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DNA

A Contains genetic code
ANucleus of eukaryotic cells
A Cytoplasm of prokaryotic cells

Wikipedia/Public Domain
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DNA Structure

ASugar (ribose) backbone
ANitrogenous base
A Phosphate bonds
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Thymine
Adenine

5 end
3 end

Phosphate-
deoxyribose’™3
backbone

Cytosine g
Guanine 5 end

Wikipedia/Public Domain




DNA Vocabulary

ANucleotide/Nucleoside
ANitrogenous base
A Purine/Pyrimidine
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Nucleotides

ADNA: Polymer

ANucleotide: Monomer
Pentose sugar
Nitrogenous base

Phosphate group
0O BASE
I
HO—P—-O
o ®
OHOH

Ribonucleotide

SSSSSSSSSSS

(I? BASE
HO—P—0
O o
O

Deoxyribonucleotide

Binhtruong/Wikipedia




Nucleoside vs

ANucleotide
Nitrogenous base
Sugar
Phosphate group

ANucleoside
Base and sugar
No phosphate group
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. Nucleotide

Adenosine H2N
Monophosphate =N
N
0 \
[ Q N)

O

HO—P—0 N

OH

Wikipedia/Public Domain




Nitrogenous Bases

Pyrimidines
NH, O Q
N/go NAO N0
H H H
Cytosine Thymine Uracil
Purines H,N 0)
\ =N . NH
I \ N/> [ \ /)\NH2
N N N
H H
Adenine Guanine
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Nucleotides

NH, Q
NH 0 NH
XN 0 | I f‘\
o | X /I\\o I N)%O HO—P—0 ’J\o

| —p- N
HO—-P—-0O HO—F—0 0 OH \W

|_ O O'

@) % ?

OHOH OH OH OH
Cytidine Thymidine Uridine
NH, 0
[ % N
HO—P—O < f\/) O Q{/}\NHz
| N N I N

OH O HO—FI’—O N

o ‘$o?|

OH OH OHOH

Adenosine Guanosine
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Nucleotides

A Synthesized as monophosphates
A Converted to triphosphate form
AAdded to DNA

NH,
0 0O N S
I I <, | N
HO—P—0—P—0—P—0 P
| | NN
OH OH OH O
OH
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Base Pairing

Thymine

ADNA Adenine

Send
Adenine-Thymine ( o ¢ 3 end

GuanineCytosine

ARNA (f ;.:Q
Adenine-Uracill H,

GuanineCytosine 222:5:‘.22,; -+

backbone

%ﬁipﬂ
MoreG' AT TAO E 4 - Al OET ™ QdhSRBUJ 60

Wikipedia/Public Domain
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DNA Methylation

AMethyl group added to cytosine
| AAOOO EIT OACIi AT OO0 xEOE #' DA
Both strands

7z ~ Pa 4 L 7z

AHuman DNA: ~70% methylated
AUnmethylated CG stimulate immune response

NH, NH,
>

NAO | /&

H H O

Cytosine .
5-methylcytosine
L) BoardsaBeyond ey .



Bacterial DNA Methylation

A Bacteria methylatecytosine and adenine

A Methylation protects bacteria from viruses (phages)
ANon-methylated DNA destroyed by endonucleases
AO2A00OB MEFERAEEAAOET T OUOOAI




Chromatin

AFound in nucleus of eukaryotic cells
A DNA plus proteins = chromatin
A Chromatin condenses into chromosomes
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Nucleosome

AKey protein: Histones
AUnits of histones plus DNA = nucleosomes

BoardS&Bexggg. Wikipedia/Public Domain .



Histones

A Peptides
A H1, H2A, H2B, H3, H4

A Containbasic amino acids
A High content of lysine, arginine Wikipedia/Public Domain
A Positively charged
A Binds negatively charged phosphate backbone

AH1 distinct from others
A Not in nucleosome core
A Larger, more basic
A Ties beads on string together
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DNA Structure

DNA DNA Beads on H1
plus a string Condensation
Histones

Richard Wheeler/Wikipedia
Ll BoardsaBeyond



Drug-Induced Lupus

A Fever, joint pains, rash after starting drug

A Anti-histone antibodies (>95% cases)
Contrast with anti-dsDNA in classic lupus

A Classic drugs:
Hydralazine
Procainamide
|soniazid
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Chromatin Types

A Heterochromatin
Condensed
Gene sequences not transcribed (varies by cell)
Significant DNA methylation

A Euchromatin
Less condensed
Transcription
Significant histone acetylation
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Acetyl

Histone Acetylation ¢ o
Lysine H3CJJ\£

A Acetylation
y TNH;

Acetyl group added tdysine
Relaxes chromatin for transcription

A Deacetylation
Reverse effect




Epigenetics

Histone Acetylation

Transcription

DNA Methylation
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Histone deacetylase inhibitors

HDACSs

A Potential therapeutic effects

A Anti-cancer
Increased expression of HDACs some tumors

A(COT OET COT 160 AEOAAOA
Movement disorder
Abnormal huntingtin protein
Gain of function mutation (mutant protein)
Possible mechanism: histoneleacetylationA gene silencing
Leads to neuronal cell death in striatum

Dokmanovic et al Histone deacetylase inhibitors: overview and perspectives
Mol Cancer Res2007 Oct;5(10):981-9.

L) BoardsaBeyond
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Purine Metabolism
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Nucleotides

Pyrimidines NH, 0 0

NH 0 NH
N o) | I f‘\
o) I
| | N/I\\o HO—P—0 N)*o HO=—0 Ko

N

I
s o] o

OHOH OH OH OH
Cytidine Thymidine Uridine
Purines NH, o)
[ % N
e LT i
OH O N HO—P—-O N N
o ‘$o?|
OH OH OHOH

Adenosine Guanosine
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Nucleotide Roles

ARNA and DNA monomers
AEnergy: ATP

A Physiologic mediators
cAMP levelsA blood flow
cGMPA second messenger
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Sources of Nucleotides

ADiet (exogenous)

A Biochemical synthesis (endogenous)
Direct synthesis
Salvage

STUDY SMARTER




Key Points

ARibonucleic acids (RNA) synthesized first

ARNA converted todeoxyribonucleic acids (DNA)

A Different pathways for purines versus pyrimidines
AAIl nitrogen comes fromamino acids

/N(“""H

H

R1

SSSSSSSSSSSS




Purine Synthesis

AGoal is to create AMP and GMP

Alngredients:
Ribose phosphate (HMP Shunt)
Amino acids
Carbons (tetrahydrofolate, CQ)

NH- @]
|| 74 N
HO—P—0 <N | P Q Q{/}\ NH,
on 0 N HO—P—0 NT N
o %o#
OH OH OHOH
Adenosine Guanosine
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Purine Synthesis

AStep 1: Creaté®RPP

5-Phosphoribosyt1-pyrophosphate
(PRPP)
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Purine Synthesis

Hypoxanthine

A Step 2: CreatéMP

Amino Acids
Folate
CO2
o NH
0- ﬁ—m 5
: W " og oo \
0—P—0-P—Q ==
OHOH §  §

OH OH

5-Phosphoribosyt1-pyrophosphate

(PRPP) Inosine monophosphate

(IMP)

kL) BoardsaBeyond.
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Purine Synthesis

ATwo rings with two nitrogens:
6 unit, 3 double bonds
5 unit, 2 double bonds

H,N O
\ =N N NH
Q \ /> { \ /)\NHZ
N N
N N
H H
Adenine Guanine

SSSSSSSSSSS

<,N NH

|
N N/)

Hypoxanthine




Purine Synthesis

Nitrogen Sources

Glycine

Aspartate /
N /\‘/ "\

N/

Glutamine

STUDY SMARTER
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Purine Synthesis 7 N\>
Carbon Sources K6 IE

CO2
\ Glycine

[ n
N A/ \ Tetrahydrofolate

N\

Tetrahydrofolate *Key Point

Folate contributes to
formation of purines
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Purine Synthesis

AStep 3: Create AMP and GMP _ f
<’
HO— P—O P
0]
N
<’N | /)NH OH OH
Ho_('p?_o o " / AdenosineMP
OH
OH OH
Inosine monophosphate {L
(IMP) \ Ho_ﬁ_o &l
(')_
OHOH

GuanosineMP
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Purine Synthesis

Summary

A Starts with ribose phosphate from HMP shunt
AKey intermediates arePRPPand IMP

AMP

5-Ribose ——> PRPP —— |p —
\

Phosphate
T GMP

Aspartate
Glycine
Glutamine
THF

CQ

STUDY SMARTER




Purine Synthesis

Regulation
IMP/AMP/GMP
le

Glutamine -PRPP

amidotransferase AMP
5-Rib —

Ibose ——> PRPP > —> —> |MP

Phosphate ~— GMP
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Deoxyribonucleotides

NH,
1 I /N SN
HO—P—0—P—0 <N | P Q 9 </N | SN
OH OH N HO—P—0——0 ' P
OH OH @ N
OH OH
_ _ OH
ADP Ribonucleotide
Reductase dADP
—
o)
0] 0] N NH 0
vo—b-o-$-o </Nf:\
OH OH 0 N~ NH; o o0 /)\NHZ
HO—P—0-P-0 N
o O O
OH OH
OH
GDP dGDP

Boards&Beyond.

STUDY SMARTER



Purine Synthesis

Drugs & Diseases

ARibavirin (antiviral)
Inhibits IMP dehydrogenase
Blocks conversion IMP to GMP
Inhibits synthesis guanine nucleotides (purines)

AMycophenolate (immunosuppressant)
Inhibits IMP dehydrogenase

STUDY SMARTER




Purine Fates

HN O

k > {)‘NHQ / )

Adenine Guanine Hypoxanthine
Uric Acid / \

l Salvage

Excretion
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Purine Salvage

A Salvages basesidenine guanine, hypoxanthine
A Converts back into nucleotides: AMP, GMP, IMP
ARequires PRPP

5-Phosphoribosyt1-pyrophosphate
(PRPP)
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Purine Salvage

Hypoxarg)thine and Guanine

N gJ y NH
NN <
Hypoxanthine 0 N™ N
o HO-P-0 0
0=P—0 > OH
0 "y oo o OH OH
O—P—0—P—0
OHOH § 8
Inosine monophosphate
PRPP HGPRT (IMP)
? Hypoxanthine-Guanine .
NH :
N hosphoribosyltransferase
! N/)\NHz pPhosp y X \H
N 0 ) P~NH,
1 N
Guanine HO=P-0 ‘ NI
] ) O- O
0=P-0
0 © o o OHOH
O-P—0-P—0 _
OHoH & U GuanosineMP

PRPP
Boards&Beyond



Purine Salvage

Adenine
H2N
=N
z \ N/) NH,
N 0 N XN
HO—P—0 <N | P
Adenine OH O N
> OH OH
D_ -
0=po ) AdenosineMP
© o 9
O—P—0—P—0
OHOH & & APRT
Adenine
PRPP phosphoribosyltransferase
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Purine Salvage :

Drugs & Diseases

Hypoxanthine

A 6-Mercaptopurine
Chemotherapy agent
Mimics hypoxanthine/guanine
Added to PRPP by HGPRY Thioinosinic acid
Inhibits multiple steps in de novo synthesis
8)-0F!'-0F" -0

S
CIJ‘ : ”
QLE—D o - - + < |
—%_ZZJ—F"—O—FL—O_ \ J
OHoH & 4 N N
H
PRPP
6-MP

SSSSSSSSSSS

0
N‘iLNH
QN \ N/)\NHZ

H

Guanine




Purine Salvage

Drugs & Diseases

A Azathioprine
Immunosuppressant
Converted to 6MP

¢

T
NS ’
HsC NJTN
”\N/ N/>

Azathioprine
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Purine Breakdown

O

A Xanthi
. N,) anthine

Hypoxanthine Oxidase 0 0
\ )K/EH Xanthine H
HN i NH
B Oxidase o |
N> > =<N N/ko
H H
o /
NH G
E{/}\NHz
N N

07 N
H
Xanthine Uric Acid

uanase

Guanine

Boards&Beyond .



Purine Breakdown

0
NH, NH; N NH
Lo 4T & e
HO—P—0 HO CH,OH N =
OH o N/) o. N N') *SCID >0 N
—
ﬁ .
OH OH e Adenosine
: Deaminase OH OH
AdenosineMP _
Adenosine Inosine
APRT Purine
nucleoside
H,N phosphorylase
=N 0
)
I N NH
N < B
H N™ >N
Adenine Hypoxanthine

Boards&Beyond.
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Purlne Salvag ejL/EH Xanthine H
HN |

N
Drugs & Diseases

N
Oxidase o NH
7 s =<H| Py
H

N
AGout

. . Hypoxanthine Uric Acid
/A Excess uric acid

A Crystal deposition in jointsA pain, swelling, redness
A Can occur from overproduction of uric acid

A High cell turnover (trauma, chemotherapy)

A Consumption of purinerich foods (meat, seafood)

A Treatment: inhibit xanthine oxidase @llopurinol )

BoardS&Beyond_ JamesHeilman, D/Wikipedia
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Purine Salvage

Drugs & Diseases

A Azathioprine and 6MP
Metabolized byxanthine oxidase
Caution with allopurinol
May boost effects
May increase toxicity

Xanthine

ZT

OX|dase NH
o= |
<\I\) o

Thiouric acid

6'MP (inactive)
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Purine Salvage

Drugs & Diseases

ALeschNyhan syndrome
X-linked absence of HGPRT
Excessuricacidb OT AOAOET 1T j OEOOAT EI A
Excess de novo purine synthesis (0 2 0 0 h) ) -0
Neurologic impairment (mechanism unclear)
Hypotonia, chorea
Classic feature: self mutilating behavior (biting, scratching)
No treatment

A Classic presentation
Male child with motor symptoms, selfmutilation, gout

SSSSSSSSSSSS




Purine Metabolism
Summary

DE NOVO SYNTHESIS
ATP Ribose-5-P
ADP : ¢
PRPP
v
.

SALVAGE SYNTHESIS ¢

PRPP amidotransferase

GMmp Saws WNINP| > AMP
v | v

Guanosine N = Inosine <+—— Adenosine APRT
3 HPRT 4 =

_ PRPP
Guanine Hypoxanthine Adenine
I PRPP

Xanthine oxidase
» Xanthine

¢ Xanthine oxidase

Uric Acid

Boards&Beyond_ Torres RIPuig JG/Wikipedia
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Pyrimidine
Metabolism

Jason Ryan, MD, MPH
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Nucleotides

Pyrimidines NH, 0 0

NH 0 NH
N o) | I f‘\
o) I
| | N/I\\o HO—P—0 N)*o HO=—0 Ko

N

I
s o] o

OHOH OH OH OH
Cytidine Thymidine Uridine
Purines NH, o)
[ % N
e LT i
OH O N HO—P—-O N N
o ‘$o?|
OH OH OHOH

Adenosine Guanosine
BoardssaBeyond .



Pyrimidine Synthesis

AGoal is to create CMP, UMP, TMP

Alngredients:
Ribose phosphate (HMP Shunt)
Amino acids
Carbons (etrahydrofolate, CQ)

NH, e 0
(T . O
O HO—P—0
|
HO—P—0 /J§ HO— P o) . (lJH o. N~ o
0 o
0 % ?
OHOH OH OH OH
Cytidine Thymidine Uridine
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Pyrimidine Synthesis

AStep 1: Make carbamoyl phosphate
A Note: ring formed first then ribose sugar added

skl y ° E—O

Glutamine Carbamoyl Phosphate

Carbamoyl phosphate
synthetase I +*— UUTP
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Pyrimidine Synthesis

AStep 2: Makeorotic acid

0O Aspartate O
J'I\ ﬁ - K | N
HN™ 0—P—0 N Ho A A
o} o M

Carbamoyl Phosphate Orotic Acid
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Pyrimidine Synthesis

AStep 3: Make UMP

0 O
O NH
NH UMP I | Y
HO | /g Synthase HO—P—0 NG
N~ 0 > OH O
H
Orotic Acid OH OH
o
0P _0 Uridine -MP
1
° U9 9
0O—-P—0—-P—0
OHOH §  §
5-Phosphoribosyl -1-pyrophosphate
(PRPP)

Boards&Beyond.
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Key Point

AUMP synthesized first
ACMP, TMP derived from UMP

CMP

Carbamoyl ___y Orotic > UMP

Glutamine —> Phosphate Acid T \

TMP
UMP_Synthase
Bifunctional

STUDY SMARTER




Pyrimidine Ring

Two nitrogens/four carbons

C
Carbamoyl / \

Phosphate N C

I
N

STUDY SMARTER

Aspartate

e

Cytosine
O

| NH
o
H

Uracil

O
| NH
-

Thymine .




