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DNA

ÅContains genetic code

ÅNucleus of eukaryotic cells

ÅCytoplasm of prokaryotic cells

Wikipedia/Public Domain



DNA Structure

ÅSugar (ribose) backbone

ÅNitrogenous base

ÅPhosphate bonds

Wikipedia/Public Domain



DNA Vocabulary

ÅNucleotide/Nucleoside

ÅNitrogenous base

ÅPurine/Pyrimidine



Nucleotides

ÅDNA: Polymer

ÅNucleotide: Monomer
ÅPentose sugar

ÅNitrogenous base

ÅPhosphate group

Ribonucleotide Deoxyribonucleotide

Binhtruong/Wikipedia



Nucleoside vs. Nucleotide

ÅNucleotide
ÅNitrogenous base

ÅSugar

ÅPhosphate group

ÅNucleoside
ÅBase and sugar

ÅNo phosphate group Wikipedia/Public Domain

Adenosine
Monophosphate



Nitrogenous Bases

Cytosine Thymine Uracil

Adenine Guanine

Purines

Pyrimidines



Nucleotides

ThymidineCytidine

Adenosine Guanosine

Uridine



Nucleotides

ÅSynthesized as monophosphates

ÅConverted to triphosphate form

ÅAdded to DNA

DeoxyadenosineTriphosphate



Base Pairing

ÅDNA
ÅAdenine-Thymine

ÅGuanine-Cytosine

ÅRNA
ÅAdenine-Uracil

ÅGuanine-Cytosine

Wikipedia/Public Domain

More C-' ÂÏÎÄÓ Ѐ ᴻ -ÅÌÔÉÎÇ ÔÅÍÐÅÒÁÔÕÒÅ



DNA Methylation

ÅMethyl group added to cytosine
Å/ÃÃÕÒÓ ÉÎ ÓÅÇÍÅÎÔÓ ×ÉÔÈ #' ÐÁÔÔÅÒÎÓ ɉȰ#' ÉÓÌÁÎÄÓȱɊ

ÅBoth strands

Å)ÎÁÃÔÉÖÁÔÅÓ ÔÒÁÎÓÃÒÉÐÔÉÏÎ ɉȰÅÐÉÇÅÎÅÔÉÃÓȱɊ

ÅHuman DNA: ~70% methylated

ÅUnmethylatedCG stimulate immune response

Cytosine
5-methylcytosine



Bacterial DNA Methylation

ÅBacteria methylate cytosine and adenine

ÅMethylation protects bacteria from viruses (phages)

ÅNon-methylated DNA destroyed by endonucleases

ÅȰ2ÅÓÔÒÉÃÔÉÏÎ-ÍÏÄÉÆÉÃÁÔÉÏÎ ÓÙÓÔÅÍÓȱ

Wikipedia/Public Domain



Chromatin

ÅFound in nucleus of eukaryotic cells

ÅDNA plus proteins = chromatin

ÅChromatin condenses into chromosomes



Nucleosome

Wikipedia/Public Domain

H2A, H2B, H3, H4

ÅKey protein: Histones

ÅUnits of histones plus DNA = nucleosomes



Histones

ÅPeptides
ÅH1, H2A, H2B, H3, H4

ÅContain basic amino acids
ÅHigh content of lysine, arginine

ÅPositively charged

ÅBinds negativelycharged phosphate backbone

ÅH1 distinct from others
ÅNot in nucleosome core

ÅLarger, more basic

ÅTies beads on string together

Wikipedia/Public Domain

H2A, H2B, H3, H4



DNA Structure

DNA DNA
plus

Histones

H1 
Condensation

Beads on
a string

Richard Wheeler/Wikipedia



Drug-Induced Lupus

ÅFever, joint pains, rash after starting drug

ÅAnti-histone antibodies (>95% cases)
ÅContrast with anti-dsDNA in classic lupus

ÅClassic drugs:
ÅHydralazine

ÅProcainamide

ÅIsoniazid



Chromatin Types

ÅHeterochromatin
ÅCondensed

ÅGene sequences not transcribed (varies by cell)

ÅSignificant DNA methylation

ÅEuchromatin
ÅLess condensed

ÅTranscription

ÅSignificant histone acetylation



Histone Acetylation

ÅAcetylation
ÅAcetyl group added to lysine

ÅRelaxes chromatin for transcription

ÅDeacetylation
ÅReverse effect

Lysine

Acetyl 
Group

Annabelle L. Rodd, Katherine Ververis, and Tom C. Karagiannis



Epigenetics

Transcription Transcription

Histone Acetylation

DNA Methylation



Histone deacetylase inhibitors
HDACs

ÅPotential therapeutic effects

ÅAnti-cancer
ÅIncreased expression of HDACs some tumors

Å(ÕÎÔÉÎÇÔÏÎȭÓ ÄÉÓÅÁÓÅ
ÅMovement disorder

ÅAbnormal huntingtin protein

ÅGain of function mutation (mutant protein)

ÅPossible mechanism: histone deacetylationĄ gene silencing

ÅLeads to neuronal cell death in striatum

Dokmanovic et al. Histone deacetylase inhibitors: overview and perspectives
Mol Cancer Res.2007 Oct;5(10):981-9.



Purine Metabolism
Jason Ryan, MD, MPH



Nucleotides

ThymidineCytidine

Adenosine Guanosine

Uridine

Purines

Pyrimidines



Nucleotide Roles

ÅRNA and DNA monomers

ÅEnergy: ATP

ÅPhysiologic mediators
ÅcAMP levels Ą blood flow

ÅcGMP Ą second messenger



Sources of Nucleotides

ÅDiet (exogenous)

ÅBiochemical synthesis (endogenous)
ÅDirect synthesis

ÅSalvage



Key Points

ÅRibonucleic acids (RNA) synthesized first

ÅRNA converted to deoxyribonucleic acids (DNA)

ÅDifferent pathways for purines versus pyrimidines

ÅAll nitrogen comes from amino acids



Purine Synthesis

ÅGoal is to create AMP and GMP

ÅIngredients:
ÅRibose phosphate (HMP Shunt)

ÅAmino acids

ÅCarbons (tetrahydrofolate, CO2)

Adenosine Guanosine



Purine Synthesis

ÅStep 1: Create PRPP

5-Phosphoribosyl-1-pyrophosphate
(PRPP)

Ribose 5-phosphate



Purine Synthesis

ÅStep 2: Create IMP

5-Phosphoribosyl-1-pyrophosphate
(PRPP)

Inosine monophosphate
(IMP)

Amino Acids
Folate
CO2

Hypoxanthine



Purine Synthesis

ÅTwo rings with two nitrogens: 
Å6 unit, 3 double bonds

Å5 unit, 2 double bonds

Adenine Guanine

N

N

N

6 5
N

Hypoxanthine



Purine Synthesis
Nitrogen Sources

N

N

N

6 5

N

N

N

N

N

Glutamine

Aspartate

Glycine



Purine Synthesis
Carbon Sources

N

N

N

6 5

N

N

N

N

N

Tetrahydrofolate

CO2
Glycine

Tetrahydrofolate

*Key Point
Folate contributes to 
formation of purines



Purine Synthesis

ÅStep 3: Create AMP and GMP

Inosine monophosphate
(IMP)

Adenosine-MP

Guanosine-MP



Purine Synthesis
Summary

ÅStarts with ribose phosphate from HMP shunt

ÅKey intermediates are PRPPand IMP

5-Ribose
Phosphate

PRPP IMP

AMP

GMP

Aspartate
Glycine

Glutamine
THF
CO2



Purine Synthesis
Regulation

5-Ribose
Phosphate

PRPP IMP

AMP

GMP

Glutamine -PRPP
amidotransferase

-

IMP/AMP/GMP



Deoxyribonucleotides

ADP

GDP

dADP

dGDP

Ribonucleotide
Reductase



Purine Synthesis
Drugs & Diseases

ÅRibavirin (antiviral)
ÅInhibits IMP dehydrogenase

ÅBlocks conversion IMP to GMP

ÅInhibits synthesis guanine nucleotides (purines)

ÅMycophenolate (immunosuppressant)
ÅInhibits IMP dehydrogenase



Purine Fates

Adenine Guanine Hypoxanthine

Uric Acid
Salvage

Excretion



Purine Salvage

ÅSalvages bases: adenine, guanine, hypoxanthine

ÅConverts back into nucleotides: AMP, GMP, IMP

ÅRequires PRPP

5-Phosphoribosyl-1-pyrophosphate
(PRPP)



Purine Salvage
Hypoxanthine and Guanine

PRPP Inosine monophosphate
(IMP)

