can normally

bind to active site of
enzyme.

Uncom
inhibitor

Inhibitor>ES complex

noncompetitive inhibitors

(b) Competitive inhibitor
mimics substrate and
competes for active site.

(c) Noncompetitive inhibitor
alters conformation of
enzyme so active site is

no longer fully functional.
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Glycosaminoglycans \C’N}
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heteropolysaccharide chains generally composed of @ wlv v m < 5
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» The amino sugar is either D-glucosamine or D-
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® acetylated, thus eliminating its positive charge e ce < NHp 5

)

Glucosamine

@
» The amino sugar may also be sulfated on carbon 4 or6 or_.. ~<COOH “otcr
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oxidalion

» The acidic sugar is either D- glucuronlc acid or its carbon-
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Glycosaminoglycans (GAG)

be o large No - o OH oy N lkonding

» These compounds bind large amounts of water, thereby producing

the gel-like matrix that forms'the'basis of the'body’'s 'ground
substance.

<_,‘,;)\ Lu> uulswﬂ oy
Qanie
> The viscous, lubricating properties of mucous secretions are also

caused by the presence’ofglycosaminoglyeans, which led to the

original naming of these compounds as mucopolysaccharides.

> As essential components of cell surfaces, GAGs play an important
role in mediating cell-cell S|gnaI|ng and adhesion

Yo 2 ®©
c»vmecl fon



Classes of GAGs

» There are six major classes of glycosaminoglycans, including:
» chondroitin 4- and 6-sulfates
» Kkeratan sulfate
» dermatan sulfate
» Heparin
» heparan sulfate

> hyaluronic acid. i aohest ¥

Lo W rin
-7 P
> All of the GAGs, except hyaluronic acid, are found'covalently
, forming proteoglycan monomers, which consist
of a core protein to which the linear GAG chains are covalently

attached

» The proteoglycan monomers associate with a molecule of
hyaluronic acid to form proteoglycan aggregates. = rave

J
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|
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Core Chondroitin base Xyllme ]

- Serine side chain
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sulfate ) contain |
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Chondroitin
protein sulfate

Keratan
(Side view) sulfate (Top view)
= Proteoglycan monomer
e ——— %‘ — ~
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Hyaluronic = 3 = =
acid \ X —
- S— = =
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S \\ ~—  Link =
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core ———

proteoglycan monomers + hyaluronic acid = proteoglycan aggregate
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-* Disaccharide unit:

= N-acetyigalactosamine with
& on either carbon (C)4 or C
6 and glucuronic acid o

* Most abundant GAG in the body
*® Found in cartilage, tendons,

ligaments, and aorta

© Form proteoglycan aggreg

through

with hyaluronic acid

o In cartilage, bind collagen

and hold fibers in a tight, strong
network

1

GlcUA: glucouronic acid
GalNAc: N-acetyl galactosamine
GlcNAc: N-acetyl glucosamine
Gal: galactose

GlcN: glucosamine
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L1 vitreous humor of the eye, the

umbilical cord, loose connective
tissue, and cartilage
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extracellular
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Synthesis of Glycosaminoglycans

» GAGs are synthesized in the endoplasmic reticulum and the Golgi

» The polysaccharide chains are elongated by the sequential addition
of alternating acidic and amino sugars,
derivatives

—_—

L>  vusk be bend with
bhe suger unit <o ik

wodled o able bs link
> The last step in synthesis is(SlilfatioRicfiSomecfthelaminc'Sugars .

wika okher suger
unjl

The source of the sulfate is 3’- phosphoadenosyl-5’ phosphosulfate]

,»Js"’\
< (4
. 2 o/ \ﬂlh
L Giutamine Glutamate %
“\f ®glucose 01 ®Fructose Glucosamine Glucosamine ©upP-
cc | 6-phosphate =7, 6-phosphate +NH2 6-phosphate (__> 1-phosphate GLUCOSAMINE
L | Aminotransterase
®
ADP Acetyl—CoA l@ il 10
ATP Glycosaminoglycans
Dalucose
| Sialic acid, CMP- UDP-N- S
| gangliosides, <——— NANA @ACETYLGLUCOSAMINE Sy
glycoproteins