Pyrimidine Synthesis

Drugs and Diseases

AOrotic aciduria
Autosomal recessive
Defect iInUMP synthase
Buildup of orotic acid

Loss of pyrimidines O
| NH
HO
o
O
Orotic Acid

STUDY SMARTER




Pyrimidine Synthesis 0

Drugs and Diseases

AKey findings
A Orotic acid in urine
A Megaloblasticanemia
/A No B12/folate response
A Growth retardation

ATreatment:
A Uridine
A Bypasses UMP synthase

STUDY SMARTER

Megaloblastic Anemia
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Ornithine transcarbamoylase
OTC

AKey urea cycle enzyme
A Combinescarbamoyl phosphate with ornithine
AMakescitrulline
AOTC deficiencyy increasedcarbamoyl phosphate
Av AAOAAIT T UIA YBr&it doifd E A O A
A$T 160 AT lordd écilurix EOE
Both haveorotic aciduria
OTConly: Al I T 1 E fured ddateAysfOnction)
AmmoniaA encephalopathy (baby with lethargy, coma)
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Cytidine

o) NH,
0
(I? | g NH 0 0 | =N
HO—P—0 /J\ R | 0 I I /&
O o N O 0—F—0—b—0—F—0 N"So  HO-P—0-P—0-P-0 N™ 0
5o e Lo C ey Lo
—>
OH OH ; S o OHOH
Uridine-MP Uridine-TP Cytidine-TP
ATP

Boards&Beyond
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Pyrimidine Synthesis

Drugs and Diseases

AAra-C (Cytarabineor cytosine arabinoside)
Chemotherapy agent
Converted toaraCTP
Mimics dCTP(pyrimidine analog)
Inhibits DNA polymerase

NH, NH,
o, LA, LK
‘},oyl
HO
OH

OH
Ara-C dCytidine
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Thymidine

AOnly used in DNA
A Deoxythymidine is only required nucleotide
A Synthesized fromdeoxyuridine

Thymidine Uridine
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Thymidine

AStep 1: Convert UMP tdUDP

idi deoxyuridine-DP
Uridine-MP Uridine-DP
0
0 O ﬁ‘\
O O NH 0 o NH
0 NH I
A f‘\)\ HO—P—0—P—0 f‘\)\ HO—P—0—P—0 | P
"o |:I, © N 0 I | N 0 I | o N
OH 0 OH OH 0 OH OH
— _—
: :
OH OH o4 oy Ribonucleotide OH
Reductase

Boards&Beyond.
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Pyrimidine Synthesis

Drugs and Diseases

AHydroxyurea
Inhibits ribonucleotide reductase
Blocks formation ofdeoxynucleotides(RNA intact!)

Rarely used for malignancy
Can be used for polycythemiaera, essential thrombocytosis

Used in sickle cell anemia
Causes increased fetal hemoglobin levels (mechanism unclear)

SSSSSSSSSSS




Thymidine

AStep 2: ConverdUDPto dUMP
A Step 3: ConverdUMPto dTMP

HO— 2 0o ,J\ Thymidylate

or b Synthase

OH

deoxyuridine-MP
(dUMP)

STUDY SMART] ER

1 Carbon added

OH

deoxythymidine-MP
(dTMP)




Thymidine

lH 0 o Thymidylate
b Synthase
>

dUMP

0O

OH
0] N
WA J@)L Y
H
N AN

N5, N10 Tetrahydrofolate
Boards&Beyond

STUDY SMARTER
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Folate Compounds

O COM

2wy T L
N H
Folate ﬂ ‘:]/\H COH
HoN~ N7 N
o O~_OH
O N
NJIN\ \ H OH
| ]/\H
HzN)\N N ©
H H

/©)L N
H

Dihydrofolate

T H
N

Tetrahydrofolate M j/\”
etrahy NN
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Folate Compounds

N
Tetrahydrofolate I | f

N
%
N5, N10 Tetrahydrofolate HN—( }JN/,

STUDY SMARTER



Thymidine
oy N Thymidylate to-b-om) “NNo
jQ Synthase o _%ﬂ

>

dUridine-MP Thymidine-MP

N5, N10Tetrahydrofolate DHF «<——— Folate

Dihydrofolate
THF Reductase

* Folate = 1 carbon carriers

Boards&Beyond.
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Pyrimidine Synthesis

F
Drugs and Diseases o%
AN
A5-FU HN._ _NH
Chemotherapy agent \lr
Mimics uracil O

Converted to 5FdUMP (abnormaldUMP)

Covalently binds N5,N10 TFH and thymidylate synthase
Result: inhibition thymidylate synthase O
BlocksdTMPO U1 O E thyininéesgAG A OE 6

Uracil
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Pyrimidine Synthesis

Drugs and Diseases

A Methotrexate

Chemotherapy agent, immunosuppressant

Mimics DHF

Inhibits dihydrofolate reductase

Blocks synthesisdTMP

Rescue withleucovorin (folinic acid; converted to THF)

O COzH O  COOH

HN)K/EJ/\'@)L/I ij/\@/mﬁcm

CH3

Folate Methotrexate
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Pyrimidine Synthesis

Drugs and Diseases

A Sulfonamides antibiotics
Bacteria cannot absorb folic acid
Synthesize THF from paraaminobenzoicacid (PABA)
Sulfonamides mimic PABA
Block THF synthesis
8 4 ( & /A sOTMP@0SS of DNA synthesis)
No effect human cells (dietary folate)

HN HN
\©\ "I':F \@(DH
5
_.Ir .
I}II' A

o

Sulfanilarmide PABA

Boards&Beyond_ Fdardel/Wikipedia
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Bacterial THF Synthesis

PABA Dihy terodte Sulfonamides
l Syn

Dihydropteroic Acid

|

Dihydrofolic Acid

Dinvdrofotate  Trimethoprim
Reductase
THF

STUDY SMARTER




Pyrimidine Synthesis

Drugs and Diseases

A Folate deficiency
Main effect: loss oHTMPproductionA 8 $. ! DOl AOA
RNAproduction relatively intact (does not require thymidine)
Macrocytic anemia (fewer but larger RBCs)
Neural tube defects in pregnancy

STUDY SMARTER




Vitamin B12

oy N Thymidylate b0 S
\Q Synthase © _%ﬂ

dUridine-MP Thymidine-MP

N5, N10Tetrahydrofolate DHF «—— Folate

N5 Methyl THF \ Dihydrofolate

B12 THF Reductase
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Vitamin B12

ARequired to regenerate THF from NdMethyl THF

A$S ABEAEAT AU E O- AOEUI
A Loss ofdTMP synthesis (megaloblasticanemia)
ANeurological dysfunction (demyelination)

SSSSSSSSSSS
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Homocysteine and MMA

Folate — N5-Methyl THF THE

B12

Homocysteine Methionine

Methylmalonic Acid (MMA)

1 B12

Methymalonyl CoA s SuccinylCoA
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B12 versus Folate Deficiency

AHomocysteine
Both folate and B12 required to covert to methionine
Elevated homocysteine in both deficiencies
AMethylmalonic Acid
B12 also converts MMA tauccinyl CoA
"pc¢ AA EE dd&hiimalobic aEid (MMA) level
Folate deficiency = normal MMA level

SSSSSSSSSSS




B12 versus Folate Deficiency

Folate B12
RBC 8 8
MCV 7 "
Homocysteine 7 "
Methylmalonic acid (MMA) .- Z
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MegaloblasticAnemia

AV T AT Ha j 8
A, AOCA 2" #0O jYv-#60Q
A Hypersegmentedneutrophils

ACommonly caused by defective DNA production
Folate deficiency
B12 (neuro symptoms, MMA)
Orotic aciduria
Drugs (MTX, 5FU,hydroxyurea)
Zidovudine (HIV NRTISs)

Boards&Beyond Wikipedia/Public Domain
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Glucose

Jason Ryan, MD, MPH
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Carbs

N N LI} N v Pal

Glucose ) |
C6H12C)6 3

SSSSSSSSSSS

Wikipedia/Public Domain .



Carbs

AMonosaccharides (gH,,0O;)

AGlucose, Fructose, Galactose

Glucose

Boards&Beyond.
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CH,OH
C=0
| 3
HO—C=H
H—cl:“—OH
H—(I.‘,E—OH
CH,OH

D-Fructose

H—?E—OH
HO—C>H
Ho—(:z“—H

H—(|:5—0H

CH,OH

D-Galactose




Carbs

A Disaccharides = 2 monosaccharides

A Broken down to monosaccharides in Gl tract
A Lactose (galactose + glucose); lactase

A Sucrose (fructose + glucose); sucrase

OH OH oK
0O HO OH
HO O o)
OH
OH
Lactose
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Complex Carbs

A Polysaccharides: polymers of monosaccharides
A Starch

Plant polysaccharide (glucose polymers)
A Glycogen
Animal polysaccharide (also glucose polymers)
ACellulose
Plant polysaccharide of glucose molecules
Different bonds from starch

Cannot be broken down by animals
O & E A A O@& intpfovedivoveCrunction
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Glucose

AAll carbohydrates broken down into:
Glucose
Fructose
Galactose
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Glucose Metabolism

Glucose

S/ NN N

Anaerobic

Metabolism
Lactate HZO/ CO2
BoardssaBeyond

TCA Cycle

\ %

Ribose/
NADPH

HMP Shunt Fatty Acid
Synthesis

\ %

Fatty Acids

Glycogenesis

Vv

Glycogen




Glucose Metabolism

ALiver

Most varied use of glucose
TCA cycle for ATP
Glycogen synthesis
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Glucose Metabolism

ABrain
Constant use of glucose for TCA cycle (ATP)
Little glycogen storage

AMuscle/heart
TCA cycle (ATP)
Transport into cells heavily influenced by insulin
More insulin A more glucose uptake
Store glucose as glycogen

STUDY SMARTER




Glucose Metabolism

ARed blood cells
No mitochondria
Use glucose for anaerobic metabolism (make ATP)
Generate lactate
Also use glucose for HMP shunt (NADPH)

A Adipose tissue
Mostly converts glucose to fatty acids
Like muscle, uptake influenced by insulin
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Glucose Entry into Cells

ANa+independent entry
14 different transporters described
GLUT1 to GLUTF14
Varies by tissue (i.e. GLUT in RBCs)

ANa+dependent entry
Glucose absorbed from lowA high concentration

Intestinal epithelium
Renal tubules
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Glucose Entry into Cells

AGLUT1

Insulin independent (uptake when [glucose] high)
Brain, RBCs

AGLUT4

Insulin dependent
Fat tissue, skeletal muscle

AGLUT2

Insulin independent
Bidirectional (gluconeogenesis)

Liver, kidney
Intestine (glucose OUT of epithelial cells to portal vein)
Pancreas
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Glycolysis

Jason Ryan, MD, MPH
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Glycolysis

AUsed by all cells of the body
A Sequence of reactions that occurs ioytoplasm

A Convertsglucose (6 carbons) topyruvate (3 carbons)
AGenerates ATP and NADH

STUDY SMARTER




NADH o

Nicotinamide adenine dinucleotide 7 L.

ATwo nucleotides |

A Carries electrons N
o=t (A
ANAD* EY o Y
Accepts electrons
ANADH

Donates electrons
Can donate to electron transport chaiy, ATP

Boards&Beyond.
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Glycolysis

Priming Stage

AUses energy (consumes 2 ATP)
AFirst and last reactions most critical

Glucose
ATP
=
Glucose6-phosphate
Fructose-6-phosphate
ATP
>

Fructose-1,6-bisphosphate

STUDY SMARTER




Hexokinase vs. Glucokinase

AHexokinase

_ _ Glucose
Found in most tissues ATP
Strongly inhibited by G6P ©
Blocks cells from hording glucose
. ADP¥ |,
Insulin = no effect
Low Km (usually operates max) Glucose6-phosphate

Low Vm (max is not that high)
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Hexokinase

max -t-----------=

Hexokinase
Low Km
Quickly Reach V
Vm low

STUDY SMARTER
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Hexokinase vs. Glucokinase

A Glucokinase

o Glucose

Found in liver and pancreas ATP
NOT inhibited by G6P =
Induced by insulin

_ - ADPZ |,
Insulin promotes transcription
)1 EEAEOAA AU &o0 | Glidsad-Anbshhate
High Km (rate varies with glucose) lT

Fructose-6-phosphate

*Enzyme inactive when (1) low glucose and (2) high F6P
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GIUCOklnase High Vm liver

after meals

Vimax | oY Kin + [S]

Activity varies
with [glucose]

Glucokinase

High Km
High Vm

Sigmoidal Curve
Cooperativity

[S]
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Glucokinaseregulatory protein

(GKRP)

ATranslocatesglucokinaseto nucleus
AResult: inactivation of enzyme

AFructose 6 phosphate:
GKRP bindglucokinaseA nucleus (inactive)

A Glucose:
Competes with GKRP for GK binding
GlucokinaseA cytosol (active)

G




Hexokinase vs. Glucokinase

A Low blood sugar
Hexokinase working (no inhibition G6P)

Glucokinase inactive (rate| glucose; low insulin)

Glucose to tissues, not liver

AHigh blood sugar
Hexokinase inactive (inhibited by G6P)

Glucokinaseworking (high glucose, high inSU"n)ADp>

Liver will store glucose as glycogen

SSSSSSSSSSS

Glucose
ATP

v
Glucose6-phosphate

|

Fructose-6-phosphate




Glucokinase Deficiency

AResults inhyperglycemia

A Pancreas less sensitive to glucose
AMild hyperglycemia

A Oftenexacerbated by pregnancy

Blausen.com staff. "Blausen gallery 20MikiversityJournal of Medicine

Boards&Beyond_ DOI:10.1534#jm/2014.010.1SSN20018762.
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Phosphofructokinasel

ARate limiting step for glycolysis
AConsumes 24 ATP in priming stage
Alrreversible

A Commits glucose to glycolysis
HMP shunt, glycogen synthesis no long possible

Fructose-6-phosphate
ATP

ADP>V

Fructose-1,6-bisphosphate

STUDY SMARTER




Regulation of Glycolysis

Phosphofructokinasel

AKeyinhibitors (less glycolysis)
Citrate (TCA cycle)
ATP

AKeyinducers (more glycolysis)
AMP

Fructose 2,6 bisphosphate (insulin)
Fructose-6-phosphate

ATP

ADP>V

Fructose-1,6-bisphosphate

STUDY SMARTER




Fructose2,6 Bisphosphate

Regulation of Glycolysis

PFK2
F-2,6-bisphosphate < 5 Fructose-6-phosphate
Fructose 1,6 A
Bisphosphatase?2

PEK1 Fructose 1,6
Bisphosphatasel

v

Fructose-1,6-bisphosphate

On/off switch glycolysis
1 E Gl UAT T UQEC
5 E I1 CIlIUAIITUOEC
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Insulin and Glucagon

L PFK2/FBPase2

( i
PFK2/FBPase2

\_

G,

M
>)
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Fructose 2,6 Bisphosphate

Regulation of Glycolysis

Insulin

l

PFK?2
& qﬁgg F6RP)

N

F 1,6 BP
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Fructose 2,6 Bisphosphate

Regulation of Glycolysis

Glucagon

l

VPFKZ

F2 GBPase

L/G

F 1,6 BP
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Glycolysis
Splitting Stage

AFructose 1,6phosphate to two molecules GAP
A Reversible for gluconeogenesis

Fructose-1,6-bisphosphate

)

Glyceraldehyde3-phosphate <—_> Dihydroxyacetone
Phosphate
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Glycolysis

Energy Stage Glyceraldehyde3-phosphate
p—
A Starts with GAP NADH |
1,3-bisphosphoclycerate
ATwo ATP per GAP 5
ATotal per glucose = 4 3-phosphoglycerate
2-phosphoglycerate
Anaerobic Metabolism (no O2) Phosphoenolpyruvate
2 ATP (net) <

ATP  pyruvate

NADH/‘//' \

NAD+ Lactate TCA Cycle

BoardssaBeyond
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Glycolysis THL