PRPP

Guanine

Guanosine-MP

HGPRT
Hypoxanthine-Guanine

phosphoribosyltransferase

Hypoxanthine



Purine Salvage
Adenine

APRT
Adenine

phosphoribosyltransferase

Adenine

PRPP

Adenosine-MP



Purine Salvage
Drugs & Diseases

Å6-Mercaptopurine
ÅChemotherapy agent

ÅMimics hypoxanthine/guanine

ÅAdded to PRPP by HGPRT Ą Thioinosinic acid

ÅInhibits multiple steps in de novo synthesis

Åᴽ)-0Ⱦ!-0Ⱦ'-0

6-MP

PRPP

+

GuanineHypoxanthine



Purine Salvage
Drugs & Diseases

ÅAzathioprine
ÅImmunosuppressant

ÅConverted to 6-MP

6-MPAzathioprine



Purine Breakdown

Guanine

Hypoxanthine

Xanthine Uric Acid

Xanthine
Oxidase

Guanase

Xanthine
Oxidase



Purine Breakdown

Hypoxanthine

Adenosine-MP

Purine 
nucleoside 

phosphorylase

Adenosine
Deaminase

Adenosine

*SCID

Inosine

Adenine

APRT



Purine Salvage
Drugs & Diseases

ÅGout
ÅExcess uric acid

ÅCrystal deposition in joints Ą pain, swelling, redness

ÅCan occur from overproduction of uric acid

ÅHigh cell turnover (trauma, chemotherapy)

ÅConsumption of purine-rich foods (meat, seafood)

ÅTreatment: inhibit xanthine oxidase (allopurinol )

James Heilman, MD/Wikipedia

Uric Acid

Xanthine
Oxidase

Hypoxanthine



Purine Salvage
Drugs & Diseases

ÅAzathioprine and 6-MP
ÅMetabolized by xanthine oxidase

ÅCaution with allopurinol

ÅMay boost effects

ÅMay increase toxicity

6-MP

Xanthine
Oxidase

Thiouric acid
(inactive)



Purine Salvage
Drugs & Diseases

ÅLesch-Nyhan syndrome
ÅX-linked absence of HGPRT

ÅExcess uric acid ÐÒÏÄÕÃÔÉÏÎ ɉȰÊÕÖÅÎÉÌÅ ÇÏÕÔȱɊ

ÅExcess de novo purine synthesis (0200ȟ )-0)

ÅNeurologic impairment (mechanism unclear)

ÅHypotonia, chorea

ÅClassic feature: self mutilating behavior (biting, scratching)

ÅNo treatment

ÅClassic presentation
ÅMale child with motor symptoms, self-mutilation, gout



Purine Metabolism
Summary

Torres RJ, PuigJG/Wikipedia



Pyrimidine 
Metabolism
Jason Ryan, MD, MPH



Nucleotides

ThymidineCytidine

Adenosine Guanosine

Uridine

Purines

Pyrimidines



Pyrimidine Synthesis

ÅGoal is to create CMP, UMP, TMP

ÅIngredients:
ÅRibose phosphate (HMP Shunt)

ÅAmino acids

ÅCarbons (tetrahydrofolate, CO2)

ThymidineCytidine Uridine



Pyrimidine Synthesis

ÅStep 1: Make carbamoyl phosphate

ÅNote: ring formed first then ribose sugar added

Glutamine Carbamoyl  Phosphate

ATP ADP

CO2

Carbamoyl phosphate
synthetase II UTP



Pyrimidine Synthesis

ÅStep 2: Make orotic acid

Carbamoyl  Phosphate
Orotic Acid

Aspartate



Pyrimidine Synthesis

ÅStep 3: Make UMP

Orotic Acid

Uridine -MP

5-Phosphoribosyl -1-pyrophosphate
(PRPP)

UMP
Synthase



Key Point

ÅUMP synthesized first

ÅCMP, TMP derived from UMP

Glutamine
Carbamoyl
Phosphate

Orotic
Acid

UMP

CMP

TMP
UMP Synthase
Bifunctional



Pyrimidine Ring
Two nitrogens/four carbons

N

C

N

C

C

C

Carbamoyl
Phosphate Aspartate

Cytosine

Thymine

Uracil



Pyrimidine Synthesis
Drugs and Diseases

ÅOrotic aciduria
ÅAutosomal recessive 

ÅDefect in UMP synthase

ÅBuildup of orotic acid

ÅLoss of pyrimidines

Orotic Acid



Pyrimidine Synthesis
Drugs and Diseases

ÅKey findings
ÅOrotic acid in urine

ÅMegaloblasticanemia 

ÅNo B12/folate response

ÅGrowth retardation

ÅTreatment:
ÅUridine

ÅBypasses UMP synthase

Orotic Acid

Megaloblastic Anemia

Wikipedia/Public Domain



Ornithine transcarbamoylase
OTC

ÅKey urea cycle enzyme

ÅCombines carbamoyl phosphate with ornithine

ÅMakes citrulline

ÅOTC deficiency Ą increased carbamoyl phosphate

Åᴻ  ÃÁÒÂÁÍÏÙÌ ÐÈÏÓÐÈÁÔÅ Ąᴻ orotic acid

Å$ÏÎȭÔ ÃÏÎÆÕÓÅ ×ÉÔÈ orotic aciduria
ÅBoth have orotic aciduria

ÅOTC only:  ÁÍÍÏÎÉÁ ÌÅÖÅÌÓ (urea cycle dysfunction)

ÅAmmonia Ą encephalopathy (baby with lethargy, coma)



Cytidine

Uridine-MP Uridine-TP Cytidine-TP

ATP



Pyrimidine Synthesis
Drugs and Diseases

ÅAra-C (Cytarabineor cytosine arabinoside)
ÅChemotherapy agent

ÅConverted to araCTP

ÅMimics dCTP(pyrimidine analog)

ÅInhibits DNA polymerase

dCytidineAra-C

H



Thymidine

ÅOnly used in DNA

ÅDeoxythymidine is only required nucleotide

ÅSynthesized from deoxyuridine

Thymidine Uridine



Thymidine

ÅStep 1: Convert UMP to dUDP

Uridine-MP Uridine-DP deoxyuridine-DP

Ribonucleotide
Reductase



Pyrimidine Synthesis
Drugs and Diseases

ÅHydroxyurea
ÅInhibits ribonucleotide reductase

ÅBlocks formation of deoxynucleotides(RNA intact!)

ÅRarely used for malignancy

ÅCan be used for polycythemia vera, essential thrombocytosis

ÅUsed in sickle cell anemia

ÅCauses increased fetal hemoglobin levels (mechanism unclear)



Thymidine

ÅStep 2: Convert dUDPto dUMP

ÅStep 3: Convert dUMPto dTMP

deoxythymidine-MP
(dTMP)

deoxyuridine-MP
(dUMP)

Thymidylate
Synthase

1 Carbon added



Thymidine

dTMPdUMP

Thymidylate
Synthase

N5, N10 Tetrahydrofolate

Source of 1 carbon



Folate Compounds

Folate

Dihydrofolate

Tetrahydrofolate



Folate Compounds

Tetrahydrofolate

N5, N10 Tetrahydrofolate



Thymidine

Thymidine-MPdUridine-MP

Thymidylate
Synthase

N5, N10 Tetrahydrofolate
DHF

THF

Dihydrofolate
Reductase

Folate

* Folate = 1 carbon carriers



Pyrimidine Synthesis
Drugs and Diseases

Å5-FU
ÅChemotherapy agent

ÅMimics uracil

ÅConverted to 5-FdUMP (abnormal dUMP)

ÅCovalently binds N5,N10 TFH and thymidylate synthase

ÅResult: inhibition thymidylate synthase

ÅBlocks dTMPÓÙÎÔÈÅÓÉÓ ɉȰthyminelessÄÅÁÔÈȱɊ

Uracil



Pyrimidine Synthesis
Drugs and Diseases

ÅMethotrexate
ÅChemotherapy agent, immunosuppressant

ÅMimics DHF

ÅInhibits dihydrofolate reductase

ÅBlocks synthesis dTMP

ÅRescue with leucovorin (folinic acid; converted to THF)

MethotrexateFolate



Pyrimidine Synthesis
Drugs and Diseases

ÅSulfonamides antibiotics
ÅBacteria cannot absorb folic acid

ÅSynthesize THF from para-aminobenzoicacid (PABA)

ÅSulfonamides mimic PABA

ÅBlock THF synthesis 

Åᴽ  4(& ÆÏÒÍÁÔÉÏÎ Ąᴽ dTMP(loss of DNA synthesis)