" Glycosaminoglycans, |

1 UDP-N- > glycoproteins
: CGOACETYLGALACTOSAMINE




PAP-S : 3’- phosphoadenosyl-5’-phosphosulfate




Disorder @ | can’l- brelclown GAGs

Mucopolysaccharidosis -

ivns'\()C The el

Glycosaminoglycans are degraded by [ysesomal’hydrolases. They are

first broken down to oligosaccharides, which are degraded

sequentially from the non-reducing end of each chain GAG
|

A deficiency of one of the hydrolases results in @ mucopoly-  cligosaccharides

saccharidosis. | o
A Ftlv_n the middle
g7 . . : : (non -resbucing

These are hereditary disorders in which glycosaminoglycans erd

accumulate in tissues, causing such as skeletal and

extracellular matrix deformltles and mental retardation
oW~ uJ‘" 017’

>CEXamples of these genetlc diseases include - and -

syndromes




Glycoproteins

sugens - profeins
ype of suwser

» Glycoproteins are proteins to which oligosaccharides are covalently
attaCh ed +— (ro the proteins (2_10) oniks

» They differ from the proteoglycans in that the length of the
glycoprotein’s carbohydrate chain is relatively short (usually two
to ten sugar residues long, although they can be longer)

» The carbohydrates of glycoproteins do not have serial repeats as
do glycosaminoglycans.



Function of glycoproteins

)=
» Membrane-bound glycoproteins participate in a
broa\d range of cellular phenomena, including:

ae

» Cell surface recognition (by other cells,
horrrgones, viruses)

» Cell surface antigenicity (such as the blood *¢ ® o
group antigens) = 2 o :_; ,,,,,,
0 - e WS
> As components of the extracellular matrix : | e

and of the’mucins of the gastrointestinal and
urogenital tracts, where they act as protective
biologic lubricants.

% Main Components of of- mucus Fhal- lines bhe GIT) U] —» mucins

» Almost all of the globular proteins present in
human plasma are glycoproteins.



Glycoproteins are synthesized in the endoplasmic reticulum and the
Golgi.

The precursors of the carbohydrate components of glycoproteins are
sugar nucleotides.

O-linked glycoproteins are synthesized by the sequential transfer of
sugars from their nucleotide carriers to the protein

N-linked glycoproteins contain varying amounts of mannose. They
are synthesized by the transfer of a pre-formed oligosaccharide from
its membrane lipid carrier, dolichol, to the protein

They also require dolichol, an intermediate carrier of the growing
oligosaccharide chain.
_ A G()’@pro(’fn_s
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ROUGH ENDOPLASMIC RETICULUM (RER)

* Ribosomes are bound to the cytosolic
side of the RER membrane.

® Protein-containing vesicles are sent to
the Golgl for pfoeculng

:.:. g

Secretory
vesicle

Vesicles bud off
from the Golgi, and
their processed
Eroas ot
e cel
membrane,

extracellular ©
environment, or
lysosomu ®

Glycoproteins that are to be
secreted from the cell are

not incorporated into the
vesicular membrane.

INTRACELLULAR SPACE

1145411 01 TR 010110l BNE VS0 Sl 1t 5

EXTRACELLULAR SPACE

Carbohydrate °

Cell
membrane

VT FEE1ED R STV Nt L

11114 41110

Glycoproteins that are lo

become components of
| cell membrane are I
| into the membrane of

sec vesicles that bud
off from the Golgl and fuse
with the cell membrane.

.




Synthesis of N-linked glycoproteins.

1 Protein synthesis begins
and the polypeptide chain is
extruded into the endo-

plasmic reticulum (ER).

&

N u-u-ou'?:-‘
+ “::!> f-wﬂﬁ

Do“"‘ °'|"" vnglyseclic
NH,
[-0-9-0-0
o The oligosaccharide is

S e B 3 transferred from dolichol to

b e, " P an asparagine residue of ~ NH, b

P4l A branched oligosaccharide growing polypeptide chain. - l4q Trimming of the carbohydrate
i is synthesized bound to : chain begins as the protein

9/

dolichol pyrophosphati moves through the ER.