Energy Stage O

APyruvate kinase Phosphoenolpyruvate
Not reversible Pyruvate

Alnhibited by ATP, alanine ATP Kinase

AActivated by fructose 1,6 BP0
O&AAA &£ OxAOA6 AAOEOAOET I
@)

A Glucagon/epinephrine %
OH

Phosphorylation
Inactivation of pyruvate kinase ©
Slowsglycolysis/favors gluconeogenesis
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Alanine Cycle

A Skeletal muscles can degrade protein for energy
AProducealanine A blood A liver
A Liver converts alanine to glucose

Glucose/

Glucose > Glycogen
Urea
Pyruvate
Pyruvate Ammo
Acids

Alanlne < Alanine

Alanlne transaminase

Liver (ALT) Muscle

kL) BoardsaBeyond.
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Glycolysis

Energy Stage Phosphoenolpyruvate

A Lactate dehydrogenase (LDH) Pyruvate
Pyruvated A Lactate ATP Kinase

APlasma elevations common Pyruvate
Hemolysis

Some tumors

APleural effusions Lactate NAD+ Acetyl-CoA
Transudate vs. exudate

LDH
Myocardial infarction /6\

TCA Cycle

Boardss&Beyond.
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NADH

A Limited supply NADf
AMust regenerate

Glyceraldehyde3-phosphate

NAD+ — “

NADH 1 3-bisphosphoclycerate

AQ, present 3-phosphoglycerate
NADHA NAD (mitochondria) 2-ph OSphot'IT;/cerate
A Q, absent 7
NADHA NAD' via LDH Phosphoenolpyruvate
Pyruvate
NADH‘/‘//V \
NAD+ Lactate TCA Cycle

BoardssaBeyond
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L actic Acidosis

Av 1T AAOEA AAEA POl AOCAOEIT I
A B(h 8 (#/ o

A Elevated anion gap acidosis

A Sepsis, bowel ischemia, seizures

| actate Pyruvate

Dehydrogenas% \

Lactate TCA Cycle
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Muscle Cramps

AToo much exercised too much NAD consumption

Exceed capacity of TCA cycle/electron transport
Elevated NADH/NAD ratio

AFavors pyruvateA lactate
ApH falls in musclesA cramps
A Distance runners: lots of mitochondria (bigger, too)
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Pyruvate Kinase Deficiency

A Autosomal recessive disorder

ARBCsmost effected

No mitochondria

Require PK for anaerobic metabolism
Loss of ATP

Membrane failure A phagocytosis in spleen

AUsually presents asiewborn

A Extravascular hemolysis

A Splenomegaly

A Disease severity ranges based on enzyme activity

Databese Center for Life Science (DB
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2,3 Bisphosphoglycerate

ACreated from diverted 1,3 BPG  Glyceraldehyde3-phosphate

AUsed byRBCs )
No mitochondria 2,3 BPG «<— 1,3-bisphosphoglycerate

BPG ATP€
No TCA cycle Mutase 3-Phosphoglycerate

A Sacrifices ATP from glycolysis VP

A2,3 BPG aIterS—Igb binding 2-phospho‘f'%/cerate

Phosphoenolpyruvate
<

ATP  pyruvate

7\

Lactate TCA Cycle

Databese Center for Life Science (DBCLS)
Ll BoardsaBeyond




Right Curve Shifts

Easier to release ©
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Energy Yield from Glucose

AATP generated depends on cells/oxygen

AHighest yield with O, and mitochondria
Allows pyruvate to enter TCA cycle
Converts pyruvate/NADHA ATP

Mitochondria

Blausen.com staff. Blausen gallery 2014. Wikiversity
LY Boards &Beyond. Journal of MedicineDOL10.15347/wjm/2014.010. ISSN20018762
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https://en.wikiversity.org/wiki/Blausen_gallery_2014
http://en.wikipedia.org/wiki/Digital_object_identifier
http://dx.doi.org/10.15347/wjm/2014.010
http://en.wikipedia.org/wiki/International_Standard_Serial_Number
http://www.worldcat.org/issn/20018762

Energy from Glucose

Oxygen and Mitochondria
Glucose + 6QA 32/30 ATP +6CQ + 6 H,0
32 ATP = malateaspartate shuttle (liver, heart)
30 ATP = glycerol3-phosphate shuttle (muscle)

No Oxygen or No Mitochondria
GlucoseA 2 ATP + 2 Lactate + 2 HO

*RBCs = no mitochondria
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Summary \Glucose

Key Steps Q Glucoseb6-phosphate
ARegulation Fructose-6-phosphate
#1: Hexokinase/Glucokinase J—- Fgl\(/lsg
#2. PFK1 Fructose-1,6-bisphosphate
#3. Pyruvate Kinase M‘
Alrreversible Glyceraldehyde3-phosphate
GlucoseA G6P Hexd Glucokinasg | ‘M‘
F6PA F 1,6 BP (PFK1) 1,3—b|sphospi1$clycerate
PEPA pyruvate (pyruvate kinase) 3-phosphoglycerate
2-phosphoglycerate
Phosphoenolpyruvate

ATP >

Alanine Per+vate
L) BoardsaBeyond



Su m mary - Glucose

>

Key Steps Glucoseb6-phosphate
AATP expended Fructose-6-phosphate
Glucose”A G6P ATP > |
F6PA F1,6BP Fructose-1,6-bisphosphate
AATP generated i
1,3BPGA 3PG Glyceraldehyde3-phosphate
PEPA pyruvate ‘M

1,3-bisphosphoclycerate

<
ATP  3-phosphoglycerate

vt

2-phosphoglycerate

vt

Phosphoenolpyruvate

<€

ATP Per+vate
BoardssaBeyond




Gluconeogenesis

Jason Ryan, MD, MPH
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Gluconeogenesis Gucos

Glucoseb6-phosphate

AGlucose from other carbons Fructoseéf ghosphate
A Sources of glucose J
Pyruvate Fructose-1,6-bisphosphate
Lactate ‘M
Amino acids Glyceraldehyde3-phosphate
Propionate (odd chain fats) ‘M‘

Glycerol (fats) 1,3-bisphosphoglycerate

3-phosphoglycerate

vt

2-phosphoglycerate

vt

Phosphoenolpyruvate

Per+vate
BoardssaBeyond




Liver —> Glucose Glucose<«— [jver

Pyruvate
Alanine Cori
Cycle // \\ Cycle

Alanine Lactate

Gluconeogenesis Acetyl-Coa

NG,

Boards&Beyond.
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Pyruvate

Pyruvate
Pyruvate
Carboxylase
5 | 1 40
Gluconeogenesis Acetyl-Coa
*Pyruvate carboxylase
inactive without Acetyl-Coa \

Boards&Beyond.
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Gluconeogenesis

AStep #1: Pyruvate”A Phosphoenolpyruvate

ATP
pyruvate \; Oxaloacetatek > Phosphoenolpyruvate

Pyruvate (OAA) PEP (PEP)
YL Carboxylase Carboxykinase o)
HO
O 0 O HO \\
Biotin

kL) BoardsaBeyond.
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Gluconeogenesis

AStep #1: Pyruvate”A Phosphoenolpyruvate

Mitochondria Cytosol

Malate Shuttle

Pyruvate > Oxaloacetatei > Phosphoenolpyruvate
o Pyruvate (OAA) PEP (PEP)
YL Carboxylase Carboxykinase o)
OH | "3
Ho/uﬁ(\{( OI_I: /\p/ 0 OH
O 0 0 | HO™ Ny

BoardssaBeyond .



Biotin

A Cofactor for carboxylation enzymes
All add 1-carbon group via CQ
Pyruvate carboxylase
Acetyl-CoA carboxylase
Propionyl-CoA carboxylase

A Deficiency
Very rare (vitamin widely distributed)
Massive consumption raw egg whitesgvidin)
Dermatitis, glossitis, loss of appetite, nausea

SSSSSSSSSSSS




Pyruvate Carboxylase
Deficiency

AVery rare

APresents in infancy with failure to thrive
AElevated pyruvateA lactate

A Lactic acidosis

STUDY SMARTER




Gluconeogenesis

A Step #2:

Fructose 1,6 bisphosphaté&y Fructose 6 phosphate

Rate limiting step

Fructose-6-phosphate

Phosphofructokinase -1

v

A

Fructose 1,6 bisphosphatase 1

Fructose-1,6-bisphosphate

Boards&Beyond.

STUDY SMARTER




Gluconeogenesis

Fructose-6-phosphate

Phosphofructokinase -1

v

A

Fructose 1,6 bisphosphatase 1

Fructose-1,6-bisphosphate

AMP
Fructose 2,6 bisphosphate

STUDY SMARTER
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Fructose 2,6 Bisphosphate

Regulation of Glycolysis/Gluconeogenesis

PFK2

FructoseZ,Gbisphosphate‘ 5 Fructose-6-phosphate

Fructose 1,6 A
Bisphosphatase 2

PEK1 Fructose 1,6
Bisphosphatase 1

v

Fructose-1,6-bisphosphate

On/off switch glycolysis
" E CIlI UAT 1 UQEC
5 E 11 CIUATIT UOEC
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Fructose 2,6 Bisphosphate

Regulation of Gluconeogenesis

A Levels rise with high insulin (fed state)
A Levels fall with high glucagon (fasting state)
A Drives glycolysis versus gluconeogenesis

STUDY SMARTER




PFK1 vs. F 1,6 BPtasel

Phosphofructokinasel Fructose 1,6 Bisphosphatase
Glycolysis Gluconeogenesis

@ v

AMP

F 2,6, Bisphosphate
ATP

e @

F 2,6, Bisphosphate
ATP

Fructose-6-phosphate
A

PFK1 Fructose 1,6
Bisphosphatel

v

m Boards&Beyond ~ Fructose-1,6-bisphosphate .
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Gluconeogenesis

A Step #3: Glucose hosphateA Glucose
AOccurs mainly in liver and kidneys
A Other organs shunt G6R, glycogen

Glucose6 s Glucose
0
T Phosphate Glucose-6

/P
HO™ ™0 Phosphatase

HO
HO 0O
HO
OH

OH _
Endoplasmic
Reticulum

SSSSSSSSSSS




Gluconeogenesis

( Glucose
/\ Glucose6-phosphate
F2,6BP ¢1‘

Insulin/ > Fructose-6-phosphate
Glucagon AMP > <

v

Fructose-1,6-bisphosphate

)

)
vt

vt

(/ Phosphoenolpyruvate

Pyruvate

ATP

Acetyl CoA

>
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Hormonal Control

Glucagon 9( Glucose
Glucose6- phosphate

Glucagon Fructose—6 hos hate
i ach® < p P
Fructose-1 6—b|sphosphate

7

Phosphoenolpyruvate
Glucagon

<€

N\ Pyruvate o

STUDY SMART] ER



Gluconeogenesis

Substrates GluTcose

t
¢

Fructose-1,6-bisphosphate

Glyceraldehyde3-phosphate —>E Dihydroxyacetone Phosphate

0 A
* Odd Chain
Fatty Acids A
PEP
4 . A
Proprionyl
OAA < CoA N
A
N
Lactate —> Pyruvate (_Am_lno Glycerol
A Acids

Alanine

Boards&Beyond.
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Hormones

Alnsulin

Shuts down gluconeogenesis (favors glycolysis)
Actionvia F 2,6, BP

A Glucagon (opposite of insulin)

STUDY SMARTER




Other Hormones

AEpinephrine
Raises blood glucose
Gluconeogenesis and glycogen breakdown

A Cortisol

Increases gluconeogenesis enzymes
Hyperglycemia common side effect steroid drugs

AThyroid hormone
Increases gluconeogenesis

STUDY SMARTER




Glycogen

Jason Ryan, MD, MPH
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Glycogen

A Storage form of glucose

A Polysaccharide

A Repeating units of glucose
AMost abundant in muscle, liver
AMuscle: glycogen for own use
ALiver: glycogen for body

STUDY SMARTER
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Glycogen

HGk

L}
(Qm
oM
[
/s

L]

LS

o
oH
HO

o]
D\P\O
™, HO
oH
WO
al,6-bond
on ¥9) '/
o
® o
m\ oH ’ o o

o oH

al4-bond

Wikipedia/Public Domain
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Glycogen Synthesis

Glucose
ATP

Hexokinase/
Glucokinase
ADP v
Glycogen< Glucose6-phosphate

v
Glycolysis

STUDY SMARTER




Glycogen Synthesis

Glucose6-phosphate

Glucosel-phosphate
UDP-glucose Utk
pyrophosphorylase oH
UDPRGlucose "™ oi) ¢ o fLNH

o—i—o—i—o PY

"m Glycogen
‘-m Synthase

Unbranched Glycogen

Branching
Enzyme
Branched Glycogen

| BoardsaBeyond
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Lin Mei/ Flikr

Glycogen Breakdown

Glucose-6

Phosphatase :
Glucose «——— Glucose6-phosphate ——— Glycolysis

&7 |

Glucosel-phosphate

] 1,4 glucosidase l

(lysosomes) Glycogen
UDRGlucose phosphorylase
Unbranched Glycogenj(1,4)
l Debranching
Enzyme

Branched Glycogeny(1,6)
Boards&Beyond.
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Glycogen Breakdown

APhosphorylase
Removes glucose molecules from glycogen polymer
Creates glucose€l-phosphate

Stops when glycogen branches decreased te42linked glucose
molecules (imit dextrins )

Stabilized byvitamin B6

A Debranching enzyme
Cleaves limit dextrins
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Debranching Enzyme
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Hormonal Regulation

Glycogen
Epinephrine
—_—
Glucose

STUDY SMARTER




Hormonal Regulation

Glycogen
Glucagon nsuli
Epinephrine Enzyme nsuin
N Phosphorylation E
P
Glycogen Glycogen
Phosphorylase Synthase

Glucose

SSSSSSSSSSSS



Hormonal Regulation

Glycogen
Glucagon -
Epinephrine
P —
—_— >
Glycogen Glycogen
Phosphorylase Synthase

Glucose

SSSSSSSSSSSS




Epinephrine and Glucagon

GlycogerPhosphorylase

Glycogen . Glycogen
cAMP Phosphorylase Breakdown

Glycogen
> Phosphokinase A
v
A
Ll BoardsaBeyond .




Insulin
GlycogerPhosphorylase

Tyrosine
Phosphorylase T~ Breakdown
Protein
Phosphatase
\ GPKinaseA ' P
Protein
Phosphatase

\ GPKinase A /

Ll BoardsaBeyond .




Epinephrine and Glucagon
Glycogen Synthase

cAMP

Gl Inhibition
Syiﬁgen » - Glycogen
> ynihase Synthesis
! Gl
ycogen
A 0™ Y,
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Insulin
Glycogen Synthase

Tyrosine
Kinase

Protein P
Phosphatase : Glycogen )
\ Synthase

< Glycogen
Synthase
Ll BoardsaBeyond .

\

Protein
Phosphatase

Glycogen
> Synthesis




Muscle Contraction

GlycogerPhosphorylase

/

A

Calcium/ Calmodulin

Glycogen

Phosphorylase

GPKinase A

SSSSSSSSSSSS

R Glycogen

Breakdown




Glycogen Regulation

Glycogen
ATP
Glucose
R M
Glycogen Glycogen
Phosphorylase Synthase
R
AMP

Glucose

STUDY SMARTER
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Glycogen as Fuel

st

jreoml

| / Ingested Glucose

=

c) h&-‘ - e
(D)

n Wikipedia/Public Domain
Q Glycogen .

S yeod Gluconeogenesis

O / (proteins/fatty acids)

~

]
0 8 16 24 36

Hours

Boards&Beyond.