ÅNo effect human cells (dietary folate)

Fdardel/Wikipedia



Bacterial THF Synthesis 

PABA

Dihydropteroic Acid

Dihydrofolic Acid

THF

DNA

Dihydropteroate
Synthase

Dihydrofolate
Reductase

Trimethoprim

Sulfonamides



Pyrimidine Synthesis
Drugs and Diseases

ÅFolate deficiency
ÅMain effect: loss of dTMPproduction Ąᴽ $.! ÐÒÏÄÕÃÔÉÏÎ

ÅRNA production relatively intact (does not require thymidine)

ÅMacrocytic anemia (fewer but larger RBCs)

ÅNeural tube defects in pregnancy



Vitamin B12

Thymidine-MPdUridine-MP

Thymidylate
Synthase

N5, N10 Tetrahydrofolate
DHF

THF

Dihydrofolate
Reductase

Folate

N5 Methyl THF

B12



Vitamin B12

ÅRequired to regenerate THF from N5-Methyl THF

Å$ÅÆÉÃÉÅÎÃÙ Ѐ Ȱ-ÅÔÈÙÌ ÆÏÌÁÔÅ ÔÒÁÐȱ

ÅLoss of dTMPsynthesis (megaloblasticanemia)

ÅNeurological dysfunction (demyelination)



Homocysteine and MMA

N5-Methyl THF

Homocysteine Methionine

THF

B12
Folate

B12
Methymalonyl CoA SuccinylCoA

Methylmalonic Acid (MMA)



B12 versus Folate Deficiency

ÅHomocysteine 
ÅBoth folate and B12 required to covert to methionine

ÅElevated homocysteine in both deficiencies

ÅMethylmalonic Acid 
ÅB12 also converts MMA to succinylCoA

Å"ρς ÄÅÆÉÃÉÅÎÃÙ Ѐ ᴻ methylmalonic acid (MMA) level

ÅFolate deficiency = normal MMA level



B12 versus Folate Deficiency

Folate B12

RBC ᴽ ᴽ

MCV ᴻ ᴻ

Homocysteine ᴻ ᴻ

Methylmalonic acid (MMA) -- ᴻ



MegaloblasticAnemia

Å!ÎÅÍÉÁ ɉᴽHct)

Å,ÁÒÇÅ 2"#Ó ɉᴻ-#6Ɋ

ÅHypersegmentedneutrophils

ÅCommonly caused by defective DNA production 
ÅFolate deficiency

ÅB12 (neuro symptoms, MMA)

ÅOrotic aciduria

ÅDrugs (MTX, 5-FU, hydroxyurea)

ÅZidovudine (HIV NRTIs)

Wikipedia/Public Domain



Glucose
Jason Ryan, MD, MPH



Carbs

Å#ÁÒÂÏÈÙÄÒÁÔÅ Ѐ Ȱ×ÁÔÅÒÅÄ ÃÁÒÂÏÎȱ

ÅMost have formula Cn(H2O)m

Wikipedia/Public Domain

Glucose
C6H12O6



Carbs

ÅMonosaccharides (C6H12O6)

ÅGlucose, Fructose, Galactose

Glucose



Carbs

ÅDisaccharides = 2 monosaccharides 

ÅBroken down to monosaccharides in GI tract

ÅLactose (galactose + glucose); lactase

ÅSucrose (fructose + glucose); sucrase

Lactose



Complex Carbs

ÅPolysaccharides: polymers of monosaccharides

ÅStarch
ÅPlant polysaccharide (glucose polymers)

ÅGlycogen
ÅAnimal polysaccharide (also glucose polymers)

ÅCellulose
ÅPlant polysaccharide of glucose molecules

ÅDifferent bonds from starch

ÅCannot be broken down by animals

ÅȰ&ÉÂÅÒȱ ÉÎ ÄÉÅÔ Ą improved bowel function



Glucose

ÅAll carbohydrates broken down into:
ÅGlucose

ÅFructose

ÅGalactose



Glucose Metabolism

Glucose

Lactate

TCA Cycle

Ribose/
NADPH Fatty Acids

Glycogen

Anaerobic
Metabolism

H2O/CO2

HMP Shunt Fatty Acid
Synthesis

Glycogenesis



Glucose Metabolism

ÅLiver
ÅMost varied use of glucose

ÅTCA cycle for ATP

ÅGlycogen synthesis



Glucose Metabolism

ÅBrain
ÅConstant use of glucose for TCA cycle (ATP)

ÅLittle glycogen storage

ÅMuscle/heart
ÅTCA cycle (ATP)

ÅTransport into cells heavily influenced by insulin

ÅMore insulin Ąmore glucose uptake

ÅStore glucose as glycogen



Glucose Metabolism

ÅRed blood cells
ÅNo mitochondria

ÅUse glucose for anaerobic metabolism (make ATP)

ÅGenerate lactate

ÅAlso use glucose for HMP shunt (NADPH)

ÅAdipose tissue
ÅMostly converts glucose to fatty acids

ÅLike muscle, uptake influenced by insulin



Glucose Entry into Cells

ÅNa+ independent entry 
Å14 different transporters described

ÅGLUT-1 to GLUT-14

ÅVaries by tissue (i.e. GLUT-1 in RBCs)

ÅNa+ dependent entry
ÅGlucose absorbed from low Ą high concentration

ÅIntestinal epithelium

ÅRenal tubules

GLUT

ᴻɍ'ÌÕÃÏÓÅɎ

ᴽɍ'ÌÕÃÏÓÅɎ



Glucose GI Absorption

ATP

Na+

GI Lumen Interstitium/Blood

SGLT
1

2 Na+

Glucose

GLUT
2 Glucose

Na+



Proximal Tubule

ATP

Na+

K+

Lumen (Urine) Interstitium/Blood

Na+

Glucose

Glucose



Glucose Entry into Cells

ÅGLUT-1
ÅInsulin independent (uptake when [glucose] high)

ÅBrain, RBCs

ÅGLUT-4
ÅInsulin dependent

ÅFat tissue, skeletal muscle

ÅGLUT-2
ÅInsulin independent 

ÅBidirectional (gluconeogenesis)

ÅLiver, kidney 

ÅIntestine (glucose OUT of epithelial cells to portal vein)

ÅPancreas 



Glycolysis
Jason Ryan, MD, MPH



Glycolysis

ÅUsed by all cells of the body

ÅSequence of reactions that occurs in cytoplasm

ÅConverts glucose (6 carbons) to pyruvate (3 carbons)

ÅGenerates ATP and NADH



NADH
Nicotinamideadenine dinucleotide

ÅTwo nucleotides 

ÅCarries electrons

ÅNAD+

ÅAccepts electrons

ÅNADH
ÅDonates electrons

ÅCan donate to electron transport chain ĄATP



Glycolysis Glucose

Glucose-6-phosphate

Fructose-6-phosphate

Fructose-1,6-bisphosphate

Glyceraldehyde-3-phosphate Dihydroxyacetone
Phosphate

1,3-bisphosphoclycerate

3-phosphoglycerate

2-phosphoglycerate

Phosphoenolpyruvate

Pyruvate



Glycolysis
Priming Stage

ÅUses energy (consumes 2 ATP)

ÅFirst and last reactions most critical

ATP

ATP

Glucose

Glucose-6-phosphate

Fructose-6-phosphate

Fructose-1,6-bisphosphate



Hexokinase vs. Glucokinase

ÅHexokinase
ÅFound in most tissues

ÅStrongly inhibited by G6P

ÅBlocks cells from hording glucose

ÅInsulin = no effect

ÅLow Km (usually operates max)

ÅLow Vm (max is not that high)

Glucose

Glucose-6-phosphate

ATP

ADP

-



Hexokinase

V

[S]

Vmax

V = Vm* [S]
Km + [S]

Hexokinase
Low Km

Quickly Reach Vm
Vm low



Hexokinase vs. Glucokinase

ÅGlucokinase
ÅFound in liver and pancreas

ÅNOT inhibited by G6P

ÅInduced by insulin

ÅInsulin promotes transcription

Å)ÎÈÉÂÉÔÅÄ ÂÙ &φ0 ɉÏÖÅÒÃÏÍÅ ÂÙ ᴻÇÌÕÃÏÓÅɊ

ÅHigh Km (rate varies with glucose)

Glucose

Glucose-6-phosphate

ATP

ADP

*Enzyme inactive when (1) low glucose and (2) high F6P

Fructose-6-phosphate

-



Glucokinase

V

[S]

Vmax

V = Vm* [S]
Km + [S]