5 In the Golgl, further
trimming and/or addition of &l
monosaccharides occurs.



Lysosomal degradation of glycoproteins

» A deficiency in the phosphorylation of mannose residues in N-linked
glycoprotein pre-enzymes destined for the lysosomes results infl®

» Glycoproteins are degraded in lysosomes by acid hydrolases

> A deficiency of one of these enzymes results in a glycoprotein
storage disease (oligosaccharidosis), resulting in accumulation of
partially degraded structures in the lysosome

CYTOSOL
CIS GOLGI Phosphorylated
mannose
Protein N-linked )
oligosaccharide TRANS GOLGI Man 6P

Prelysosomal
enzyme

LYSOSOME

I-CELL DISEASE

® Caused by a deficiency of the ability
to pﬁosphorylato mannose.

©® Characterized by skeletal
abnormalities, restricted joint
movement’ Coarse facial features,
and severe psychomotor impairment.

® Death usually occurs by age “”@J},
eight years.
———————————
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Lipid metabolism

C /w\qm C /f;“”i,

Lipids are water-insoluble organic molecules that can be extracted
from tissues by nonpolar solvents

~ ) - @
® If:lf\mpcl‘pmf bileyer &/

Present as membrane associated, lipoproteins or droplets of
© triglycerides in adipose tissues

They are the major source of energy

AXED
Responsible for dissolving fat-soluble vitamins which have
regulatory or coenzyme functions in the body

Prostaglandins and steroid hormones play role in body's
homeostasis
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Lipid digestion

An adult ingest 60-90 g of fat /day, 90% as triglycerides and the rest
as cholesterol, phospholipids and free fatty acids.

® @
Digestion starts in stomach by lingual lipase and gastric lipase

Triglycerides of short and medium chain length fatty acids (<12C)
are the target of these enzymes.

o D\&) \ \:‘?{)\j

The enzymes are important in neonates to digest fat in milk and for
people with cystlcigbross (no pancreatic lipase)

],4,@!55363 on of- | f@ n 9l inbrskenl-

Emulsification of dietary lipid occurs in duodenum in presence of bile
salts and perstalsis which will increase the surface area of digestion

SUV{QQCQ arean 1

O Bile salts are produced in liver and stored in gallbladder



Degradation by pancreatic enzymes

©
O Triacylglycerol degradation:

J Degraded by pancreatic lipase to 2-monoacylglycerol and free

fatty acids

Q Colblu (activated by trypsin) binds to the ltpase in ratio 1:1 and

anchors it to the lipid-aqueous interface .

U Orlistat (antiobesity drug) inhibits gastric and pancreatic lipase

and so decrease the absorption of fat

2Fa
o 2 nld':,

o 'EH-o-C-A, n,o) Z‘ " A ok
R;-C-0%CH O PR "r°°g:
\CHy- 0-C ~Ry o WO

Triacylglycerol (TG) 2-Monoacylglycerol

Chdesberol + etorbind-ron

() A Cholesteryl ester degradation:

0 10-15% of cholesterol is present in esterified form

Q It is hydrolyzed by pancreahc cholestenol esterase to cholesterol

and free fatty acids xidd 4 Croksion

Brewk

QO The activity of the enzyme is increased in the presence of bile
salt

NN NN
Fatty
NN Wo acids AN
A LA A 5 2 A LAl
0 )| Crovearery / )| T
A-C-O " .o AN /
Cholestery! ester (CE) Cholesterol

() Q Phospholipid degradation (like phosphotidylcholine):

U Degraded by phospholipase A2 in presence of bile salts by
removal of one fatty acid from C2 of PL to form lysophospholipid

U Lysophospholipid is hydrolyzed by lysophospholipase leaving
free fatty acid and glyceryl phosphoryl base that can be excreted
in feces, further degraded or absorbed