STUDY SMARTER




Glycogen Storage Diseases

AMost autosomal recessive

A Defective breakdown of glycogen
ALiver: hypoglycemia

AMuscle: weakness

AMore than 14 described

STUDY SMARTER




Von' E A (isédasdeO
Glycogen Storage Disease Type |

A Glucose6-phosphatase deficiency (Typéa)
Type Ib: Glucose transporter deficiency

APresents in infancy: 26 months of age

A Severe hypoglycemia between meals
Lethargy
Seizures
Lactic acidosis (Cori cycle)

AEnlarged liver (excess glycogen)
Can lead to liver failure

SSSSSSSSSSSS




Cori Cycle

Lactate Cycle

Liver

2 Pyruvate
A

2 Lactate
. \

~—— 6 ATP

/

¥2 Lactate
\"‘“---____

Boards&Beyond.
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Blood

Muscle

Glycolysis

2 ATP

A

2 Pyruvate

:

_— 2 Lactate

PetaholmeéNikipedia




Von' E A (isédasdeO
Glycogen Storage Disease Type |

A Diagnosis:
DNA testing (preferred)
Liver biopsy (historical test)
ATreatment: Cornstarch (glucose polymer)
A Avoid sucrose, lactose, fructose, galactose
Feed into glycolysis pathways
Cannot be metabolized to glucose via gluconeogenesis
Worsen accumulation of glucose phosphate

SSSSSSSSSSSS




01 | PBisease
Glycogen Storage Disease Type I

AAcid alphaglucosidase deficiency

11 01T O1 Uuoil Oo1Ti Al AAEA 1 Al OAOA®
A Accumulation of glycogen in lysosomes
A Classic form presents in infancy

ASevere diseasd, often death in infancy/childhood

STUDY SMARTER



01 | PBisease
Glycogen Storage Disease Type I

AEnlarged muscles
Cardiomegaly
Enlarged tongue

AHypotonia

ALiver enlargement (often from heart failure)
ANo metabolic problems (hypoglycemia)

A Death from heart failure

STUDY SMARTER




#1 OE6 O $EOAAQOA
Glycogen Storage Disease Type |l

A Debranching enzyme deficiency

A Similar to type | except:
Milder hypoglycemia
No lactic acidosis (Cori cycle intact)
Muscle involvement (glycogen accumulation)

A Key point: Gluconeogenesis igitact

STUDY SMARTER




#1 OE6 O $EOAAQOA
Glycogen Storage Disease Type |l

A Classic presentation:
Infant or child with hypoglycemia/hepatomegaly
Hypotonia/weakness
Possible cardiomyopathy with hypertrophy

STUDY SMARTER




- Al O MDisdageO
Glycogen Storage Disease Type V

AMuscleglycogen phosphorylasealeficiency
Myophosphorylasedeficiency
Skeletal muscle has unique isoform of-@hosphorylase

A Glycogen not properly broken down in muscle cells

AUsually presents inadolescence/early adulthood
Exercise intolerance, fatiguegramps
Poor endurance, muscle swelling, and weakness
Myoglobinuria and CK release (especially with exercise)
Urine may turn dark after exercise

SSSSSSSSSSSS




Other Glycogen Locations

Astrocytes
Renal cell carcinoma

Bruno Pascal/Wikipedia Nephron/Wikipedia

k] Boards&Beyond
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HMP Shunt

Jason Ryan, MD, MPH
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HMP Shunt

A Series of reactions that goes by several names:
Hexose monophosphate shunt
Pentose phosphate pathway
6-phosphogluconate pathway

AGlucose 6D ET OPEAOA OOEOT OAA

STUDY SMARTER




Glucose

HMP Shunt <—— Glucose6-phosphate

al

Fructose-6-phosphate

v

Fructosel,G-'Tt‘)isphosphate

Glyceraldehyde3-phosphate

)

1,3-bisphosphoclycerate

V1

3-phosphoglycerate

vt

2-phosphoglycerate

V1

Phosphoenolpyruvate

Pyruvate

Boards&Beyond.
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HMP Shunt

A Synthesizes:
NADPH (many uses)
Ribose 5-phosphate (nucleotide synthesis)

ATwo key clinical correlations:
G6PD deficiency
Thiamine deficiency ( transketolase )

STUDY SMARTER




HMP Shunt

AAll reactions occur in cytosol

ATwo phases:
Oxidative: irreversible, rate-limiting
Reductive: reversible

NADPH
T Glucose
Ribulose5
Phosphate < < Glucose6-phosphate
T—> B Fructose—élz'rhos hate
Phosphate phosp

Boards&Beyond.
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HMP Shunt

Oxidative Reactions

Glucose-6
Phosphate Dehydrogenase
Glucose
Ribulose-5 €O 6 phospho- l ‘1'
Phosphatefi gluconolactone ‘/‘\ Glucose6-phosphat
NADPH NADP+ NADPH NADP+

Boards&Beyond.
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HMP Shunt

Reductive Reactions

NADPH
Glucose
Ribulose-5 ‘1'
Phosphate < < Glucose6-phosphate
Ribose-5 ‘1’1‘
< > < > _
Phosphate Fructose-6-phosphate

Transketolase

Boards&Beyond .



Transketolase

ATransfers a carbon unit to create F6-phosphate
ARequiresthiamine (B1) as a cefactor

AWernicke -Korsakoff syndrome
Abnormal transketolasemay predispose
Affected individuals may have abnormal binding to thiamine

STUDY SMARTER




Ribose5-Phosphate

Purine Nucleotides
H Adenosine, Guanosine

HO_(@_%,OH /

HO  OH

Pyrimidine Nucleotides
Cytosine, Uridine, Thymidine

Ribose 5phosphate

STUDY SMARTER




NADPH

Nicotinamide adenine dinucleotide phosphate

A Similar structure to NADH
ANot used for oxidative phosphorylation (ATP)

)
ay oo A
0) 0]
OH (|J
0=P—0
OH OH é_
NADH NADPH
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NADPH Uses

A5 OAA ET OOAAOAOEOASG OAAAOD
A Releases hydrogen to form NADP

AUse #1: Cefactor in fatty acid, steroid synthesis
Liver, mammary glands, testis, adrenal cortex

AUse #2:Phagocytosis
AUse #3: Protection fromoxidative damage

SSSSSSSSSSS




Respiratory Burst

APhagocytes generate y0, to kill bacteria

O/ BUCAI
O/ GUCAI

NADPH oxidase

AADAT AAT 09

EEIT ET C

ET AAPAT AAT O6d 11 x
AUses three key enzymes:

Superoxide dismutase

Myeloperoxidase

STUDY SMARTER
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Respiratory Burst

° NADPH

NADPH

Oxidase
NADP+

O,

Superoxide j \

Dismutase

HZOZ —>

Ct
Myeloperoxidase

HOCI

STUDY SMARTER
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CGD

Chronic Granulomatous Disease

ALoss of function of NADPH oxidase
A Phagocytes cannot generate J@,

A Catalase {) bacteria generate their own HO,
Phagocytes use despite enzyme deficiency

A\ Catalase (+) bacteria breakdown H,0O,
Host cells have ndH1,0,to useA recurrent infections

AFive organisms cause almost all CGD infections:
Staph aureus, Pseudomonas, Serratidpcardia, Aspergillus

m Boards&Beyond Source:UpToDate
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G6PD Deficiency

Glucose6-Phosphate Dehydrogenase

ANADPH required for normal red blood cell function

AH,O, generation triggered in RBCs
Infections
Drugs
Fava beans

/A Need NADPH to degrade @,
AAbsence of required NADPH, hemolysis

STUDY SMARTER




Glutathione
Erythrocytes

H
Trigger Q" H Databese Center for Life Science (DBCL
HOOCMH N._-COOH
[iJHz @)

!

H,O, Glutathione NADP*

Glutathione Glutathione
Peroxidase Reductase
H,0 | [T
Glutathione NADPH + H HMP Shunt
Disulfide Requires G6PD

H N,
HO. )]\/N : OH
\{(\N
o " /l o o
S

|
O O

HOJ\:;/\/U\N ( H\)OI\OH
Ll BoardsaBeyond . ° .
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G6PD Deficiency

Glucose6-Phosphate Dehydrogenase

AX-linked disorder (males)
AMost common human enzyme disorder

AHigh prevalence inAfrica, Asia, the Mediterranean
May protect against malaria

ARecurrent hemolysis after exposure to trigger
May present as dark urine

A Other HMP functions usually okay
Nucleic acids, fatty acids, etc.

SSSSSSSSSSSS




G6PD Deficiency

Glucose6-Phosphate Dehydrogenase

A Classic findingsHeinz bodies and bite cells
AHeinz bodies: oxidizedHgb precipitated in RBCs
A Bite cells: phagocytic removal by splenic macrophages

@ 3
& D _

Heinz bodies

Bite cells
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G6PD Deficiency

Triggers

Alnfection: Macrophages generate free radicals
A Fava beans: Contain oxidants

ADrugs:
Antibiotics (sulfa drugs , dapsone nitrofurantoin, INH)
Anti -malarials (primaquine, quinidine)
Aspirin, acetaminophen (rare)

STUDY SMARTER




G6PD Deficiency

Diagnosis and Treatment

A Diagnosis:
Fluorescent spot test
Detects generation of NADPH from NADP
Positive test if blood spot fails to fluoresce under UV light

ATreatment:
Avoidance of triggers

STUDY SMARTER




Fructose and
Galactose

Jason Ryan, MD, MPH
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Fructose and Galactose

Alsomers of glucose (same formula: l,,0;)

A Galactose (and glucose) takeap by SGLT1
Na+ dependent transporter

AFructose taken up by facilitated diffusion GLUB
AAll leave enterocytes by GLUP

SSSSSSSSSSS




Carbohydrate Gl Absorption

Gl Lumen / Interstitium/Blood
2 Na*
GGL
1 /Glucose Glucose

Galactose GLUT\ Galactose
2 Fructose

éu
o Fructose
Na+

{Q /

Vv

BoardsaBeyond. o
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Fructose

ACommonly found insucrose (glucose + fructose)
Glucose

Glucose6-phosphate

vt

Fructose-6-phosphate

v

Fructose-1,6-bisphosphate

Glyceraldehyde ¢ Dihydroxyacetone
3-ph05fhate —> Phosphate

Glyceraldehyde <— Fructose-1-Phosphate «— Fructose

BoardssaBeyond .



Fructose

Glyceraldehyde < Dihydroxyacetone
3-phosphate > Phosphate
A
Triokinase
Aldolase B ATP

Glyceraldehyde Fructose-1-Phosphate < / Fructose

Fructokinase
(liver)

Boards&Beyond.
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Fructose S

Special Point

_ Glucose6-phosphate
Phosphofructokinase -1 ‘M‘

Ratelimiting step: glycolysis Fructose-6-phosphate

-

Fructose-1,6-bisphosphate

Glyceraldehyde3-phosphate —>E Dihydroxyacetone

Fructose bypasses PF{ W Phosphate
Rapid metabolism 1,3-bisphosphoclycerate T
3-phosphoglycerate
PHEP ﬁf‘y Fructose-1-Phosphate
2-phosphoglycerate T
Phosphoenolpyruvate Fructose
Pyruvate

BoardssaBeyond
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Fructose S

Special Point J
_ Glucose6-phosphate
Hexokinase

Initial enzyme glycolysis ‘LT
yme giyeoly Fructose —> Fructose-6-phosphate

v

Fructose-1,6-bisphosphate

Hexokinase can metabolize
small amount of fructose

Glyceraldehyde3-phosphate —>E Dihydroxyacetone
\M‘ Phosphate

1,3-bisphosphoclycerate

3-phosphoglycerate

vt

2-phosphoglycerate

V1

Phosphoenolpyruvate

Pyruvate

BoardssaBeyond
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EssentialFructosuria

A Deficiency offructokinase

A Benign condition

A Fructose not taken up by liver cells

AFructose appears in urine (depending on intake)

STUDY SMARTER




Hereditary Fructose
Intolerance

A Deficiency ofaldolase B
A Build-up of fructose Iphosphate
ADepletion of ATP

STUDY SMARTER




Hereditary Fructose
Intolerance

n & O O AlPhodphate

l

51 40

s ] OAT 1T AT CRT ROEBOCAI
l Breakdown

l

Hypoglycemia/ Hepatomegaly ——> Liver Failure

Vomiting

STUDY SMARTER




Hereditary Fructose
Intolerance

ABabyjust weaned from breast milk
A Failure to thrive

A Symptoms after feeding
Hypoglycemia (seizures)

AEnlarged liver

A Part of newborn screening panel

ATreatment:
Avoid fructose, sucrose, sorbitol

STUDY SMARTER




Polyol Pathway

GlucoseA Fructose

NADPH NADP+ NAD+ NADH
Glucose \/ > Sorbitol A-A» Fructose
Aldose Sorbitol
Reductase Dehydrogenase

STUDY SMARTER




Galactose

ACommonly found inlactose (glucose + galactose)
A Converted to glucose @hosphate

Galactose

!

Galactose 1Phosphate

!

Glucose 1Phosphate —> Glycogen

11

Glucose <«— Glucose 6Phosphate —s Glycolysis

STUDY SMARTER




Galactose

Galactose

_ ATP
Galactokinase l/
Galactose 1Phosphate UDRGIlucose
OH
HO NH
Galactose OHo—('%')—o—('i—o ﬁ\)\o
1-Phosphate o on o
Uridyltransferase
(GALT) on o
v

Glucose 1Phosphate

Boards&Beyond.
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Classic Galactosemia

A Deficiency of galactose Jhosphateuridyltransferase
A Autosomal recessive disorder

A Galactosel-phosphate accumulates in cells

A Leads to accumulation ofjalactitol in cells

STUDY SMARTER




Polyol Pathway

NADPH NADP+ NAD+ NADH

Glucose \/ > Sorbhitol A-A» Fructose

Sorbitol
Dehydrogenase

Aldose
Reductase

!

Galactose > Galactitol

STUDY SMART] ER




Classic Galactosemi

APresents in infancy
A Often first few days of life
A Shortly after consumption of milk Wikipedia/Public Domain

A Liver accumulation galactosegjalactitol
A Liver failure
A Jaundice
A Hepatomegaly
A Failure to thrive

A Cataracts if untreated

Wikipedia/Public Domain
Boardss&Beyond.



Classic Galactosemia

AScreening: GALT enzyme activity assay
ATreatment: avoid galactose




Galactokinase Deficiency

AMilder form of galactosemia
A Galactose not taken up by cells
AAccumulates inblood and urine

AMain problem: cataracts as child/young adult
A May present as vision problems

Wikipedia/Public Domain
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Pyruvate
Dehydrogenase

Jason Ryan, MD, MPH
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Pyruvate

AEnd product of glycolysis

Liver —> Glucose Glucose<«— Liver
Pyruvate
Alanine Cori
Cycle / \ Cycle
Alanine Lactate
Gluconeogenesis Acetyl-Coa

Boards&Beyond.
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Pyruvate

ATransported into mitochondria for:
Entry into TCA cycle
Gluconeogenesis

A Outer membrane: a voltagegated porin complex
Alnner: mitochondrial pyruvate carrier (MPC)

Outer membrane

Mitochondria
BoardS& Beyond_ Blausengallery 2014". Wikiversity Journal of Medicin
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Pyruvate

Pyruvate
Pyruvate Pyruvate
Carboxylase Dehydrogenase
Complex
Gluconeogenesis Acetyl-Coa

NG,

ATP
—

Boards&Beyond
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Pyruvate Dehydrogenase
Complex

AComplex of 3 enzymes
Pyruvate dehydrogenase (E1)
Dihydrolipoyl transacetylase(E2)
Dihydrolipoyl dehydrogenase (E3)

ARequires 5 cefactors
NAD*

FAD

Coenzyme A (CoA)
Thiamine

Lipoic acid

SSSSSSSSSSSS




Pyruvate Dehydrogenase
Complex

I
CQ CH,-G-COO
>@< Pyruvate
OH —
| Thiamine -PP
CH,-CHTPP
CoA
NAD NADH k
% Acetyl-CoA

0 f
Lipoic Acid I _
CH,;-CLipoic Acid

FAD




Thiamine

PDH Cofactors

AVitamin B1
A Converted to thiamine pyrophosphate (TPP)

A Cofactor for four enzymes
Pyruvate dehydrogenase
) -ketoglutarate dehydrogenase (TCA cycle)
) -ketoacid dehydrogenase (branched chain amino acids)

Transketolase(HMP shunt)
e )\g )\f J*xo on
/\ i -0, Ot
ol p —-OH

Thiamine o)

Thiamine pyrophospate
L) BoardsaBeyond




Thiamine Deficiency

—_)
m
AN
o

A POl AOAOEI
Mo AAOT AEA
A Beriberi

Underdeveloped areas
Dry type: polyneuritis, muscle weakness
Wet type: tachycardia, higkoutput heart failure, edema

AWernicke -Korsakoff syndrome
Alcoholics (malnourished, poor absorption vitamins)
Confusion, confabulation
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Thiamine and Glucose