Glucokinase
High Km
High Vm

Sigmoidal Curve
Cooperativity

Activity varies 
with [glucose]

High Vm liver
after meals



Glucokinaseregulatory protein
(GKRP)

ÅTranslocatesglucokinaseto nucleus

ÅResult: inactivation of enzyme

ÅFructose 6 phosphate:
ÅGKRP binds glucokinaseĄ nucleus (inactive)

ÅGlucose: 
ÅCompetes with GKRP for GK binding

ÅGlucokinaseĄ cytosol (active)

GK
GKRP

Nucleus

Glucose

F-6-P

GK

GKRP



Hexokinase vs. Glucokinase

ÅLow blood sugar
ÅHexokinase working (no inhibition G6P)

ÅGlucokinase inactive (rate ɻglucose; low insulin)

ÅGlucose to tissues, not liver

ÅHigh blood sugar
ÅHexokinase inactive (inhibited by G6P)

ÅGlucokinaseworking (high glucose, high insulin)

ÅLiver will store glucose as glycogen

Glucose

Glucose-6-phosphate

ATP

ADP

Fructose-6-phosphate



Glucokinase Deficiency

ÅResults in hyperglycemia

ÅPancreas less sensitive to glucose

ÅMild hyperglycemia

ÅOften exacerbated by pregnancy

Blausen.com staff. "Blausen gallery 2014".WikiversityJournal of Medicine.
DOI:10.15347/wjm/2014.010.ISSN20018762.



Phosphofructokinase-1

ÅRate limiting step for glycolysis

ÅConsumes 2nd ATP in priming stage

ÅIrreversible

ÅCommits glucose to glycolysis
ÅHMP shunt, glycogen synthesis no long possible

Fructose-6-phosphate

Fructose-1,6-bisphosphate

ATP

ADP



Regulation of Glycolysis
Phosphofructokinase-1

ÅKey inhibitors (less glycolysis)
ÅCitrate (TCA cycle)

ÅATP

ÅKey inducers (more glycolysis)
ÅAMP

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

Fructose-1,6-bisphosphate

ATP

ADP



Fructose 2,6 Bisphosphate
Regulation of Glycolysis

Fructose-6-phosphate

Fructose-1,6-bisphosphate

PFK1 Fructose 1,6
Bisphosphatase1

F-2,6-bisphosphate

PFK2

Fructose 1,6 
Bisphosphatase2

On/off switch glycolysis
ᴻ Ѐ ÇÌÙÃÏÌÙÓÉÓ ɉÏÎɊ

ᴽ Ѐ ÎÏ ÇÌÙÃÏÌÙÓÉÓ ɉÇÌÕÃÏÎÅÏÇÅÎÅÓÉÓɊ



Insulin and Glucagon

I G

PFK2/FBPase2

PFK2/FBPase2
P



F2,6BPase

Fructose 2,6 Bisphosphate
Regulation of Glycolysis

F6P

F 1,6 BP

 & ςȟφ "0

Fed State

)ÎÓÕÌÉÎ
& ςȟφ "0PFK2

Insulin

+

Pixabay



Fructose 2,6 Bisphosphate
Regulation of Glycolysis

F6P

F 1,6 BP

Fasting State

)ÎÓÕÌÉÎ
& ςȟφ "0

PFK2

Glucagon

-

 & ςȟφ "0
F2,6BPase

Aude/Wikipedia

P



Glycolysis
Splitting Stage

ÅFructose 1,6-phosphate to two molecules GAP

ÅReversible for gluconeogenesis

Fructose-1,6-bisphosphate

Glyceraldehyde-3-phosphate Dihydroxyacetone
Phosphate



Glycolysis
Energy Stage

ÅStarts with GAP

ÅTwo ATP per GAP

ÅTotal per glucose = 4

1,3-bisphosphoclycerate

3-phosphoglycerate

2-phosphoglycerate

Phosphoenolpyruvate

ATP

ATP

Anaerobic Metabolism (no O2)
2 ATP (net)

Glyceraldehyde-3-phosphate

NADH

NAD+

Pyruvate

TCA CycleLactateNAD+

NADH



Glycolysis
Energy Stage

ÅPyruvate kinase
ÅNot reversible

ÅInhibited by ATP, alanine

ÅActivated by fructose 1,6 BP
ÅȰ&ÅÅÄ ÆÏÒ×ÁÒÄȱ ÁÃÔÉÖÁÔÉÏÎ

ÅGlucagon/epinephrine 
ÅPhosphorylation 

ÅInactivation of pyruvate kinase

ÅSlows glycolysis/favors gluconeogenesis

Phosphoenolpyruvate

Pyruvate

ATP

Pyruvate
Kinase



Alanine Cycle

ÅSkeletal muscles can degrade protein for energy 

ÅProduce alanine Ą blood Ą liver

ÅLiver converts alanine to glucose

Glucose/
Glycogen

Pyruvate

Alanine

Amino
Acids

Alanine

Pyruvate

Glucose

Liver Muscle

Urea

Alanine transaminase
(ALT)



Glycolysis
Energy Stage

ÅLactate dehydrogenase (LDH)
ÅPyruvate ăĄ Lactate

ÅPlasma elevations common
ÅHemolysis

ÅMyocardial infarction

ÅSome tumors

ÅPleural effusions
ÅTransudate vs. exudate

Phosphoenolpyruvate

Pyruvate

ATP

Pyruvate
Kinase

TCA Cycle

Lactate Acetyl-CoA

LDH

NAD+



NADH

ÅLimited supply NAD+

ÅMust regenerate

ÅO2 present
ÅNADH ĄNAD (mitochondria)

ÅO2 absent
ÅNADH ĄNAD+ via LDH

1,3-bisphosphoclycerate

3-phosphoglycerate

2-phosphoglycerate

Phosphoenolpyruvate

Pyruvate

Glyceraldehyde-3-phosphate

NADH

TCA CycleLactate

NAD+

NAD+

NADH



Lactic Acidosis

ÅȢ /2Ąᴽ ÐÙÒÕÖÁÔÅ ÅÎÔÒÙ ÉÎÔÏ 4#! ÃÙÃÌÅ

Åᴻ  ÌÁÃÔÉÃ ÁÃÉÄ ÐÒÏÄÕÃÔÉÏÎ

ÅȢ Ð(ȟ ᴽ(#/σ-

ÅElevated anion gap acidosis

ÅSepsis, bowel ischemia, seizures

Pyruvate

TCA CycleLactate

Lactate
Dehydrogenase



Muscle Cramps

ÅToo much exercise Ą too much NAD consumption
ÅExceed capacity of TCA cycle/electron transport

ÅElevated NADH/NAD ratio

ÅFavors pyruvate Ą lactate

ÅpH falls in muscles Ą cramps

ÅDistance runners: lots of mitochondria (bigger, too)



Pyruvate Kinase Deficiency

ÅAutosomal recessive disorder

ÅRBCsmost effected
ÅNo mitochondria

ÅRequire PK for anaerobic metabolism

ÅLoss of ATP

ÅMembrane failure Ą phagocytosis in spleen

ÅUsually presents as newborn

ÅExtravascular hemolysis

ÅSplenomegaly

ÅDisease severity ranges based on enzyme activity

Databese Center for Life Science (DBCLS)



2,3 Bisphosphoglycerate

ÅCreated from diverted 1,3 BPG

ÅUsed by RBCs
ÅNo mitochondria

ÅNo TCA cycle

ÅSacrifices ATP from glycolysis

Å2,3 BPG alters Hgbbinding

1,3-bisphosphoglycerate

3-phosphoglycerate

2-phosphoglycerate

Phosphoenolpyruvate

Pyruvate

Glyceraldehyde-3-phosphate

TCA CycleLactate

2,3 BPG

BPG
Mutase

Databese Center for Life Science (DBCLS)

ATP

ATP
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Energy Yield from Glucose

ÅATP generated depends on cells/oxygen

ÅHighest yield with O2 and mitochondria
ÅAllows pyruvate to enter TCA cycle

ÅConverts pyruvate/NADH ĄATP

Blausen.com staff. "Blausen gallery 2014". Wikiversity
Journal of Medicine. DOI:10.15347/wjm/2014.010 . ISSN20018762

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 + 6O2Ą 32/30 ATP + 6CO2 + 6 H2O

32 ATP = malate-aspartate shuttle (liver, heart)
30 ATP = glycerol-3-phosphate shuttle (muscle)

No Oxygen or No Mitochondria
Glucose Ą 2 ATP + 2 Lactate + 2 H2O

*RBCs = no mitochondria



Summary
Key Steps

ÅRegulation
Å#1: Hexokinase/Glucokinase

Å#2: PFK1

Å#3: Pyruvate Kinase

ÅIrreversible
ÅGlucose ĄG6P (Hexo/ Glucokinase)