Pule:
% v Oexcrerad — tecss @ dlosoroed
Y @ Curvher degreclesl




Control of lipid digestion

A It is hormonally controlled
M Cholicystokinin (CCK) which is secreted from the mucosa of
jejunum and lower duodenum and acts on:
Gallbladder to release bile
Pancreas to release pancreatic enzymes
Decrease gastric motility and so decrease gastric emptying

Secretin which is secreted by other intestinal cells in response to
the lower pH of the chyme cause pancreas and liver to release
bicarbonate which will neutralize the pH making it optimum for
the pancreatic enzymes to work



Absorption of lipids by intestinal mucosal

O The degradation products of lipids together with bile
salts form mixed micelle (hydrophobic inside and

\ Joe cble Eo avss e waler

hydrophilic outside)

(oH)

O The hydrophilic surface facilitate the transport of thei
hydrophobic lipids through the unstirred water layer
to the brush boarder membrane where they are

absorbed.

O Formation of mixed micelles is not required for the l
absorption of short and medium chain length fatty

cells
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Absorption of lipids by intestinal mucosal
cells

O In enterocytes triacylglycerol and cholesteryl esters are
resynthesized o e il i e il
M.(Short and medium chain length fatty acids)are not converted to their
CoA derivatives but released into portal circulation and carried by
' serum albumin| to the liver to be metabolized.

MAG Glycerol Fatty Acids

Intestinal lumen

Lipoprotein




Lipid malabsorption (Steatorrhea)

SMALL

Cystic fibrosis — - rerete e — = e

Shortened bowl =+

Dietary lipids
[ LVER
Both causes decrease in absorption \
)

of lipids (including fat soluble vitamins / GALL
. . . | BLADDER
and essential fatty acids) leading to
increase in lipids in feces =
“Bile
(Steatorrhea) -
;):f\ﬁ’
@gancreatic
juice @oefectiv
cells
I:l<'-’/
T
1 INTESTINAL
MUCOSAL
CELLS
STEATORRHEA

(Excess lipid in feces)



Secretion of lipids from enterocytes

O Phospholipids, unesterified cholesterol, and (apolipoprotein B-48)
are at the outer layer and triacylglycerol and cholesterol ester form
chylomicrons. And this is released to the chyle (milky appearance)

O This is released to blood

INTESTINAL MUCOSAL CELL Amino acids —» —>» —> Apolipoprotein B-48 Phospholipidsx
> Fat-soluble vitamins

Acyl CoA:monoacylglycerol Acyi CoA:diacylglycerol
acyliransferase acyltransferase

2-Monoacylglycerol N > Y > Triacylglycerol
) Q oA
= =
0 0o CHYLOMICRON
" Fatty acyl CoA synthelase I
RC-0 7 = h - > RC-CoA
Long-chain fatty acids CoA ATP AMP + PP, Fatty acyl CoA
CoA
) Cholesterol Acyl CoA:cholesterol acyltransferase j > Cholesteryl ester TO LYMPHATIC SYSTEM
M J
s 2
Al U N slaadl e Seaddl Jaay e Sl U (Chifomicrons) by, Sesl Ul
TUsT e
W A BVl Al -
(Phospholpids) sulpiaugd +
(unesterfied cholestencl) Ui jd Jasieslss +
Apolipoproten B-48 <! _oay
Sl Sy JAN -
(tnacyighycerol) 4JX Jea0
(cholesteny! @ster) St Jasiuslss *
AL Ml aay (chyle) Ul aat Bl 0 Gl s A0 O Sl foand )l gla (5,0 W
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Use In tissue

O Triacylglycerol is broken down primarily in the capillaries of skeletal
muscle, adipose tissues, heart, lung, kidney, and liver.

O Triacylglycerol in chylomicrons is degraded to free fatty acids and
glycerol by lipoprotein lipase. This enzyme is synthesized primarily
by adipocytes and muscle cells.