~ N 7z 7z N

Alf glucose given firstA unable to metabolize
A Case reports of worsening WernickeKorsakoff

STUDY SMARTER
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R Ry
FAD ober ==t

PDH Cofactors

A Synthesized fromriboflavin (B2)
AAdded to adenosiney FAD
AAccepts 2 electrons FADH2

0
N
XX ‘kaH
N
CH3 N N/J%o
0

WOH
RNl

OH
Riboflavin

SSSSSSSSSSSS

NH,
N
¢ N
N
(@)
*OH
oéﬁ,:g_ /
0] OH
1
IP\

Flavin Adenine
Dinucleotide




NAD" i

| Yy” "OH
PDH Cofactors >
A Carries electrons as NADH Niacin
ASynthesized fromniacin (B3) 3
Niacin: synthesized from tryptophan o D
- 0=P—0 NG
AUsed in electron transport 0

N NN
_ ¢ J
O—IIJ—O N N/
o 0
OH OH

Nicotinamide Adenine
Dinucleotide
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Coenzyme A

PDH Cofactors

A Also a nucleotide coenzyme (NAD, FAD)
A Synthesized frompantothenic acid (B5)
AAccepts/donates acyl groups

S
0 OHC, CH; Q@ Q </ | JJ
HS J-k/\ - O0—P—0—P—0 =
TN NJ%/ | | N N
H Ho L o] o] O

H3C CH3 O

Pantothenic Acid 0=h—0
N, Coenzyme A

OHiC, CoH AN
o N7 N

OH OH

O OH
Acetyl-CoA 0=p—0H

OH
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B Vitamins

* All water soluble
: ) * All wash out quickly from bod
B1: Thiamine AcicEy Y

(not stored in liver like B12)
B2: Riboflavin (FAD)
B3: Niacin (NAD)
B5: Pantothenic Acid (CoA)

I . i f ﬂ Boa rdS& Beyond Ragesoss/Wikipedia



Lipoic Acid
PDH Cofactors

ABonds with lysineA lipoamide
A Cofactor for E2

Alnhibited by arsenic
Poison (metal)
Binds tolipoic acid A inhibits PDH (like thiamine deficiency)
Oxidized toarsenousoxide: smells likegarlic (breath)
Non-specific symptoms: vomiting, diarrhea, coma, death

Wikipedia/Public Domain

O

g—S

Ll BoardsaBeyond
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PDH Regulation

APDH Kinase: phosphorylates enzymd inactivation
APDH phosphatase: dephosphorylatiod, activation

11 3$0
(oF:

5.1 $7T. ! 3

NACOA
W
Active Inactive
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PDH Complex Deficiency

ARare inborn error of metabolism

A Pyruvate shunted to alanine, lactate

A Often X linked

AMost common cause: mutations in PDHAdene
A Codes for Elalpha subunit

m Boards&Beyond



PDH Complex Deficiency

AKey findings (infancy):
A Poor feeding
A Growth failure
A Developmental delays

AlLabs:

A Elevated alanine
A Lactic acidosis

Wikipedia/Public Domain
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Mitochondrial Disorders

Alnborn error of metabolism
AAIl causesevere lactic acidosis

A Key examples:
Pyruvate dehydrogenase complex deficiency
Pyruvate carboxylase deficiency
Cytochrome oxidase deficiencies

STUDY SMARTER




PDH Complex Deficiency

Treatment

AThiamine, lipoic acid (optimize remaining PDH)
A Ketogenic diet

Low carbohydrates (reduces lactic acidosis)

High fat

Ketogenic amino acids: Lysine and leucine
Drives ketone production (instead of glucose)

STUDY SMARTER




Ketogenic Amino Acids

Leucine /
\

*NH,4

Acetoacetate

H30 CHs; ”

OH OH \w

Acetyl-CoA 7 o

O=P—OH
OH

NH;

SN

@




TCA Cycle

Jason Ryan, MD, MPH
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TCA Cycle

Tricarboxylic Acid Cycle, Krebs Cycle, Citric Acid Cycle

AMetabolic pathway
A Converts acetyiCoAA CO
A Derives energy from reactions

STUDY SMARTER




TCA Cycle

Tricarboxylic Acid Cycle, Krebs Cycle, Citric Acid Cycle

A Al reactions occur in mitochondria

AProduces:
/A NADH, FADHA electron transport chain (ATP)
AGTP
A CQ

Quter membrane

Cristae

Mitochondria
Boards& Beyond_ Blausengallery 2014". Wikiversity Journal of Medicin.
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TCA Cycle

Acetyl-CoA
NADH
Oxaloacetate Citrate
0
O O
Malate Isocitrate
| I\‘ CO2
NADH
Fumarate ] -ketoglutarate
FADH,
Succinate Succinyl-CoA CO2

GTPN e NADH
Boards&Beyond.
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Citrate Synthesis

A6 Carbon structure
A Oxaloacetate (4C) + AcetyCoA (2C)
Alnhibited by ATP

Special Points
Inhibits PFK1 (glycolysis)
Activates ACoAcarboxylase

Acetyl-CoA (fatty acid synthesis)
0
HOJ\[(\[(OH /
O O Citrate
Oxaloacetate Synthase Citrate
] CoA O OH O
o o}

ATP N
Boards&Beyond .



Fasting State

AOxaloacetate used for gluconeogenesis
AT @Al T ierAGATycID A
A Acetyl-CoA (fatty acids)A Ketone bodies

Pyruvate

|

Acetyl-CoA —> Ketones

Glucose

Oxaloacetate Synthase Citrate
\/ CoA

STUDY SMARTER




|socitrate

Alsomer of citrate

AEnzyme:aconitase

A Forms intermediate (cisaconitate) then isocitrate
Alnhibited by fluoroacetate: rat poison

OH
- @]
0”0 . o
Isocitrate
HO OH
8]
OH

STUDY SMARTER




) -Ketoglutarate

ARate limiting step of TCA cycle

AlInhibited by:
ATP
NADH
A Activated by: Isocitrate
ADP Isocitrate '\‘
CcO2
+ Dehydrogenase
Ca YEIRY NADH

) -ketoglutarate

Boards&Beyond




SuccinytCoA

A 1 -ketoglutarate dehydrogenase complex
A Similar to pyruvate dehydrogenase complex

A Cofactors:
Thiamine
CoA
NAD
FADH
Lipoic acid

STUDY SMARTER

Ca++

SuccinytCoA
NADH
] -ketoglutarate
\ CoA
] -KG
_——> Dehydrogenase

Succinyl-CoA CO2

NADH




Succinate

A SuccinytCoA synthase
Succinate Succinyl-CoA
CoA
GTP

STUDY SMARTER




Fumarate

ASuccinate dehydrogenase
AUnique enzyme: embedded mitochondrial membrane
AFunctions as complex Il electron transport

Succinate FAD

Electron
Transport

Fumarate Succinate FADH, —>
Dehydrogenase

BoardssaBeyond .



Fumarate

AAlso produced several other pathways
Urea cycle
Purine synthesis (formation of IMP)
Amino acid breakdown phenylalanine,tyrosine

STUDY SMARTER




Malate and Oxaloacetate

NADH

Oxaloacetate
Malate dehydrogenase7/

Malate

Fumarase'

Fumarate

STUDY SMARTER




Malate Shuttle

A- AT AOA OOEOOOI A@d niitdchoddAa0 |
AKey points:

Malate can cross mitochondrial membrane (transporter)

NADH and oxaloacetate cannot cross

ATwo key uses:
Transfer of NADH into mitochondria
Transfer of oxaloacetate OUT of mitochondria

NADH
Oxaloacetate

Malate dehydrogenase

Malate

SSSSSSSSSSSS




Malate Shuttle

AUse #1: Transfer oNADH

Aspratate :/\> OAA < /\> Malate

1-KG Glut

NADH NAD*

Aspratate < /\> OAA -« / \ > Malate

L KG  Glut NADH NAD!

SSSSSSSSSSSS

Cytosol

Mitochondria




Malate Shuttle

AUse #2: Transfer of oxaloacetate

Gluconeogenesis <

OAA < > Malate
7\

NADH NAD*

OAA <« > Malate
7\

NADH NAD*

SSSSSSSSSSSS

Cytosol

Mitochondria




TCA Intermediates

| Fatty
'?‘;2;32 Glucose Acids
/ Oxaloacetate Citrate \\
Malate |socitrate
Fumarate ] -ketoglutarate

L Succinate Succinyl-CoA J

~__—

STUDY SMARTER
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Succinyl CoA

Odd Chain Fatty Acids
Branched Chain Amino Acids

TCA Cycle |

(1-KG) Methylmalonyl CoA

N\ /

Succinyl-CoA
TCA Cycle Heme
(succinate) Synthesis

STUDY SMARTER




TCA Cycle

Key Points

Alnhibited by:
A ATP
A NADH
A Acetyl CoA
A Citrate
A Succinyl CoA

STUDY SMARTER




TCA CyCI e Deflj)}/drru(;/;;?\ase

Acetyl-CoA <€<——— Pyruvate

1

ATP, Acetyl-CoA, NADH

NADH _
Citrate synthas _
Oxaloacetate Citrate
f ATP \\
ATP NADH _
Malate Citrate \ Isocitrate
|socitrate
Dehydrogenas CO2
NADH NADH
Fumarate Succinyl CoA ] -ketoglutarate
1 -KG
FADH, Dehydrogenase
Succinate Succinyl-CoA CO2

NADH
TP~~~

Boards&Beyond.
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TCA Cycle

Key Points

AActivated by:
A ADP
A Calcium

STUDY SMARTER




TCA Cycle

NADH
Oxaloacetate
Malate
Fumarate
FADH,
Succinate

Acetyl-CoOA <——— Pyruvate

Citrate

ADP \\\\\

Ca™ Isocitrate

~ Isocitrate
Dehydrogenas CO2
+ NADH
ca ] -ketoglutarate

\ ] -KG
Dehydrogenase
Succinyl-CoA CO2

NADH
TP~~~

Boards&Beyond.
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Electron Transport
Chaln

n Ryan, MD, MPH
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Electron Transport Chain

Outer membrane

Inner membrane
—
9 b4 Y V\\ 2

Cristae

NADH
FADHZ2

|ﬂm Boards& Bexg Qg Blausengallery 2014". Wikiversity Journal of Medicin.



Aerobic Metabolism

Cytosol | Mitochondria

! GTP
| —
! //‘1 NADH
|
NADH
2 ATP : Acetyl COA<>: NADH ATP
|
/ Pyruvate /:/ FADF, )
Glucose < :
\ Pyruvate \ / NADH
|
I NADH
2 NADH : Acetyl C0A§ NADH [ ATP
: \ FADH,
| GTP
:
|

STUDY SMARTER



Malate Shuttle

Aspartate /\> OAA /\ > Malate

Glut

NADH NAD*

Aspartate « /-\> OAA <« / \ > Malate

1-KG Glut NADH NAD*

SSSSSSSSSSSS

Cytosol

Mitochondria




Glycerol Phosphate Shuttle

Glycerol

Phosphate

Dihydroxyacetone Glycerol
phosphate : /\> Phosphate

NADH NAD*

Cytosol

Y")‘»L r T “"Y
J Glycerol .x

Phosphate
NS Dehydrogenase !

Mitochondria

FAD FADH,

SSSSSSSSSSSS




Electron Transport

A Extract electrons from NADH/FADH
ATransfer to oxygen (aerobicrespiration)
Aln process, generate/capture energy
ANADHA NAD* + H* + 2e

AFADH, A FAD + 2 H+ 2e
A2e + 2H + 10, A H,O 7

Mitochondria

|ﬂ|l} BoardS& Beyond_ Blausengallery 2014". Wikiversity Journal of Medicin.



Electron Transport Complexes

Cytosol
Outer
X Membrane
Inter
Membrane
Space
Inner
Membrane

m Boards&Beyond




Complex |

ANADH Dehydrogenase
A OxidizesNADH (NADHA NADY)
ATransfers electrons tocoenzyme Q (ubiquinone)

e_

/7N
O
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Complex |

ACoQ shuttles electrons to complex Il
APumps H into intermembrane space

A Key intermediates:
Flavin mononucleotide (FMN)
Iron sulfur compounds (FeS

=
© ©
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Electron Transport

Cytosol
Outer
X Membrane
Inter
Membrane H*
Space

%COQ \ Inner
!‘m Membrane

m Boards&Beyond




CoQ 10 Supplements

Some data indicate statins decrease CoQ levels
Hypothesized to contribute tostatin myopathy
CoQ 10 supplements may help in theory

No good data to support this use

I . i f ﬂ Boa rdS& Beyond Ragesoss/Wikipedia



Complex Il

A Succinate dehydrogenase (TCA cycle)
A Electrons from succinate”, FADH, A CoQ

: FAD
Succinate

FADH, ——
Fumarate Succinate

Dehydrogenase

SSSSSSSSSSSS




Complex Il

A Cytochrome bc, complex
ATransfers electrons Co@ cytochrome c
APumps H to intermembrane space

STUDY SMARTER




Electron Transport

Cytosol
Outer
X Membrane
Inter
Membrane | H* /e-\A /e\
Space
0‘ )

» ~’
7 Inner
. Wm v
JL)AA J

[u_}] Boards&Beyond
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Cytochromes

A Class ofproteins

A Contains aheme group
Alron plus porphyrin ring
AHgb: mostly Fe2*
ACytochromes: Fé&*a A Fe3*
A Oxidation state changes with electron transport
A Electron transport: a, b, c

A Cytochrome P450: drug metabolism

SSSSSSSSSSSS




Complex IV

ACytochromea + a3

A Cytochrome c oxidase (reacts with oxygen)
A Containscopper (Cu)

AElectrons and QA H,O

AAlso pumps H

STUDY SMARTER




Electron Transport

Cytosol
Outer
X Membrane
Inter H* HY H* H*
Membrane He o H H L HH* H HE HY e )
Space H HA+ HH+HH+ H+ Hte . H* H+H H+
H+ H* H* H+H+ H HH
H* H+ H*

H+

Inner
Membrane

Ll BoardsaBeyond O, H,0




Phosphorylation

ATwo ways to produce ATP:
Substrate level phosphorylation
Oxidative phosphorylation

A Substrate level phosphorylation (via enzyme):

Phosphoenolpyruvate

AD P>
|

ATP M
Pyruvate

STUDY SMARTER




Oxidative Phosphorylation

Cytosol
Outer
X Membrane
Inter H* H* H* g+ pH+ HY g+
Membrane — H* . H* _H " H H+|_|+ A H
Space H H H
" \Y Inner
AUl Membrane

Synthase
\ s

ADP ATP

[u_}] Boards&Beyond




ATP Synthase

AComplex V

A Converts proton (charge) gradienty ATP
OAl AAOOT AEAT EAAT COAAEAT 06
OPOT OI'T 11 OEOA Al OAAG

AOOT OTTO 11T OA Al x1T COAAEAI
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P/O Ratio

AATP per molecule Q

A Classically had to be an integer
3 per NADH
2 per FADH

ANewer estimates
2.5 per NADH
1.5 per FADH

Hinkle P. P/O ratios of mitochondrial oxidative phosphorylation.
Biochimicaet BiophysicaAct 1706 (Jan 2005) 111 .
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Aerobic Energy Production

30/32 ATP Cytosol | Mitochondria
per glucose ! GTP (ATP)
I —
| /‘ NADH
1
2 ATP : Acetyl CoA%’ NADH
| <> NADH
/ Pyruvate /'{ADH €.5) FADR,
/

Glucose

\\“ Pyruvate

2 NADH
l Malate

NADH @.5) NADH
Acetyl CoA%’ NADH

1
Glycerok3-p, 2 FADH(3)

> NADH
., 2 NADH 6) \ FADH,
GTP (L ATP)
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Drugs and Poisons

ATwo ways to disrupt oxidative phosphorylation
A#1: Block/inhibit electron transport

A#2: Allow H* to leak out of inner membrane space
Qncouplingd T £ Al AAOOTI T OOAT ObT 00
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Inhibitors

ARotenone (insecticide)

Binds complex |

Prevents electron transfer (reduction) to CoQ
AAntimycin A (antibiotic)

Complex Il (bcl complex)

AComplex IV

Carbon monoxide (binds a3 in F& state z competes with Q)
Cyanide (binds a3 in F& state)

STUDY SMARTER




Cyanide Poisoning

ACNS: Headache, confusion

A Cardiovascular: Initial tachycardia, hypertension
A Respiratory: Initial tachypnea

ABrightred OAT 1T OO AtohténtAd ¥/
AAlmond smell

A Anaerobic metabolism:lactic acidosis

m Boards&Beyond Mullookkaaran/Wikipedia

STUDY SMARTER



Cyanide Poisoning

ANitroprusside : treatment of hypertensive
emergencies
Contains five cyanide groups per molecule
Toxic levels with prolonged infusions

ATreatment: Nitrites (amyl nitrite)
Converts Fé*A Fe**in Hgb (methemoglobin)
Fe3*in Hgbbinds cyanide, protects mitochondria
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Uncoupling Agents

Cytosol
Outer
X Membrane
Inter H* H* H* g+ pH+ HY g+
Membrane — H* . H* _H " H H+|_|+ A H
Space H H H

N i
’ Inner
al Membrane
mwwwwm \ Synthase

v

ADP ATP
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Uncoupling Agents

A 2,4 dinitrophenol (DNP)
A Aspirin (overdose)

ABrown fat
Newborns (also hibernating animals)
Uncoupling protein 1 (UCP -1, thermogenin )
Sympathetic stimulation (NE| receptors) A lipolysis
Electron transport A heat (not ATP)

All lead to production ofheat

Boards&Beyond_ PixabayPublic Domain .