ÅF6P Ą F 1,6 BP (PFK1)

ÅPEP Ą pyruvate (pyruvate kinase)

Glucose

Glucose-6-phosphate

Fructose-6-phosphate

Fructose-1,6-bisphosphate

Glyceraldehyde-3-phosphate

1,3-bisphosphoclycerate

3-phosphoglycerate

2-phosphoglycerate

Phosphoenolpyruvate

Pyruvate

AMP
F2,6BP

ATP
Alanine



Summary
Key Steps

ÅATP expended
ÅGlucose ĄG6P

ÅF6P Ą F1,6BP

ÅATP generated
Å1,3BPG Ą 3PG

ÅPEP Ą pyruvate

Glucose

Glucose-6-phosphate

Fructose-6-phosphate

Fructose-1,6-bisphosphate

Glyceraldehyde-3-phosphate

1,3-bisphosphoclycerate

3-phosphoglycerate

2-phosphoglycerate

Phosphoenolpyruvate

PyruvateATP

ATP

ATP

ATP



Gluconeogenesis
Jason Ryan, MD, MPH



Gluconeogenesis

ÅGlucose from other carbons

ÅSources of glucose
ÅPyruvate

ÅLactate

ÅAmino acids

ÅPropionate (odd chain fats)

ÅGlycerol (fats)

Glucose

Glucose-6-phosphate

Fructose-6-phosphate

Fructose-1,6-bisphosphate

Glyceraldehyde-3-phosphate

1,3-bisphosphoglycerate

3-phosphoglycerate

2-phosphoglycerate

Phosphoenolpyruvate

Pyruvate



Pyruvate

Alanine Lactate

Acetyl-Coa

TCA Cycle

Gluconeogenesis

LiverGlucoseLiver Glucose

Alanine
Cycle

Cori
Cycle



Pyruvate

Pyruvate

Acetyl-CoaGluconeogenesis

Pyruvate 
Carboxylase

TCA Cycle
ATP

*Pyruvate carboxylase 
inactive without Acetyl-Coa

ᴻ!40ᴽ!40



Gluconeogenesis

ÅStep #1: Pyruvate ĄPhosphoenolpyruvate

Phosphoenolpyruvate
(PEP)

Pyruvate Oxaloacetate
(OAA)

ATP
CO2

Pyruvate 
Carboxylase

PEP
Carboxykinase

Biotin

GTP



Gluconeogenesis

ÅStep #1: Pyruvate ĄPhosphoenolpyruvate

Phosphoenolpyruvate
(PEP)

Pyruvate Oxaloacetate
(OAA)Pyruvate 

Carboxylase
PEP

Carboxykinase

Mitochondria Cytosol

Malate Shuttle



Biotin

ÅCofactor for carboxylation enzymes 
ÅAll add 1-carbon group via CO2
ÅPyruvate carboxylase

ÅAcetyl-CoA carboxylase 

ÅPropionyl-CoA carboxylase

ÅDeficiency
ÅVery rare (vitamin widely distributed)

ÅMassive consumption raw egg whites (avidin)

ÅDermatitis, glossitis, loss of appetite, nausea



Pyruvate Carboxylase 
Deficiency
ÅVery rare

ÅPresents in infancy with failure to thrive

ÅElevated pyruvate Ą lactate

ÅLactic acidosis



Gluconeogenesis

ÅStep #2: 
ÅFructose 1,6 bisphosphate Ą Fructose 6 phosphate

ÅRate limiting step

Fructose-6-phosphate

Fructose-1,6-bisphosphate

Phosphofructokinase -1 Fructose 1,6 bisphosphatase 1



Gluconeogenesis

Fructose-6-phosphate

Fructose-1,6-bisphosphate

Phosphofructokinase -1 Fructose 1,6 bisphosphatase 1

AMP
Fructose 2,6 bisphosphate

ATP



Fructose 2,6 Bisphosphate
Regulation of Glycolysis/Gluconeogenesis

Fructose-6-phosphate

Fructose-1,6-bisphosphate

PFK1 Fructose 1,6
Bisphosphatase 1

Fructose-2,6-bisphosphate

PFK2

Fructose 1,6 
Bisphosphatase 2

On/off switch glycolysis
ᴻ Ѐ ÇÌÙÃÏÌÙÓÉÓ ɉÏÎɊ

ᴽ Ѐ ÎÏ ÇÌÙÃÏÌÙÓÉÓ ɉÇÌÕÃÏÎÅÏÇÅÎÅÓÉÓɊ



Fructose 2,6 Bisphosphate
Regulation of Gluconeogenesis

ÅLevels rise with high insulin (fed state)

ÅLevels fall with high glucagon (fasting state)

ÅDrives glycolysis versus gluconeogenesis



PFK1 vs. F 1,6 BPtase1
Phosphofructokinase-1

Glycolysis
Fructose 1,6 Bisphosphatase

Gluconeogenesis

AMP AMP

F 2,6, Bisphosphate F 2,6, Bisphosphate

ATP ATP

Citrate

Fructose-6-phosphate

Fructose-1,6-bisphosphate

PFK1 Fructose 1,6
Bisphosphate1



Gluconeogenesis

ÅStep #3: Glucose 6-phosphate ĄGlucose

ÅOccurs mainly in liver and kidneys

ÅOther organs shunt G6P Ą glycogen

Glucose-6
Phosphate

Glucose

Glucose-6
Phosphatase

Endoplasmic
Reticulum



Gluconeogenesis
Glucose

Glucose-6-phosphate

Fructose-6-phosphate

Phosphoenolpyruvate

Pyruvate

Fructose-1,6-bisphosphate

Acetyl CoA

AMP

ATP

F2,6BP
Insulin/
Glucagon



Hormonal Control
Glucose

Glucose-6-phosphate

Fructose-6-phosphate

Phosphoenolpyruvate

Pyruvate

Fructose-1,6-bisphosphate

ɉᴽ&ςȟφ"0Ɋ
Glucagon

Glucagon

Glucagon

x

+

+



Gluconeogenesis
Substrates

Pyruvate

Alanine

Lactate GlycerolAmino
Acids

OAA

PEP

Glucose

Fructose-1,6-bisphosphate

Glyceraldehyde-3-phosphate Dihydroxyacetone Phosphate

Proprionyl
CoA

Odd Chain
Fatty Acids



Hormones

ÅInsulin
ÅShuts down gluconeogenesis (favors glycolysis)

ÅAction via F 2,6, BP

ÅGlucagon (opposite of insulin)



Other Hormones

ÅEpinephrine
ÅRaises blood glucose

ÅGluconeogenesis and glycogen breakdown

ÅCortisol
ÅIncreases gluconeogenesis enzymes

ÅHyperglycemia common side effect steroid drugs

ÅThyroid hormone
ÅIncreases gluconeogenesis



Glycogen
Jason Ryan, MD, MPH



Glycogen

ÅStorage form of glucose

ÅPolysaccharide

ÅRepeating units of glucose

ÅMost abundant in muscle, liver

ÅMuscle: glycogen for own use

ÅLiver: glycogen for body

Lin Mei/ Flikr

Wikipedia/Public Domain



Glycogen

Wikipedia/Public Domain Boumphreyfr/Wikipedia



Glycogen Synthesis

Glucose

Glucose-6-phosphate

ATP

ADP

Hexokinase/
Glucokinase

Glycolysis

Glycogen



Glycogen Synthesis
Glucose-6-phosphate

Glucose-1-phosphate

UDP-Glucose

Unbranched Glycogen

Branched Glycogen

UDP-glucose
pyrophosphorylase

Glycogen
Synthase

Branching
Enzyme

UTP



Glycogen Breakdown

Glucose-6-phosphate

Glucose-1-phosphate

UDP-Glucose

Unbranched Glycogen (ɻ1,4)

Branched Glycogen (ɻ1,6)

Glycogen
phosphorylase

Debranching
Enzyme

Glucose

Glucose-6
Phosphatase

Glycolysis

Lin Mei/ Flikr

ɻ1,4 glucosidase
(lysosomes)



Glycogen Breakdown

ÅPhosphorylase
ÅRemoves glucose molecules from glycogen polymer

ÅCreates glucose-1-phosphate

ÅStops when glycogen branches decreased to 2-4 linked glucose 
molecules (limit dextrins )