O Familial lipoprotein lipase deficiency (type | hyperlipoproteinemia) is
_~arare, autosomal recessive disorder that results from a deficiency of
.= lipoprotein lipase or its coenzyme, apo C-Ill. The result is massive

«= chylomicronemia. &S
(/jfw‘/



Fate of free fatty acids

The free fatty acids derived from the hydrolysis of triacylglycerol may
directly enter adjacent muscle cells or adipocytes

The free fatty acids may be transported in the blood in association
with serum albumin until they are taken up by cells.

Most cells can oxidize fatty acids to produce energy

Adipocytes can also reesterify free fatty acids to produce
triacylglycerol molecules, which are stored until the fatty acids are
needed by the body.



~~ Fate of glycerol

=
O Glycerol that is released from triacylglycerol used almost exclusively
by the liver to produce glycerol 3-phosphate, which can enter either

o glycolysis or glugoneogenesis by oxidation to dinydroxyacetone

phosphate

H,C—0H H,C—0H H,C—0H
‘ *  NADHMH® ‘
HO—CH ATP  ADP HO—CH NAD\ /H (=0
’ glycerol kinase glycerol-3-
H,C—0H H,C—0—PQ,2" phosphate H,C—0—P0O, 2"
dehydrogenase
glycerol glycerol-3-phosphate :"‘hoys:r:azag;?:)
lycerel Iinase Xidalvon .
\ycerol 7 > 9lycrol -3—- phosphouh ,J%’ Dihydroxy acelone phospheh
\ey P [
9lycers| phosphey)-

dehyrogenase



Cell membrane




Function of the cell membrane

» Separation of the cell components from the nonliving
surroundings (8 nm thick)

> It controls traffic into and out of the cell.

» Like other membranes, the plasma membrane is
selectively permeable, allowing some substances to
cross more easily than others (hydrophilic vs
hydrophobic)



Composition of cell membrane

» The basic structural unit of biological
membranes is a lipid bilayer

» Phospholipids are the primary bilayer
forming lipids




General membrane structures
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Different types of phospholipids

o
(a) Phosphoglycerides — other rame Head group we”
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Characteristics of membrane

)
» The main macromolecules in membranes are lipids and

proteins, but include some carbohydrates

R — main
o Al

& » Membranes are fluid

sw

> Membranes are mosaics of structure and function

» Membrane carbohydrates are important for cell-cell
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Lwe Gpss o(' muemen{' in

C\/\}J Fhe Rl rmemiorne
7 \ \
Flip Gransversely

. /
Membranes are fluid

—main [ermmen - rure
9. @ P X

> A membrane is held in together bhydropr;obic

interactions

A

» Most membrane lipids and some proteins can drift
laterally within the membrane (2 microns per second)

»Molecules rarely flip transversely

(flip-flop) across the membrane,

because hydrophilic parts would have m“ﬁ
to cross the membrane’s hydrophobic g\g

core. Lateral movement __
(frequent) Flip-flop (rare)

(a) Movement of phospholipids



Membranes are fluid

&

¢ » Membrane fluidity is influenced by temperature and by
its constituents. < © sal [unsaly

@ (@ cno\ ® chain <lowj‘

» As temperatures cool, membranes switch from a fluid
state to a solid state as the phospholipids are more
closely packed.

» Membranes rich in unsaturated fatty acids are more fluid
that those dominated by saturated fatty acids because
@& the kinks in the unsaturated fatty acid tails prevent tight

paCki ng Fluid Viscous

st o

Unsaturated Saturated
hydrocarbon hydrocarbon
tails with kinks tails
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» Short chain fatty acyl groups tend to increase lateral

Gonvol|

J> cholesterol in membrane of eukaryotes modulates
«« “ membrane fluidity by making the membrane:

@esi\.«m& Less fluid at warm temperatures (e.g. 37 °C body
temperature) by restraining the phospholipid
movement. — o= PLI\ 5.5

E-luidity N

» More fluid at lower (cool) temperatures by preventing
close packing of phospholipids.

. » Cells may alter membrane lipid
3{7» concentration in response to changes
In temperature




Membranes are mosaics of structure
\ o Moy Shructures

| and function
15782 (i a3
» Membranes have asymmetric inside and outside faces.
The membrane’sisynthesis and modification by the ER) ¢

-

determines this asymmetric distribution of lipids, proteins
and carbohydrates.