OligomycinA

AMacrolide antibiotic

Alnhibits ATP synthase

A Protons cannot move through enzyme

A Protons trapped in intermembrane space
A Oxidative phosphorylation stops

AATP cannot be generated

STUDY SMARTER




Fatty Acids

Jason Ryan, MD, MPH
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Lipids

AMostly carbon and hydrogen
ANot soluble in water

AMany types:
Fatty acids
Triacylglycerol (triglycerides)
Cholesterol
Phospholipids
Steroids
Glycolipids
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Lipids

Fattv Acid Glycerol
atty Acl
O y

o) Triglyceride

Hzc_o a
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Fatty Acid and Triglycerides

AMost lipids degraded tofree fatty acids in intestine
A Enterocytes convert FAs tdriacylglycerol
A Chylomicrons carry through plasma

ATAG degraded back to free fatty acids
Lipoprotein lipase
Endothelial surfaces of capillaries
Abundant in adipocytes and muscle tissue
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Vocabulary i

AO3AOOOAOAASG AEAO jT1T O EAOOU
O3A0OO0AOAAG xEOE EUAOI CAI
Usually solid at room temperature
Raise LDL cholesterol

4 7 Pa ~ Y v Pal

4 v Pal ~ N 7z N

AO-T1TT O OAOOOAOAAQe /1T A ATl
AOOT 1T UOT OAOOOAOAAde -1 OA O
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More Vocabulary

ATrans fat
Double bonds (unsaturated) can be trans or cis
Most natural fats have cis configuration
Trans from partial hydrogenation (food processing method)
Can increase LDL, lower HDL

A Omega3 fatty acids
Type of polyunsaturated fat
Found in fish oll
Lower triglyceride levels

0 )]
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Fatty Acid Metabolism

A Fatty acidssynthesis
Liver, mammary glands, adipose tissue (small amount)
Excess carbohydrates and proteing, fatty acids

A Fatty acidstorage
Adipose tissue
Stored as triglycerides

A Fatty acid breakdown
[ -oxidation
Acetyl CoAA TCA cycleA ATP

STUDY SMARTER




Fatty Acid Synthesis

Aln high energy states (fed state):
Lots of acetylCoA
Lots of ATP
Inhibition of isocitrate dehydrogenase (TCA cycle)

AResult: High citrate level

Acetyl-CoA

ATP
|socitrate
Citrate Dehydrogenase
Oxaloacetate Synthase Citrate —> >

CoA

STUDY SMARTER




Fatty Acid Synthesis

AStep 1: Citrate to cytosol via citrate shuttle
A Key point: AcetykCoA cannot cross membrane

Citrate
Cytosol 4
Mitochondria Acetvl-CoA
ceyiT=o ATP
Isocitrate
Citrate Dehydrogenase
Oxaloacetate Synthase Citrate —> >

CoA
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Fatty Acid Synthesis

A Step 2: Citrate converted to acetyCoA
A Net effect: Excess acetyCoA moved to cytosol

ATP-Citrate
Lyase
Citrate > Acetyl-CoA
Com
ATP ADP Oxaloacetate

STUDY SMARTER




Fatty Acid Synthesis

A Step 3: AcetylCoA converted tomalonyl-CoA
A Rate limiting step

_ Glucagon
Insulin Epinephrine
\ / [ -oxidation
o
Citrate @ -
Acetyl-CoA
Carboxylase
Acetyl-CoA / > Malonyl -CoA
@) 0O 0O
CQ )-I\/”\ CoA
)]\S__,.—COA HO S.-"

Biotin

nn B d B d Daniel W. FosterMalonyl CoA: the regulator of fatty acid synthesis and oxidation
Oaras& eyon - JClinInvest.2012;122(6):195871959.
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Biotin

A Cofactor for carboxylation enzymes
All add 1-carbon group via CQ
Pyruvate carboxylase
Acetyl-CoA carboxylase
Propionyl-CoA carboxylase

STUDY SMARTER




Fatty Acid Synthesis

A Step #4: Synthesis opalmitate

AEnzyme:fatty acid synthase

AUses carbons from acetyl CoA andalonyl CoA
A Createsl6 carbon fatty acid
ARequiresNADPH (HMP Shunt)

/\/\/\/\/\/\/\)J\OH

Palmitate
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Fatty Acid Storage

A Palmitate can be modified to other fatty acids
AUsed by various tissues based on needs
A Stored astriacylglycerols in adipose tissue

STUDY SMARTER




Fatty Acid Breakdown

AKey enzyme:Hormone sensitive lipase
ARemoves fatty acids from TAG in adipocytes
A Activated byglucagon and epinephrine

STUDY SMARTER




Fatty Acid Breakdown

0 Fatty Acid
HO X
o
”2°‘°)W Hormone
| ANNNSANANAS Sensitive
HC—O .
| o 9_ 12_ 15_ - LIpaSe
H,C—0" Y
Triacylglycerol
OH
— | iVer
Glycerol
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Glycerol e
Glucose6-phosphate

vt

Fructose-6-phosphate

v

Fructose-1,6-bisphosphate

Glyceraldehyde3-phosphate —>E Dihydroxyacetone

\1,1‘ Phosphate
1,3-bisphosphoglycerate T Glycerol3-Phosphate
Dehydrogenase

3-phosphc\i’g#ycerate Glycerot3-Phosphate
2-phosphoglycerate Glycerol

\H‘ oH Kinase
Phosphoenolpyruvate \)\/

‘1' HO OH

Pyruvate Glycerol

BoardssaBeyond
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Fatty Acid Breakdown

A Fatty acids transported viaalbumin
ATaken up by tissues

ANot used by:

RBCs Glycolysis only (no mitochondria)
Brain : Glucose and ketones only

Databese Center for Life Science (DBCLS) Wikipedia/Public Domain
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Fatty Acid Breakdown

Ar -oxidation
ARemoval of 2carbon units from fatty acids
A Produces acetydCoA, NADH, FADH

HOMWWV\A
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r -oxidation

AStep #1: Convert fatty acid to fatty acyl CoA

ATP
Fatt oA F |
atty atty acy
Acid ; > CoA
R? (”3? OH Long Chain R C> CoA
®) Fatty Acyl CoA (”)
synthetase
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[ -oxidation

A Step #2: Transport fatty acyl CoA inner
mitochondria

AUsescarnitine shuttle
A Carnitine in diet

A Also synthesized from lysine and methionine
Only liver, kidney can synthesize de novo
Muscle and heart depend on diet or other tissues

\ / OH O
/ij\o‘

Carnitine
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Carnitine Shuttle

Malonyl -CoA
Fatty acyl 6
Cytosol CoA Carnitine
______________ Palmitoyl [ ~— ~ ~ ~ ~ T 7
Inner Transferase 1l
Membrane
Space
Fatty acyl /_> Acy
CoA Carnitine
Carnitine
R» G CoA R» C» Carnitine
| T
O O
Mitochondrial
Matrix R & CoA
g) CoA v
Fatty acyl ¢ CPT2 / Acyl
CoA Carnitine
BoardssaBeyond




Carnitine Deficiencles

A Several potential secondary causes

Malnutrition

Liver disease

Increased requirements (trauma, burns, pregnancy)

(AT T AEAT UOEO j8 OUlI OEAOEON 11
A Major consequence:

Inability to transport LCFA to mitochondria
Accumulation of LCFA in cells

ALow serumcarnitine and acylcarnitine levels

BoardssaBeyond
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Carnitine Deficiencles

AMuscle weakness, especially during exercise
A Cardiomyopathy

AHypoketotic hypoglycemia when fasting
Tissues overuse glucose
Poor ketone synthesis without fatty acid breakdown

STUDY SMARTER




Primary systemic carnitine
deficiency

AMutation affecting carnitine uptake into cells

AlInfantile phenotype presents first two year of life
Encephalopathy
Hepatomegaly
Hyperammonemia (liver dysfunction)
Hypoketotic hypoglycemia
Low serum carnitine: kidneys cannot resorb carnitine
Reducedcarnitine levels in muscle, liver, and heart

SSSSSSSSSSSS




r -oxidation

AStep#3:" ACET OAUAI AO6
A Removes two carbons
A Shortens chain by two
A Generates NADH, FADH2, Acetyl CoA

[ carbon
P
CoAS )J\/\/\/\/\/\/W\
] carbon
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r -oxidation

AFirst step in a cycle involvesicyl-CoA dehydrogenase
AAdds a double bond between andy carbons

[ carbon
P
CoAS

l l

] carbon &t ¥

> Acyl-CoA
dehydrogenase
&! 3 (
O v

COAS < &
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Acyl-CoA Dehydrogenase

A Family of four enzymes
Short
Medium
Long
Very-long chain fatty acids

AWell described deficiency of medium chain enzyme
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MCAD Deficiency

Medium Chain AcyACoA Dehydrogenase

A Autosomal recessive disorder

A Poor oxidation 6-10 carbon fatty acids
A Severehypoglycemia without ketones

A Dicarboxylic acids 610 carbons in urine
AHigh acylcarnitine levels

O

H
HOM 0

O
Dicarboxylic Acid
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MCAD Deficiency

Medium Chain AcyACoA Dehydrogenase

AGluconeogenesis shutdown
Pyruvate carboxylase depends on AcetyToA
Acetyl-CoA levels low in absencp-oxidation

A Exacerbated infasting/infection
ATreatment: Avoid fasting

STUDY SMARTER




Odd Chain Fatty Acids

Ar -oxidation proceeds until 3 carbons remain
AProprionyl-CoAA SuccinytCoAA TCA cycle
AKey point: Odd chain FAy glucose

O
\)J\ > —s —> SuccinytCoA
S .CoA Propionyl -CoA
Carboxylase
(Biotin)

Propionyl CoA
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Propionyl CoA

ACommon pathway to TCA cycle
A Elevatedmethylmalonic acid seen in B12 deficiency

Biotin
Propionyl CoA —> MethylMalonyl-CoA —» SuccinyltCoA
/ B12
Amino Acids Odd Chain L’ \
Isoleucine Fatty Acids TCA Cycle
Valine
Threonine  Cholesterol
Methionine
BoardssaBeyond




Methylmalonic Acidemia

A Deficiency ofMethylmalonyl -CoA mutase
A Anion gap metabolic acidosis

ACNS dysfunction

A Often fatal early in life

Methylmalonyl -CoA

mutase _
Methylmalonyl-CoA » SuccinylCoA
O O B12 0
HO
HouSCoA NSCOA
O
L Isomers —J
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Ketone Bodies

Jason Ryan, MD, MPH
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Ketone Bodies

A Alternative fuel source for some cells

A Fasting/starvation A fatty acids toliver

A Fatty acidsA acetyl-CoA

A A AChRdXxdeeds capacity TCA cycle
A Acetyl-CoA shunted toward ketone bodies

Fatty Acids —— Acetyl-CoA—— Ketone Bodies

-

TCA Cﬁ
Boardss&Beyond. \
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Ketone Body Synthesis

CHy? G CoA
I
Acetyl-CoA Y Acetyl-CoA ©
CHy» G CH» G CoA
AcetoacetytCoA I I
l O O
(l)H
AMGCOA 55 & CH? & CH» & CoA
CH? C» CHy? g? OCH, l 5 CH b
O

Acetoacetate H

CH;? (:3? CH,?
CH,» C» CH, OH
&5 Acetone

3-Hydroxybutyrate

STUDY SMARTER
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Ketolysis

A 3-hydroxybutyrate/acetoacetate A ATP

ALiver releases ketones into plasma

Constant low level synthesis

nw OuUl OEAOEO EI AAOOEI C
AUsed bymuscle, heart

Spares glucose for the brain
A Brain can also use ketone bodies

ALiver cannot use ketone bodies

SSSSSSSSSSSS
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Ketolysis

3-Hydroxybutyrate

K NADH

Acetoacetate

|

AcetoacetylCoA

/\
/ ﬁAcetyl-CoA AcetyI-CoA\( \
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Big Picture

ABrain cannot use fatty acids
/A Ketone bodies allow use of fatty acid energy by brain
A Also used by other tissues: preserve glucose for brain

Fatty —— Liver —— Ketone—— Brain ——> Acetyl-CoA
Acids Bodies

Schonfeld P, Reiser ®hy does brain metabolism not favor burning of fatty acids to provide energy?
Journal of Cerebral Blood Flow & Metabol{@D13)33,1493;1499

BoardssaBeyond
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Ketoacidosis

AKetone bodies have lowpKa
ARelease Hat plasma pH
A E A @l ahidh@ap metabolic acidosis

Acetoacetate 3-Hydroxybutyrate
||_|
O??CW’E?C”S CHp & CH? & O
© oH O
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Diabetes

ALow insulin

AHigh fatty acid utilization
A Oxaloacetate depleted
ATCA cycle stalls

A AAGBAO U I

A Ketone production

Glucose
NADH \
Oxaloacetate
Malate
BoardssaBeyond

Fatty Acids

|

Acetyl-CoA —> Ketones

Citrate




Alcoholism

AEtOHmetabolism: excess NADH
A Oxaloacetate shunted to malate
A Stalls TCA cycle

Av A AGBO U |

A Ketone production Acetyl-CoA ——> Ketones
AT O 8 Cl1 OATTAI(CAT AOEO

NADH

Oxaloacetate Citrate
Malate dehydrogenase

Malate
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Urinary Ketones

ANormally no ketones in urine
Any producedA utilized

A Elevated urine ketones:
Poorly controlled diabetes (insufficient insulin)
DKA
Prolonged starvation
Alcoholism

Image courtesy of J3D3

BoardssaBeyond .