ÅStabilized by vitamin B6 

ÅDebranching enzyme
ÅCleaves limit dextrins



Debranching Enzyme



Hormonal Regulation

Glycogen

Glucose

Insulin
Glucagon

Epinephrine



Hormonal Regulation

Glycogen

Glucose

Insulin
Enzyme

Phosphorylation

Glycogen
Phosphorylase

P
Glycogen 
Synthase

P

Glucagon
Epinephrine



Hormonal Regulation

Glycogen

Glucose

Glucagon
Epinephrine

Glycogen
Phosphorylase

Glycogen 
Synthase

Insulin



Epinephrine and Glucagon
Glycogen Phosphorylase

Epi Gluc

Adenyl
Cyclase

cAMP

PKA

Glycogen
Phosphokinase A

Glycogen
Phosphorylase

P

+ +
P

Glycogen
Breakdown



Insulin
Glycogen Phosphorylase

I

GPKinaseA

Glycogen
Phosphorylase

P

Glycogen
Breakdown

GPKinaseA

Protein 
Phosphatase 1

Tyrosine
Kinase

P

Protein 
Phosphatase 1



Epinephrine and Glucagon
Glycogen Synthase

Epi Gluc

Adenyl
Cyclase

cAMP

PKA

Glycogen 
Synthase

P

+ +

Inhibition
Glycogen
Synthesis

Glycogen 
Synthase



Insulin
Glycogen Synthase

Glycogen 
Synthase

P

Glycogen
SynthesisGlycogen 

Synthase

I

Protein 
Phosphatase 1

Tyrosine
Kinase

P

Protein 
Phosphatase 1



Muscle Contraction
Glycogen Phosphorylase

GPKinaseA

Glycogen
Phosphorylase

P
Glycogen

Breakdown

Calcium/ Calmodulin



Glycogen Regulation

Glycogen

Glucose

Glycogen
Synthase

Glycogen
Phosphorylase

Glucose 6-P

ATP
Glucose

AMP



Glycogen as Fuel

0 8 16 24 36

Ingested Glucose

Glycogen
Gluconeogenesis
(proteins/fatty acids)
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Glycogen Storage Diseases

ÅMost autosomal recessive

ÅDefective breakdown of glycogen

ÅLiver: hypoglycemia

ÅMuscle: weakness

ÅMore than 14 described



Von 'ÉÅÒËÅȭÓDisease
Glycogen Storage Disease Type I

ÅGlucose-6-phosphatase deficiency (Type Ia)
ÅType Ib: Glucose transporter deficiency

ÅPresents in infancy: 2-6 months of age

ÅSevere hypoglycemia between meals
ÅLethargy

ÅSeizures

ÅLactic acidosis (Cori cycle)

ÅEnlarged liver (excess glycogen)
ÅCan lead to liver failure



Cori Cycle
Lactate Cycle

Petaholmes/Wikipedia



Von 'ÉÅÒËÅȭÓDisease
Glycogen Storage Disease Type I

ÅDiagnosis:
ÅDNA testing (preferred)

ÅLiver biopsy (historical test)

ÅTreatment: Cornstarch (glucose polymer)

ÅAvoid sucrose, lactose, fructose, galactose
ÅFeed into glycolysis pathways

ÅCannot be metabolized to glucose via gluconeogenesis

ÅWorsen accumulation of glucose 6-phosphate



0ÏÍÐÅȭÓDisease
Glycogen Storage Disease Type II

ÅAcid alpha-glucosidase deficiency
Å!ÌÓÏ ȰÌÙÓÏÓÏÍÁÌ ÁÃÉÄ ÍÁÌÔÁÓÅȱ

ÅAccumulation of glycogen in lysosomes

ÅClassic form presents in infancy

ÅSevere disease Ą often death in infancy/childhood



0ÏÍÐÅȭÓDisease
Glycogen Storage Disease Type II

ÅEnlarged muscles
ÅCardiomegaly

ÅEnlarged tongue

ÅHypotonia

ÅLiver enlargement (often from heart failure)

ÅNo metabolic problems (hypoglycemia)

ÅDeath from heart failure



#ÏÒÉȭÓ $ÉÓÅÁÓÅ
Glycogen Storage Disease Type III

ÅDebranching enzyme deficiency

ÅSimilar to type I except:
ÅMilder hypoglycemia

ÅNo lactic acidosis (Cori cycle intact)

ÅMuscle involvement (glycogen accumulation)

ÅKey point: Gluconeogenesis is intact



#ÏÒÉȭÓ $ÉÓÅÁÓÅ
Glycogen Storage Disease Type III

ÅClassic presentation:
ÅInfant or child with hypoglycemia/hepatomegaly

ÅHypotonia/weakness

ÅPossible cardiomyopathy with hypertrophy



-Ã!ÒÄÌÅȭÓDisease
Glycogen Storage Disease Type V

ÅMuscle glycogen phosphorylase deficiency
ÅMyophosphorylasedeficiency

ÅSkeletal muscle has unique isoform of G-phosphorylase

ÅGlycogen not properly broken down in muscle cells

ÅUsually presents in adolescence/early adulthood 
ÅExercise intolerance, fatigue, cramps

ÅPoor endurance, muscle swelling, and weakness

ÅMyoglobinuria and CK release (especially with exercise)

ÅUrine may turn dark after exercise



Other Glycogen Locations

ÅAstrocytes

ÅRenal cell carcinoma

Nephron/WikipediaBruno Pascal/Wikipedia



HMP Shunt
Jason Ryan, MD, MPH



HMP Shunt

ÅSeries of reactions that goes by several names:
ÅHexose monophosphate shunt

ÅPentose phosphate pathway

Å6-phosphogluconate pathway

ÅGlucose 6-ÐÈÏÓÐÈÁÔÅ ȰÓÈÕÎÔÅÄȱ Á×ÁÙ ÆÒÏÍ ÇÌÙÃÏÌÙÓÉÓ



Glucose

Glucose-6-phosphate

Fructose-6-phosphate

Fructose-1,6-bisphosphate

Glyceraldehyde-3-phosphate

1,3-bisphosphoclycerate

3-phosphoglycerate

2-phosphoglycerate

Phosphoenolpyruvate

Pyruvate

HMP Shunt



HMP Shunt

ÅSynthesizes:
ÅNADPH (many uses)

ÅRibose 5-phosphate (nucleotide synthesis)

ÅTwo key clinical correlations:
ÅG6PD deficiency

ÅThiamine deficiency ( transketolase )



ÅAll reactions occur in cytosol

ÅTwo phases:
ÅOxidative: irreversible, rate-limiting

ÅReductive: reversible

Glucose

Glucose-6-phosphate

Fructose-6-phosphate

Ribulose-5
Phosphate

NADPH

HMP Shunt

Ribose-5
Phosphate



Glucose

Glucose-6-phosphate
Ribulose-5
Phosphate

HMP Shunt
Oxidative Reactions

Glucose-6
Phosphate Dehydrogenase

6 phospho-
gluconolactone

NADP+NADPHNADP+NADPH

CO2



HMP Shunt
Reductive Reactions

Glucose

Glucose-6-phosphate

Fructose-6-phosphate

Ribulose-5
Phosphate

NADPH

Transketolase

Ribose-5
Phosphate



Transketolase

ÅTransfers a carbon unit to create F-6-phosphate

ÅRequires thiamine (B1) as a co-factor

ÅWernicke -Korsakoff syndrome
ÅAbnormal transketolasemay predispose

ÅAffected individuals may have abnormal binding to thiamine



Ribose-5-Phosphate

Ribose 5-phosphate

Purine Nucleotides
Adenosine, Guanosine

Pyrimidine Nucleotides
Cytosine, Uridine, Thymidine



NADPH
Nicotinamideadenine dinucleotide phosphate

ÅSimilar structure to NADH

ÅNot used for oxidative phosphorylation (ATP)

NADH NADPH



NADPH Uses

Å5ÓÅÄ ÉÎ ȰÒÅÄÕÃÔÉÖÅȱ ÒÅÁÃÔÉÏÎÓ

ÅReleases hydrogen to form NADP+

ÅUse #1: Co-factor in fatty acid, steroid synthesis
ÅLiver, mammary glands, testis, adrenal cortex