» The two lipid layers may differ
in lipid composition. spparatus =\

» Membrane proteins
have a clear direction— =~

» When present, arg 5 2
carbohydrates are restricted

to the membrane’s exterior
\f o’)’”

Plasma membrane:
Cytoplasmic face
Extracellular face




Membrane Proteins

» Proteins determine most of the membrane’s
specific functions

» Membrane proteins:
©» peripheral proteins

»loosely bound to surface of membrane

»cell surface identity marker (antigens)

®¥» inteqgral proteins:“’"ﬁenetrate lipid bilayer,
usually across whole membrane

,,/;‘:;,@transmembrane protein:

»transport proteins (chacr)mels,
permeases (pﬁ)mps))




Many Functions of Membrane Proteins

S A Transport Intercellular joining

cvinedhon Jeelween cells

(;u"\b

v Enzymatic activity Cell-cell recognition

d D Signal transduction - Attachment to the

cytoskeleton and
extracellular matrix
(ECM)




Glycolipids

» Pattern of sugar residues is variable

» Always in outer leaflet of cell membrane, & inner leaflet
of organelles

Sugar

residues o
Hyd ro p h i I ic L> oligosachanicle

soluble
( ) Serine(")
. | Fatty acid

Hydrophobic ,
(not soluble tails (can be >
=i hili saturated or
= lipophilic) insaturated) § 8



Membrane carbohydrates are important
for cell-cell recognition

» Cell-cell recognition: The ability of a cell to distinguish
one type of neighboring cell from another.

—% » Cell-cell recognition i$ crucial in the functioning of an
organism. It is the basis for:

w5 3 Sorting of cells into tissues and organs in an animal
embryo’s cell.
@a\oﬁ? > Rejection of foreign cells by the immune system.
7

» The way cells recognize other cells is probably by keying
on surface molecules (markers)



Membrane carbohydrates are important

for cell-cell recognition .

» Membrane carbohydrates are usually branched

oligosaccharides with fewer than 15 sugar units.
@ ©

» They may be covalently bonded either to lipids, forming
glycolipids, or, more commonly, to proteins, forming
glycoproteins. crlo —= cvdlently oonded o

hprds Proleins
v » The oligosaccharides on the external side of the plasma
membrane vary from species to species, individual to
individual, and even from cell type to cell type within the
same individual



+ Movement across cell membrane

Fibers of Carbohydrate EXTRACELLULAR
extracellular FLUID
matrix (ECM)

Filamens of Cholesterol
cytoskeleton

Peripheral Integral ; \
protein protein CYTOPLASM



Movement across cell membrane

Y}’\o\/@m@/ﬂk
> Passive Transport _ / N
> Simple diffusion PUSIVE  fAckve

low-shigh

» diffusion of nonpolar, hydrophobic molecules / A\
simple Bosci liketteed 3

> lipids L b
» high — low concentration gradient resn Ao P‘iar
> Facilitated transport Y ]
l(‘p("cus channel

» diffusion of polar, hydrophilic molecules
» through a protein channel
» high — low concentration gradient
> Active transport

> diffusion against concentration gradient - :

» low — high R, . e
> uses a protein pump RS
» requires ATP




Transport of large molecules

lecre©
» Moving large molecules into & out of cell yaN
» through vesicles & vacuoles endo
> endocytosis 229
_ . ] , hugo (21NO
»phagocytosis = “cellular eating
»pinocytosis = “cellular drinking”
» exocytosis
asma ecreto °
z:embrane ﬁrodutctry_‘ Q

Secretory
vesicle

Cytoplasm



Diffusion of water

low of- solidd —s HypPe
» Diffusion of water from high concentration of water to
low concentration of water v of sclid —=typer

» Direction of osmosis is determined by comparing total
solute concentrations

» Hypertonic - more solute, less water

» Hypotonic - less solute, more water

» Isotonic - equal solute, equal water

net movement of water