Ethanol Metabolism

Jason Ryan, MD, MPH
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Ethanol Metabolism

NAD* NADH

A

Aldehyde
Dehydrogenase

NAD* NADH

H
ITI ITI /H\/ | //O
H—C—C—0 H—C—C
H H

[
[
|
[
[
|
1
|
|
[
|
= > \ :
[
[
1
|
[
|
[
[
|
[

I
Alcohol H H
Dehydrogenase

Ethanol Acetaldehyde Acetate

Cytosol: Mitochondria
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Ethanol Metabolism

A Excessive alcohol consumption leads to problems:
CNS depressant
Hypoglycemia
Ketone body formation (ketosis)
Lactic acidosis
Accumulation of fatty acids

Hyperuricemia PixabayPublic Domain
Hepatitis and cirrhosis
ATrigger for all biochemical problemsis . ! $ (
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NADH Stalls TCA Cycle

Acetyl-CoA
Oxaloacetate Citrate
/ NADH \\
Malate \ Isocitrate
|socitrate
Dehydrogenas CO2
NADH
Fumarate NADH ) -ketoglutarate
~~ 1-KG
Dehydrogenase

Succinate Succinyl-CoA CO2
\/ NADH

Boards&Beyond.
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NADH Stalls TCA Cycle

ANADH shunts oxaloacetate to malate

Av A AGBO U |

A Ketone production

Al O 8  CI1 OAIlhypdylycemdid AOE O
Acetyl-CoA —> Ketones

Gluconeogenesis

NADH \

Oxaloacetate Citrate
Malate dehydrogenase
NAD*

Malate
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Ethanol and Hypoglycemia

AGluconeogenesis inhibited
Oxaloacetatesshunted to malate

A Glycogen important source of fasting glucose

A Danger of low glucose when glycogen low
Drinking without eating
Drinking after running

STUDY SMARTER




Ketones from Acetate

ALiver: AcetateA acetyl-CoA
ATCA cycle stalled due to high NADH
AAcetyl-CoAA ketones

NAD* NADH

H
H— \/ —> Acetyl-CoA—> Ketones

|
Aldehyde
Dehydrogenase

Acetaldehyde Acetate
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Ketosis from Ethanol

Glucose
Amino Acids
Fatty Acids

Acetyl-CoA > Ketones

Ethanol > > Acetate / X

TCA
Cycle
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L actic Acidosis

Glyceraldehyde3-phosphate

NAD-
ALimited supply NAD' NADH /“

_ 1,3-bisphosphoclycerate
A Depleted by EtOH metabolism
A Overwhelms electron transport

3-phosphoglycerate

A Pyruvate shunted to lactate 2-phosphoglycerate
A Regenerates NAD )
Phosphoenolpyruvate
Pyruvate NADH
NADH
/,//' PDH
NAD+ Lactate
TCA Cycle
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Accumulation of Fatty Acids

AHigh levels NADH stalls beta oxidation

Beta oxidation generates NADH (like TCA cycle)
Requires NAD+
Inhibited when NADH is high

A2 A001 O6¢ 3 &1 AOAAEAT xi
[ -oxpation
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Accumulation of Fatty Acids
AStalled TCAcycldw AAOOU AAEA OUI

Citrate —> Fatty

Acids
Cytosol 4
Mitochondria Acetvl-CoA
cetyi--0 NADH
TCA
Citrate Cycle
Oxaloacetate Synthase Citrate —> >

CoA
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Accumulation of Fatty Acids

ARate limiting step of fatty acid synthesis
A Favored when citrate high from slow TCA cycle

Citrate )
Acetyl-CoA

Carboxylase

[ -oxidation
‘ o

> Malonyl -CoA

Acetyl-CoA
0 1

Biotin

STUDY SMARTER
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Accumulation of Fatty Acids

AMalate accumulation also contributes to FA levels
AUsed to generatdNADPH
ANADPH favors fatty acid synthesis

Acetyl-CoA

Pyruvate A
NADPH _ NADH
Malic Oxaloacetate Citrate
Enzyme
NAD"

Malate
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Accumulation of Fatty Acids

AFatty acid synthase

AUses carbons from acetyl CoA andalonyl CoA
A Creates 16 carbon fatty acid palmitate
ARequiresNADPH

/\/\/\/\/\/\/\)J\OH

Palmitate
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Fatty Acids and Ethanol

Acetyl-CoA—> Citrate > Fatty Acids

NADPH

Malate > Pyruvate

STUDY SMART] ER




Glycerol e
Glucose6-phosphate

vt

Fructose-6-phosphate

v

Fructose-1,6-bisphosphate

Glyceraldehyde3-phosphate —>E Dihydroxyacetone
\1,1‘ Phosphate

1,3-bisphosphoclycerate NADH7]‘ Glycerol3-Phosphate

\1,1‘ NAD" Dehydrogenase
3-phosphc\i’g#ycerate Glycerot3-Phosphate
2-phosphoglycerate T

Phosph ‘1'1; t o
osphoenolpyruvate HO oH
. A

Pyruvate

BoardssaBeyond
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Fatty Liver

ASeen in alcoholism due to buildup dfiglycerides

BoardssBeyond.
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Uric Acid

AUrate and lactate excreted by proximal tubule
Av 1T AAOAOA ET BI AOI A E
A O O EMA goudt AttRCK

A Alcohol a welkdescribed trigger for gout

Boards&Beyond_ JamesHeilman, MD/Wikipedia
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Hepatitis and Cirrhosis

AHigh NADH slows ethanol metabolism
AResult: buildup of acetaldehyde

AToxic to liver cells

AAcute: Inflammation A Alcoholic hepatitis
AChronic: Scar tissu¢y Grrhosis

NAD* NADH
P .
H_(E_C< > —> Acetyl-CoA
H H Aldehyde O
Acetaldehyde Dehydrogenase Acetate
Boards&Beyond




Hepatitis and Cirrhosis

AMicrosomal ethanol -oxidizing system (MEOS)

A Alternative pathway for ethanol
Normally metabolizes small amount of ethanol
Becomes important with excessive consumption

A Cytochrome P450dependent pathway inliver
A Generates acetaldehyde and acetate

A Consumes NADPH and Oxygen

AOxygen: generates free radicals

ANADPH: glutathione cannot be regenerated
Loss of protection from oxidative stress

SSSSSSSSSSSS




Alcohol Dehydrogenase

A Zero order kinetics (constant rate)
A Also metabolizes methanol and ethylene glycol

A Inhibited by fomepizole (antizol)
Treatment for methanol/ethylene glycol intoxication

NAD NADH NAD* NADH

ITI ITI /H\/ ITI //O \/ 0
H—C—C—0 , H=C—=C > )}\ _
H H H O

Alcohol H Aldehyde
Dehydrogenase Dehydrogenase

Ethanol Acetaldehyde Acetate
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v TP
/
o  H=G—C
H H Alcohol H H
Ethanol Dehydrogenase  Acetaldehyde
III @
H—C—OH L
| Alcohol H H
H Dehydrogenas
Methanol Formaldehyde
] O« _H
N
HO <|: <|: OH ~Nc”
|
o CH,OH
Ethylene Glycol
4 / Glycolaldehyde
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Aldehyde Dehydrogenase

Alnhibited by disulfiram (antabuse

A Acetaldehyde accumulates

ATriggers catecholamine release

A Sweating, flushing , palpitations, nausea, vomiting

NAD NADH NAD* NADH

ITI ITI /H\/ ITI //O \/ 0
H—C—C—0 , H=C—=C > )}\ _
H H H O

Alcohol H Aldehyde
Dehydrogenase Dehydrogenase

Ethanol Acetaldehyde Acetate
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Alcohol Flushing

Skin flushing when consuming alcohol
Due to slow metabolism of acetaldehyde

Common among Asian populations
Japan, China, Korea
Inherited deficiency aldehyde dehydrogenase 2 (ALDH2)

01 OOEAI A WOEOE AOI PEACAAI

| im Boards&Beyond Jorge GonzaleZ Flikr



Exercise and
Starvation

Jason Ryan, MD, MPH
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Exercise

A Rapidly depletes ATP in muscles

A Duration, intensity depends on other fuels
AGlycogend GlucoseA TCA cycleavailable but slow
A Short term needs met bycreatine

Glycogen —» —> Glucose

v

Pyruvate

2 N\

Lactate TCA Cycle
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Creatine

APresent in muscles aphosphocreatine

A Source of phosphate groups

Almportant for heart and muscles

A Can donate to ADR, ATP

AReserve when ATP falls rapidly in early exercise

Creatine |
Kinase 5’0\ H \)L
|
o)

NH

Creatine Phosphoecreatine

m Boards&Beyond



Creatinine

A Spontaneous conversion creatinine
AAmount of creatinine proportional to muscle mass
A Excreted by kidneys

Creatine y |
Kinase (')*O\ N \)k
i
o)

NH

Creatine Phosphoecreatine

. iNg: N

N
0" H
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ATP and Creatine SL.DW

A Consumed within seconds of exercise :x

A\
AUsed for short, intense exertion Ig M P H ‘
Heavy lifting lul ulln
Sprinting Wikipedia/Public Domain

A Exercise for longer time requires other pathways
A Slower metabolism
AResult: Exercise intensity diminishes with time
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Calcium and Exercise

Calcium release from muscles stimulates metabolism

Activates glycogenolysis
Activates TCA cycle 2 O

40.08

Me/Wikipedia
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Calcium Activation

Glycogen Breakdown

-

Calcium/ Calmodulin

u

Glycogen
Phosphorylase

Glycogen
Phosphokinase A
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Calcium Activation

TCA Cycle Acetyl-CoA <€«——— Pyruvate
NADH
Oxaloacetate Citrate
ADP \\
Malate Ca™ Isocitrate

~ Isocitrate
Dehydrogenas CO2

Ca NADH
Fumarate \ ] -ketoglutarate
] -KG
FADH, Dehydrogenase
Succinate Succinyl-CoA CO2

NADH
TP~~~

Boards&Beyond.
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Types of Exercise

A Aerobic exercise
Long distance running
Coordinated effort by organ systems
Multiple potential sources of energy
A Anaerobic exercise
Sprinting, weight lifting
Purely a muscular effort

Blood vessels in muscles compressed during peak contraction
Muscle cells isolated from body
- 00AT A OAITEAG 11 H =6

"Mike" Michael L. Baird/Wikipedia

m BoardS&Beysm?«Qng PixabayPublic Domain .



Anaerobic Exercise

40-yard sprint

AATP andcreatine phosphate (consumed in seconds)
A Glycogen

Metabolized to hctate (anaerobic metabolism)
TCA cycle too slow
A Fast pace cannot be maintained

Creatinine phosphate consumed
Lactate accumulates

Boards&Beyond. William Warby / Flikr
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Moderate Aerobic Exercise

1-mile run

AATP andcreatine phosphate (consumed in seconds)
A Glycogen: metabolized to CQaerobic metabolism)

A Slower pace than sprint
Decrease lactate production
Allow time for TCA cycle and oxidative phosphorylation

AO# AOAT EUAOAOA 11T AAET Co6 AU

Increases muscle glycogen content

Boards&Beyond
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Intense Aerobic Exercise

Marathon

A Co-operation between muscle, liver, adipose tissue

AATP andcreatine phosphate (consumed in seconds)
AMuscle glycogen: metabolized to CO

ALiver glycogen: Assists muscles, produces glucose
A Often all glycogen consumed during race

A Conversion to metabolism of fatty acids
Slower process
Maximum speed of running reduced

A Elite runners condition to use glycogen/fatty acids
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Intense Aerobic Exercise

Fatty Acid Metabolism

AMalonyl-CoA levels fall

Glucagon
Epinephrine

o
Acetyl-CoA
Carboxylase

[ -oxidation
| @

> Malonyl -CoA

Acetyl-CoA
O 1
)I\S ,_,.-CDA CQ

Biotin

STUDY SMARTER
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Intense Aerobic Exercise

Fatty Acid Metabolism

Fatty acyl
Cytosol CoA
Inner
Membrane Carnitine < Malonyl -CoA
Space Palmitoyl @
Fatty acyl Transferasel Acyl

CoA y 3 Carnitine

R? (”3? CoA Carnitine Ro (”3'.> Carnitine
@) @)
Mitochondrial
Matrix R & CoA
S CoA v

Fatty acyl ¢ CPT2 / Acyl

CoA Carnitine
BoardssaBeyond .




Muscle Cramps

AToomuchexerciseA W . 1'$ AT T (

Exceed capacity of TCA cycle/electron transport
Elevated NADH/NAD ratio

AFavors pyruvateA lactate
ApH falls in musclesA cramps

A Distance runners: lots of mitochondria
Bigger, too

Boards&Beyond.
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Muscle Cramps

Glyceraldehyde3-phosphate

NAD+ — “

NADH 1 3-bisphosphoclycerate

A Limited supply NADf
AMust regenerate

AQ, present 3-phosphoglycerate
NADHA NAD (mitochondria) 2-ph OSphot'IT;/cerate
A Q, absent 7
NADHA NAD' via LDH Phosphoenolpyruvate
Pyruvate
NADH‘/‘//V \
NAD+ Lactate TCA Cycle

BoardssaBeyond

STUDY SMARTER



Fed State

AGlucose, amino acids absorbed into blood
A Lipids into chylomicrons A lymph A blood

Alnsulin secretion
Beta cells of pancreas
Stimulated by glucose, parasympathetic system




Insulin Effects

A Glycogen synthesis

Liver, muscle
Alncreases glycolysis
AlInhibits gluconeogensis

APromotes glucosed adipose tissue
Used to form triglycerides

A Promotes uptake of amino acids by muscle
A Stimulates protein synthesis/inhibits breakdown
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Insulin In the Liver

AGlucokinase
Found in liver and pancreas
Induced by insulin
Insulin promotes transcription

STUDY SMARTER

Glucose
ATP

ADP>

v

Glucose6-phosphate




Insulin and Glycolysis

PFK2
F-2,6-bisphosphate < 5 Fructose-6-phosphate
Fructose 1,6 A
Bisphosphatase?2

PEK1 Fructose 1,6
Bisphosphatasel

v

Fructose-1,6-bisphosphate

On/off switch glycolysis
nm E CI UAT 1 UO

N Pa N~ ~ 7

5 E 11 CIlIUATIT UOE

STUDY SMART] ER’



Insulin and Glycogen

Glycogen
Glucagon -
Epinephrine
P —
—_— >
Glycogen Glycogen
Phosphorylase Synthase

Glucose
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Insulin and Fatty Acids

A Acetyl-CoA converted tamalonyl-CoA
A Rate limiting step

_ Glucagon
Insulin Epinephrine
\ / [ -oxidation
Citrate @ @ ©
Acetyl-CoA
Carboxylase
Acetyl-CoA / > Malonyl -CoA
@) 0O 0O
CQ )-I\/”\ CoA
)]\S__,.—COA HO S.-"

Biotin
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Fasting/Starvation

A Glucose levels fall few hours after a meal
ADecreased insulin
Alncreased glucagon

Boards&Beyond T AudeMikipedia
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Fasting/Starvation

AKey effect of glucagon
Glycogen breakdown in liver
Maintains glucose levels in plasma
Dominant source glucose between meals

A Other effects

Inhibits fatty acid synthesis
Stimulates release of fatty acids from adipose tissue
Stimulates gluconeogenesis

STUDY SMARTER




Glucose Sources

Glycogen

/

Glucose ghr

~

| / Ingested Glucose

B -

Gluconeogenesis

Alanine

Lactate

Glycerol
Odd Chain FAs

T T
0 8 16 24 36

Hours

BoardssaBeyond
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Wikipedia/Public Domain

Key Point #1.
Glycogen exhausted
after ~24 hours

Key Point #2:
Glucose levels maintained
in fasting by many sources




Starvation

Alanine Cycle

Muscle

NH,*

l

Liver

NH,*

T

Glutamate Alanine

Pyruvate 1 -KG

k_, Glucose <

> Alanine Glutamate

1-KG Pyruvate

Glucose ‘._J

Key Point:
Peripheral tissue alanineA glucose

BoardssaBeyond
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Starvation
Cori Cycle

Liver

2 Pyruvate
A

2 Lactate
. \

~—— 6 ATP

/

¥2 Lactate
\"‘“---____

Boards&Beyond.
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Blood

Muscle

Glycolysis

2 ATP

A

2 Pyruvate

:

_— 2 Lactate

PetaholmeéNikipedia




Starvathn Glucose

Glycerol
Glucose6-phosphate

vt

Fructose-6-phosphate

v

Fructose-1,6-bisphosphate

Glyceraldehyde3-phosphate —>E Dihydroxyacetone

\1,1‘ Phosphate
1,3-bisphosphoclycerate T Glycerol3-Phosphate

\1,1* Dehydrogenase
3-phosphc\i’g#ycerate Glycerol3-Phosphate
2-phosphoglycerate Glycerol

\H‘ oH Kinase
Phosphoenolpyruvate \)\/

HO OH
Pyrl‘}’vate

Glycerol

BoardssaBeyond

STUDY SMARTER



Starvation
Odd Chain Fatty Acids

Ar -oxidation proceeds until 3 carbons remain
APropionyl-CoAA SuccinytCoAA TCA cycle
AKey point: Only odd chain FA3 glucose

O
\)J\ > —» —> SuccinytCoA
S CoA  Propionyl -CoA
Carboxylase
Propionyl-CoA (Biotin)
Boards&Beyond




Starvation

Fuel Sources of Tissues

AGlycolysis slows (low insulin levels)

ALess glucose utilized by muscle/liver

A Shift to fatty acid beta oxidation for fuel

A Spares glucose andhaintains glucose levels

STUDY SMARTER




Malnutrition

A Kwashiorkor
Inadequate protein intake
HypoalbuminemiaA edema
Swollen legs, abdomen