ÅUse #2: Phagocytosis

ÅUse #3: Protection from oxidative damage



Respiratory Burst

ÅPhagocytes generate H2O2 to kill bacteria
ÅȰ/ØÙÇÅÎ ÄÅÐÅÎÄÅÎÔȱ ËÉÌÌÉÎÇ

ÅȰ/ØÙÇÅÎ ÉÎÄÅÐÅÎÄÅÎÔȱȡ ÌÏ× Ð(ȟ ÅÎÚÙÍÅÓ

ÅUses three key enzymes:
ÅNADPH oxidase

ÅSuperoxide dismutase

ÅMyeloperoxidase



Respiratory Burst

O2

O2
-

NADPH

NADP+

NADPH
Oxidase

H2O2

HOCl

Cl-

Superoxide
Dismutase

Myeloperoxidase

Bacterial
Death



CGD
Chronic Granulomatous Disease

ÅLoss of function of NADPH oxidase

ÅPhagocytes cannot generate H2O2 

ÅCatalase (-) bacteria generate their own H2O2 

ÅPhagocytes use despite enzyme deficiency

ÅCatalase (+) bacteria breakdown H2O2

ÅHost cells have no H2O2 to use Ą recurrent infections

ÅFive organisms cause almost all CGD infections:
ÅStaph aureus, Pseudomonas, Serratia, Nocardia, Aspergillus

Source: UpToDate



G6PD Deficiency
Glucose-6-Phosphate Dehydrogenase

ÅNADPH required for normal red blood cell function

ÅH2O2 generation triggered in RBCs
ÅInfections

ÅDrugs

ÅFava beans

ÅNeed NADPH to degrade H2O2

ÅAbsence of  required NADPH Ą hemolysis



Glutathione
Erythrocytes

H2O2

H2O

Glutathione

Glutathione
Disulfide

NADPH + H+

NADP+

Trigger

HMP Shunt
Requires G6PD

Databese Center for Life Science (DBCLS)

Glutathione 
Reductase

Glutathione 
Peroxidase



G6PD Deficiency
Glucose-6-Phosphate Dehydrogenase

ÅX-linked disorder (males)

ÅMost common human enzyme disorder

ÅHigh prevalence in Africa, Asia, the Mediterranean
ÅMay protect against malaria

ÅRecurrent hemolysis after exposure to trigger
May present as dark urine

ÅOther HMP functions usually okay
ÅNucleic acids, fatty acids, etc.



G6PD Deficiency
Glucose-6-Phosphate Dehydrogenase

ÅClassic findings: Heinz bodies and bite cells

ÅHeinz bodies: oxidized Hgbprecipitated in RBCs

ÅBite cells: phagocytic removal by splenic macrophages

Bite cells

Heinz bodies



G6PD Deficiency
Triggers

ÅInfection: Macrophages generate free radicals

ÅFava beans: Contain oxidants

ÅDrugs:
ÅAntibiotics (sulfa drugs , dapsone, nitrofurantoin, INH)

ÅAnti -malarials (primaquine, quinidine)

ÅAspirin, acetaminophen (rare)



G6PD Deficiency
Diagnosis and Treatment

ÅDiagnosis:
ÅFluorescent spot test 

ÅDetects generation of NADPH from NADP

ÅPositive test if blood spot fails to fluoresce under UV light

ÅTreatment:
ÅAvoidance of triggers



Fructose and 
Galactose
Jason Ryan, MD, MPH



Fructose and Galactose

ÅIsomers of glucose (same formula: C6H12O6)

ÅGalactose (and glucose) taken up by SGLT1
ÅNa+ dependent transporter

ÅFructose taken up by facilitated diffusion GLUT-5

ÅAll leave enterocytes by GLUT-2



Carbohydrate GI Absorption

ATP

Na+

GI Lumen Interstitium/Blood

SGLT
1

2 Na+

Glucose
Galactose GLUT

2

Glucose
Galactose
Fructose

Na+

GLUT
5 Fructose



Fructose

ÅCommonly found in sucrose (glucose + fructose)

Glucose

Glucose-6-phosphate

Fructose-6-phosphate

Fructose-1,6-bisphosphate

Glyceraldehyde-
3-phosphate

Dihydroxyacetone
Phosphate

FructoseFructose-1-PhosphateGlyceraldehyde



Fructose
Glyceraldehyde-

3-phosphate
Dihydroxyacetone

Phosphate

FructoseFructose-1-PhosphateGlyceraldehyde

Fructokinase
(liver)

Aldolase B ATP
Triokinase



Fructose
Special Point

Glucose

Glucose-6-phosphate

Fructose-6-phosphate

Fructose-1,6-bisphosphate

Glyceraldehyde-3-phosphate Dihydroxyacetone
Phosphate

1,3-bisphosphoclycerate

3-phosphoglycerate

2-phosphoglycerate

Phosphoenolpyruvate

Pyruvate

Phosphofructokinase -1
Rate-limiting step: glycolysis

Fructose

Fructose-1-Phosphate

Fructose bypasses PFK-1
Rapid metabolism



Fructose
Special Point

Glucose

Glucose-6-phosphate

Fructose-6-phosphate

Fructose-1,6-bisphosphate

Glyceraldehyde-3-phosphate Dihydroxyacetone
Phosphate

1,3-bisphosphoclycerate

3-phosphoglycerate

2-phosphoglycerate

Phosphoenolpyruvate

Pyruvate

Hexokinase
Initial enzyme glycolysis

Fructose

Hexokinase can metabolize 
small amount of fructose



Essential Fructosuria

ÅDeficiency of fructokinase

ÅBenign condition 

ÅFructose not taken up by liver cells

ÅFructose appears in urine (depending on intake)



Hereditary Fructose 
Intolerance
ÅDeficiency of aldolase B

ÅBuild-up of fructose 1-phosphate

ÅDepletion of ATP



Hereditary Fructose 
Intolerance

ᴻ&ÒÕÃÔÏÓÅ-1-Phosphate

ᴽ!40

ᴽ'ÌÕÃÏÎÅÏÇÅÎÅÓÉÓᴽ'ÌÙÃÏÇÅÎ 
Breakdown

Hypoglycemia/
Vomiting

Hepatomegaly Liver Failure



Hereditary Fructose 
Intolerance
ÅBaby just weaned from breast milk

ÅFailure to thrive

ÅSymptoms after feeding
ÅHypoglycemia (seizures)

ÅEnlarged liver

ÅPart of newborn screening panel

ÅTreatment:
ÅAvoid fructose, sucrose, sorbitol 



Polyol Pathway
Glucose ĄFructose

Glucose Sorbitol Fructose

Aldose
Reductase

Sorbitol
Dehydrogenase

NADPH NADP+ NAD+ NADH



Galactose

ÅCommonly found in lactose (glucose + galactose)

ÅConverted to glucose 6-phosphate

Galactose

Galactose 1-Phosphate

Glucose 1-Phosphate

Glucose 6-Phosphate Glycolysis

Glycogen

Glucose



Galactose
Galactose

Galactose 1-Phosphate

Glucose 1-Phosphate

UDP-Glucose

Galactose
1-Phosphate

Uridyltransferase
(GALT)

Galactokinase
ATP



Classic Galactosemia

ÅDeficiency of galactose 1-phosphate uridyltransferase

ÅAutosomal recessive disorder

ÅGalactose-1-phosphate accumulates in cells

ÅLeads to accumulation of galactitol in cells



Polyol Pathway

Glucose Sorbitol Fructose

Aldose
Reductase

Sorbitol
Dehydrogenase

NADPH NADP+ NAD+ NADH

Galactose Galactitol



Classic Galactosemia

ÅPresents in infancy
ÅOften first few days of life

ÅShortly after consumption of milk

ÅLiver accumulation galactose/galactitol
ÅLiver failure

ÅJaundice

ÅHepatomegaly

ÅFailure to thrive

ÅCataracts if untreated 

Wikipedia/Public Domain

Wikipedia/Public Domain



Classic Galactosemia

ÅScreening: GALT enzyme activity assay

ÅTreatment: avoid galactose



Galactokinase Deficiency

ÅMilder form of galactosemia

ÅGalactose not taken up by cells

ÅAccumulates in blood and urine

ÅMain problem: cataracts as child/young adult
ÅMay present as vision problems

Wikipedia/Public Domain



Pyruvate 
Dehydrogenase
Jason Ryan, MD, MPH



Pyruvate

ÅEnd product of glycolysis

Pyruvate

Alanine Lactate

Acetyl-CoaGluconeogenesis

LiverGlucoseLiver Glucose

Alanine
Cycle

Cori
Cycle



Pyruvate

ÅTransported into mitochondria for:
ÅEntry into TCA cycle

ÅGluconeogenesis

ÅOuter membrane: a voltage-gated porin complex

ÅInner: mitochondrial pyruvate carrier (MPC)

Blausengallery 2014".Wikiversity Journal of Medicine



Pyruvate

Pyruvate

Acetyl-CoaGluconeogenesis

Pyruvate 
Carboxylase

TCA Cycle
ATP

Pyruvate 
Dehydrogenase

Complex



Pyruvate Dehydrogenase 
Complex
ÅComplex of 3 enzymes
ÅPyruvate dehydrogenase (E1)