CDC/Public Domain
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Malnutrition

Marasmus
Inadequate energy intake
Insufficient total calories
Kwashiorkor without edema
Muscle, fat wasting

['_Uj Boards&Beyond

CDC/Public Domain



Hypoglycemia in Children

A Occurs with metabolic disorders

A Glycogen storage diseases
Hypoglycemia
Ketosis
Usually after overnight fast

AHereditary fructose intolerance
Deficiency of aldolase B
Build-up of fructose kphosphate
Depletion of ATP
Usually a baby just weaned from breast milk
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Hypoketotic Hypoglycemia

A, AAE 1T £ EAOITAO ET OAOOEI
AOccurs inbeta oxidation disorders

FFAA beta oxidationA ketones (beta oxidation)
Tissues overuse glucosd hypoglycemia

STUDY SMARTER




Hypoketotic Hypoglycemia

A Carnitine deficiency
Low serumcarnitine andacylcarnitine levels

AMCAD deficiency

Medium chain acytCoA dehydrogenase
Dicarboxylic acids 610 carbons in urine
High acylcarnitine levels

STUDY SMARTER




Inborn Errors
of Metabolism

Jason Ryan, MD, MPH
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Inborn Errors in Metabolism

A Defects in metabolic pathways
A Often present in newborn period

A Often nonspecific features:
Failure to thrive, hypotonia

ALab findings suggest diagnosis:
Hypoglycemia
Ketosis
Hyperammonemia
Lactic acidosis

PixabayPublic Domain
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Newborn Hypoglycemia

AGlycogen storage diseases

A Galactosemia

AHereditary fructose intolerance

A Organic acidemias

A Disorders of fatty acid metabolism

Glucose

STUDY SMARTER




Glycogen Storage Diseases

ASome haveno hypoglycemia
Only affect muscles
- Al OA1 A6O $EOAAOA j OUPA 6Q
ol i PA6O $EOAAOCA j OUPA )) Q
AHypoglycemia seen in others
611 "EAOEAGO $EOAAOA

j A
#1 OE6 O $EOAAOA j4UDPA )

4UD
) ) 4

STUDY SMARTER
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Glycogen Storage Diseases

A Fasting hypoglycemia
Hours after eating
Not in post-prandial period
A Ketosis
Absence of glucose during fasting
Fatty acid breakdown (NOT a fatty acid disorder)
Ketone synthesis
AHepatomegaly
Glycogen buildup in liver

STUDY SMARTER




Glycogen Storage Diseases

A6T T '"EAOEAGO $EOAAOA j4UD
Severe hypoglycemia
Lactic acidosis

A#1 OE6O $EOAAOA j§ 4UPA ))) Q

Gluconeogenesis intact

. : Cori Cycle
Mild hypoglycemia N
No lactic acidosis [ — )
Gluconeo genes
2 Pyruvate 8 ATP
T Blood
L 2 La(\:tate )
kz Lactate
—
PetaholmefNikipedia
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CH,OH

HF|

Hereditary Fructose Intolerance HO—‘Fj—H
H—C>-OH

A Deficiency ofaldolase B H—(::5—0H

ABuild-up of fructose Iphosphate CH,CH

ADepletion of ATP D-Fructose

A Loss of gluconeogenesis and glycogenolysis

AHypoglycemia

A Lactic acidosis

A Ketosis

AHepatomegaly (glycogen buildup)
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HF

Hereditary Fructose Intolerance

A Starts afterweaned from breast milk
A No fructose in breast milk

AO2 AAOAET Gnuir@CA OO0
A Glucose, fructose, galactose
A Reducing sugars in urine with hypoglycemia

BoardS&Beyond_ Public Domai_n A‘
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Classic Galactosemia

A Deficiency of galactose phosphate uridyltransferase
A Galactosel-phosphate accumulates
ADepletion of ATP
A1stfew days of life Og M
A Breast milk contains lactose H—C20H
A Lactose = galactose + glucose Ho—(:;ﬁ—H
HO—?:—H
H—C=OH
CH,0H

D-Galactose

SSSSSSSSSSSS



Classic Galactosemia

AVomiting/diarrhea after feeding
A Similar presentation to HFI

Hypoglycemia
Lactic acidosis
@) H
Ketosis Q‘“(llf
Hepatomegaly (glycogen buildup) H—(|32—0H
I i o~ o~ s oA o~ ;s 2 - . A ~ A3 A
O2AAO0AET ¢C OOCAOOO ETHOOWH | A
HO—(|34—H
H—t|:5—0H
CH-0OH
D-Galactose
BoardssaBeyond




La

Hypoglycemia

ctic Acidosis
Ketosis

AN
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After feedings Fasting
Galactosemia Glycogen
HFI Storage
Diseases




Organic Acidemias

AAbnormal metabolism of organic acids
Propionic acid
Methylmalonic acid

ABuildup of organic acids in blood/urine

AHyperammonemia

0O 0
\/E HOJ\H‘\OH
OH

Propionic Acid Methylmalonic Acid
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SuccinylCoA

ACommon pathway to TCA cycle
AMany substances metabolized tpropionyl -CoA
APropionyl-CoAA Methylmalonyl-CoA

Biotin
Propionyl-CoA —> Methylmalonyl-CoA —» SuccinyltCoA
/ \ B12
Amino Acids \  Odd Chain L \
Isoleucine Fatty Acids TCA Cycle
Valine
Threonine Cholesterol
Methionine
L) BoardsaBeyond




Organic Acidemias

AOnset in newborn period (weeksmonths)
A Poor feeding, vomiting, hypotonia, lethargy
AHypoglycemiaA ketosis

Complex mechanism

LiverdamageA 8 C1 OAT 1 AT CAT AOEO
A Anion gap metabolic acidosis
AHyperammonemia

A Elevated urine/plasma organic acids
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Propionic Acidemia

A Deficiency ofproipionyl -CoA carboxylase

O
\)J\ S — —D Succinyl—CoA
S-CoA Propionyl -CoA
Carboxylase
(Biotin)

Propionyl-CoA

OH

Propionic Acid
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Methylmalonic Acidemia

A Deficiency ofmethylmalonyl -CoA mutase

Methylmalonyl -CoA

mutase _
Methylmalonyl-CoA » SuccinylCoA
o O B12 0
HO
Housc:oA NSCOA
O
L Isomers I




Maple Syrup Urine Disease

ABranched chain amino acid disorder

A Deficiency of) -ketoacid dehydrogenase
Multi -subunit complex
Cofactors: Thiamine, lipoic acid

AAmino acids and] -ketoacidsin plasma/urine
A | -ketoacid of isoleucine gives urine sweet smell

Isoleucine .



Fatty Acid Disorders

A Carnitine deficiency

AMCAD deficiency
Medium-chain-acyl-CoA dehydrogenase
Beta oxidation enzyme

A Both causehypoketotic hypoglycemia when fasting
Lack of fatty acid breakdownA low ketone bodies

Overutilization of glucoseA hypoglycemia
Lack of acetydCoA for gluconeogenesis
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Fatty Acid Disorders

A Symptoms with fasting or illness

AUsually 3 months to 2 years
Frequent feedings < 3months prevent fasting

AFailure to thrive, altered consciousness, hypotonia
AHepatomegaly

A Cardiomegaly

AHypoketotic hypoglycemia

SSSSSSSSSSS




Primary Carnitine Deficiency

A Carnitine necessary for carnitine shuttle
Links with fatty acids forming acylcarnitine
Moves fatty acids into mitochondria for metabolism

AMuscle weakness, cardiomyopathy
A Low carnitine and acylcarnitine levels

g) /N+\)\/U\o- R o
Acyl-CoA Carnitine Acylcarnitine
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MCAD Deficiency

Medium Chain AcyACoA Dehydrogenase

APoor oxidation 6-10 carbon fatty acids

A Dicarboxylic acids 6-10 carbons in urine
Seen when beta oxidation impaired

AHigh acylcarnitine levels

O

H
HOM 0

O
Dicarboxylic Acid

STUDY SMARTER




Hypoketotic

Hypoglycemia

Carnitine Deficiency
Low carnitine levels
Low acylcarnitine levels

MCAD Deficiency
High acylcarnitine levels
Dicarboxylic acids
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Urea Cycle Disorders

AOnset in newborn period (first 24 to 48 hours)
AFeedingA protein load A symptoms

A Poor feeding, vomiting, lethargy

AMay lead to seizures

ALab tests:Isolated severe hyperammonemia
Normal < 50 mcg/dl
Urea disorder may be > 1000

ANo other major metabolic derangements
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OTC Deficiency

Ornithine transcarbamylase deficiency

AMost common urea cycle disorder

Av AAOAAIT T UI DPEIT OPEAOA

AT O OEA AAEA j AAOEOAA £O
Ornithine

Carbamoy Transcarbamylase  Ures Cuc
NH,* > Phosphate rea Lycle

|

Carbamoyl __, Orotic
Phosphate Acid

Glutamine —> ——> Pyrimidines (U, C, T)

Pyrimidine Synthesis

STUDY SMARTER




Orotic Aciduria

A Disorder of pyrimidine synthesis

A Also has orotic aciduria

ANormal ammonia levels

ANo somnolence, seizures

AMajor features: Megaloblastic anemia, poor growth

Megaloblastic Anemia
Boards&Beyond. .



Mitochondrial Disorders

Alnborn errors of metabolism
A Loss of ability to metabolize pyruvated acetyl CoA
AAll causesevere lactic acidosis

AAll causeelevated alanine (amino acid)
Pyruvate shunted to alanine and lactate

APyruvate dehydrogenase complex deficiency

O

HAC
> OH
NH,

Alanine

SSSSSSSSSSSS




Pyruvate

AEnd product of glycolysis

Liver —> Glucose Glucose<«— |jver
Pyruvate
Alanine Cori
Cycle / \ Cycle
Alanine Lactate

Gluconeogenesis  Acetyl-Coa

!

TCA Cycle

Boards&Beyond.
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PDH Complex Deficiency

Pyruvate Dehydrogenase

APyruvate shunted to alanine, lactate
AKey findings (infancy):
Poor feeding

Growth failure
Developmental delays

AlLabs:

Elevated alanine
Lactic acidosis
No hypoglycemia

Wikipedia/Public Domain
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Hypoglycemia
Failure to thrive

Acidosis
Urinary nw | OCAT E
Sugars m (o
Galactosemia / \ Organic
HFI 5 +AOT T AGn +AOT T AO Acidemia
Fatty Acid Glycogen
Disorder Storage
Disease - AAOAOA
(¢ 11T ATET A
Urea Mitochondrial Disorder
Cycle
Defect

Boards&Beyond
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Amino Aclids

Jason Ryan, MD, MPH
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Amino Acids

ABuilding blocks (monomers) of proteins
AAll contain amine group and carboxylic acid

H
O
H pKa 2.3
H R pKa 9.6 G H
NH,
Wikipedia/Public Domain Glycine
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A Amine Acds with Electrically Charged Side Chams

Pnsihve Negf-t'we
Argining Histidine Lysine b 'Aspar‘ric Acid Glutamlc ﬁcl;:l
mm]o His m uyﬂo [Asp. (Gl
a0l “f a1 J"Opﬁi.'i p‘a“s [oHEALS
o (0]
NH, NH, NH, NH,
[HLERTe FEABOE =L ﬂil?ﬁ ﬂlil&‘il
—_—
Eaim
N g er
NH S ANH
H2N—< @ NH p¥a 415
3
@N‘-‘ pkai0a?
[E5) |J.|2u
B, Amino Acids with Palar Uncharged Side Chains C. Special Coses
Serine Threonine Asparagine Glutamine Cystene Selenocysteine  Glycine Proline
e ™ 0 “Q A C) @ "0 Y@ ™M@
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D, Aming Ackds with Hydrophobic Side Chatn
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;:nnn -
S Nty

pEa 11D

Ll BoardsaBeyond

STUDY SMARTER




Amino Acids

AAll except glycine have Land D- configurations
A Only L-amino acids used in human proteins

C
s 0 o, ¢h
H3N-(|3-C\ Cz C-NH;
H © o N
L - alanine D - alanine
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pKa

log acid dissociation constant

HAa A A+ H
[A]
H = pKa + log——
P P g[HA]
[A]
pKa = pH-log ——
[HA]
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HAE A A+ H
pKa .

[
Ka: pH-log ——
P P g THA]

H+

pH>pKaA A >> AH

H+ HY

High pH (i.e. 12.0)

pH<pKaA A <<AH | 5

Low pH (i.e. 1.0)
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pKa

A Acetic acid (GO,H) pKa = 4.75

O O

HAow o

OH <4.75 pH >4.75
H+ H+ '
A o
+ H+
H-++
H-H-II_-I+ H+ H*
H+H+H+
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pKa

AAmmonia (NH,) pKa = 9.4

H
|
H—N"—H
H
pH <9.4

H HJ}' | (NHY
+Hﬁ+|ﬂ+
H+H+H+

STUDY SMART] ER

H—N—H

pH>9.4
(NHs)




pKa

AAmino acids: multiple acidbase regions
A Each has different pKa

R R
| | Usually low pKa < 4.0
COOHA& COO+H' At normal pH (7.4): COO

R R

I | .
+ Usually high pKa > 9.0
NH;" A NH, + H At normal pH (7.4): NH,
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pKa

ASome side chains have pKa (3 pKa values!)

. pKa=10.53
NH;

pKa=8.95 pKa=2.18

Boards&Beyond
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Titration Curves

pKa2

pH

pKal

NaOH

R 0

| 7
H2N = (|:' C\

H OH
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pKa3

pKa2

pKal

NaOH




Charge at Normal pH

ANormal plasma pH=7.4
AAA charge (++) depends on pKa values

pKa=2.2
O
pKa=9.6 N H3+
Glycine
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Charge at Normal pH

NH O

pKa=12.48 )J\ pKa=2.01
*NH, N O
H
NH;*
pKa=9.04
Arginine
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Basic Amino Acids

NH 0O
pKa=12.48 J\ oKa=2.01
- NH,*
Arglnm_e pKa=9.04
*most basic AA
“NH, pKa=10.53

Both +1 charge at normal pH
Remove 1H from solution
Raise pH (basic)

Lysine

Boards&Beyond.
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Histones

A Containbasic amino acids
A High content of lysine, arginine
A Positively charged
A Binds negatively charged phosphate backbone DNA

Adenosine HoN

Monophosphate

O k /

|l
HO—P—-0O
¢ }j

OH

Wikipedia/Public Domain Wikipedia/Public Domain
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Histidine

A#1 1 OEAAOAA A OAAOEAOG
A Side chain pKa close to plasma pH

O pKa=1.82
¢ 7
pKa=6.00 1 N
HN NP,
pKa=9.17

STUDY SMARTER
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Acidic Amino Acids

pKa=3.18 O

O

pKa=2.10

O
O  NH,* pra=9.82

Aspartate

O

O
pKa=4.07 pKa=2.10
O O

NH;"  pka=9.47

Glutamate
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Hydrophobic Amino Acids

0 0 0 0
S
- HsC
on C \/WAJ\OH : \HkOH HKOH
NH NH; NH, NH,
Proline Methionine Alanine Glycine
O
H 0
OH
l H,N OH
HN NH»>
Tryplophar Phenylalanine
CH; O
HaC :
’ OH
NH,
Boards&Bexggg_ Valine Isoleucine




Sickle Cell Anemia

A Substitution of polar glutamate for nonpolar valine in
hemoglobin protein

Glutamate
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Proline

ARigid structure (ring) formed from amino group and
side chain

AUsed in collagen

OH
NH

Proline
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Essential Amino Acids

ANine amino acids must be supplied by diet

ACannot be synthesized de novo by cells Lysine
O 9] O
(NJ/%OH %LDH W\OH
HN NH; HN NH, NH2
Histidine Leucine Tryptophan Phenylalanine
OH O 0
OHa s
HBC&/U\OH Hac\/\HL HsC \/\[)J\OH
NH,
hreonine Isoleucine Methionine

Boards&Beyond
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Glucogeniovs. Ketogenic

A Glucogenicamino acids:
Can be converted to pyruvate or TCA cycle intermediates
Can become glucose via gluconeogenesis

A Ketogenic amino acids
Convert to ketone bodies and acetyl CoA
Cannot become glucose

AMost amino acids are either:
Glucogenic
Glucogenicand ketogenic
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