ÅDihydrolipoyl transacetylase(E2)

ÅDihydrolipoyl dehydrogenase (E3)

ÅRequires 5 co-factors
ÅNAD+

ÅFAD

ÅCoenzyme A (CoA)

ÅThiamine

ÅLipoic acid

E1

E2E3



Pyruvate Dehydrogenase 
Complex

CH3-C-COO-

O

Thiamine -PP

CO2

CH3-CH-TPP

OH

CH3-C-Lipoic Acid

O
Lipoic Acid

NAD

FAD

CoA

Acetyl -CoA

E1

E2

E3

NADH

Pyruvate



Thiamine
PDH Cofactors

ÅVitamin B1

ÅConverted to thiamine pyrophosphate (TPP)

ÅCo-factor for four enzymes
ÅPyruvate dehydrogenase 

Åɻ-ketoglutarate dehydrogenase (TCA cycle)

Åɻ-ketoaciddehydrogenase (branched chain amino acids)

ÅTransketolase(HMP shunt)

ATP AMPThiamine
Thiamine pyrophospate



Thiamine Deficiency

ÅȢ  ÐÒÏÄÕÃÔÉÏÎ ÏÆ !40

Åᴻ  ÁÅÒÏÂÉÃ ÔÉÓÓÕÅÓ ÁÆÆÅÃÔÅÄ ÍÏÓÔ ɉÎÅÒÖÅÓȾÈÅÁÒÔɊ

ÅBeriberi
ÅUnderdeveloped areas

ÅDry type: polyneuritis, muscle weakness

ÅWet type: tachycardia, high-output heart failure, edema

ÅWernicke -Korsakoff syndrome
ÅAlcoholics (malnourished, poor absorption vitamins)

ÅConfusion, confabulation



Thiamine and Glucose

Å-ÁÌÎÏÕÒÉÓÈÅÄ ÐÁÔÉÅÎÔÓȡ ᴽÇÌÕÃÏÓÅ ᴽÔÈÉÁÍÉÎÅ

ÅIf glucose given first Ą unable to metabolize

ÅCase reports of worsening Wernicke-Korsakoff



FAD
PDH Cofactors

ÅSynthesized from riboflavin (B2)

ÅAdded to adenosine Ą FAD

ÅAccepts 2 electrons Ą FADH2

Flavin Adenine 
Dinucleotide

Riboflavin



NAD+

PDH Cofactors

ÅCarries electrons as NADH

ÅSynthesized from niacin (B3)
ÅNiacin: synthesized from tryptophan

ÅUsed in electron transport

Nicotinamide Adenine 
Dinucleotide

Niacin



Coenzyme A
PDH Cofactors

ÅAlso a nucleotide coenzyme (NAD, FAD)

ÅSynthesized from pantothenic acid (B5)

ÅAccepts/donates acyl groups

Coenzyme A

Pantothenic Acid

Acetyl-CoA



B Vitamins

ÅB1: Thiamine

ÅB2: Riboflavin (FAD)

ÅB3: Niacin (NAD) 

ÅB5: Pantothenic Acid (CoA)

* All water soluble
* All wash out quickly from body

(not stored in liver like B12)

Ragesoss/Wikipedia



Lipoic Acid
PDH Cofactors

ÅBonds with lysine Ą lipoamide

ÅCo-factor for E2

ÅInhibited by arsenic
ÅPoison (metal)

ÅBinds to lipoic acid Ą inhibits PDH (like thiamine deficiency)

ÅOxidized to arsenousoxide: smells like garlic (breath)

ÅNon-specific symptoms: vomiting, diarrhea, coma, death

Wikipedia/Public Domain



PDH Regulation

ÅPDH Kinase: phosphorylates enzyme Ą inactivation

ÅPDH phosphatase: dephosphorylation Ą activation

PDH PDH

Pᴻ.!$Ⱦ.!$(
ᴻ!$0
Ca2+

ᴽ.!$Ⱦ.!$(
AᴻCoA
ᴻ!40

Active Inactive



PDH Complex Deficiency

ÅRare inborn error of metabolism

ÅPyruvate shunted to alanine, lactate

ÅOften X linked

ÅMost common cause: mutations in PDHA1gene 

ÅCodes for E1-alpha subunit

E1 ɻ



PDH Complex Deficiency

ÅKey findings (infancy):
ÅPoor feeding

ÅGrowth failure

ÅDevelopmental delays

ÅLabs:
ÅElevated alanine

ÅLactic acidosis
Wikipedia/Public Domain



Mitochondrial Disorders

ÅInborn error of metabolism

ÅAll cause severe lactic acidosis

ÅKey examples:
ÅPyruvate dehydrogenase complex deficiency

ÅPyruvate carboxylase deficiency

ÅCytochrome oxidase deficiencies



PDH Complex Deficiency
Treatment

ÅThiamine, lipoic acid (optimize remaining PDH)

ÅKetogenic diet
ÅLow carbohydrates (reduces lactic acidosis)

ÅHigh fat

ÅKetogenic amino acids: Lysine and leucine

ÅDrives ketone production (instead of glucose)



Ketogenic Amino Acids

Leucine

Acetyl-CoA

Acetoacetate

Lysine



TCA Cycle
Jason Ryan, MD, MPH



TCA Cycle
Tricarboxylic Acid Cycle, Krebs Cycle, Citric Acid Cycle 

ÅMetabolic pathway

ÅConverts acetyl-CoA ĄCO2

ÅDerives energy from reactions



TCA Cycle
Tricarboxylic Acid Cycle, Krebs Cycle, Citric Acid Cycle 

ÅAll reactions occur in mitochondria

ÅProduces:
ÅNADH, FADH2Ą electron transport chain (ATP)

ÅGTP

ÅCO2

Blausengallery 2014".Wikiversity Journal of Medicine



TCA Cycle
Acetyl -CoA

CitrateOxaloacetate

Malate

Fumarate

Succinate Succinyl-CoA

Isocitrate

ɻ-ketoglutarate

CO2

CO2

NADH

NADH

FADH2

NADH

GTP



Citrate Synthesis

Å6 Carbon structure

ÅOxaloacetate (4C) + Acetyl-CoA (2C)

ÅInhibited by ATP

Acetyl -CoA

CitrateOxaloacetate

ATP

Citrate
Synthase

Special Points:
Inhibits PFK1 (glycolysis)

Activates ACoAcarboxylase
(fatty acid synthesis)

CoA



Fasting State

ÅOxaloacetate used for gluconeogenesis

Å  ÏØÁÌÏÁÃÅÔÁÔÅ for TCA cycle

ÅAcetyl-CoA (fatty acids) ĄKetone bodies

Acetyl -CoA

CitrateOxaloacetate
Citrate

Synthase

Glucose

Pyruvate

Ketones

CoA



Isocitrate

ÅIsomer of citrate

ÅEnzyme: aconitase

ÅForms intermediate (cis-aconitate) then isocitrate

ÅInhibited by fluoroacetate: rat poison

Citrate

Isocitrate



ɻ-Ketoglutarate

ÅRate limiting step of TCA cycle

ÅInhibited by:
ÅATP

ÅNADH

ÅActivated by:
ÅADP

ÅCa++

Isocitrate

ɻ-ketoglutarate

CO2

NADH

Isocitrate
Dehydrogenase



Succinyl-CoA

Åɻ-ketoglutarate dehydrogenase complex

ÅSimilar to pyruvate dehydrogenase complex

ÅCofactors:
ÅThiamine

ÅCoA

ÅNAD

ÅFADH

ÅLipoic acid

Succinyl-CoA

ɻ-ketoglutarate

CO2
NADH

ɻ-KG
Dehydrogenase

CoA

Succinyl-CoA
NADH

Ca++



Succinate

ÅSuccinyl-CoA synthase

Succinate Succinyl-CoA

CoA
GTP



Fumarate

ÅSuccinate dehydrogenase

ÅUnique enzyme: embedded mitochondrial membrane

ÅFunctions as complex II electron transport

Fumarate

Succinate

FADH2

Complex 
II

FAD

Succinate
Dehydrogenase

Electron
Transport



Fumarate

ÅAlso produced several other pathways
ÅUrea cycle

ÅPurine synthesis (formation of IMP)

ÅAmino acid breakdown: phenylalanine, tyrosine



Malate and Oxaloacetate

Malate

Fumarate

Oxaloacetate
NADH

Fumarase

Malate dehydrogenase



Malate Shuttle

Å-ÁÌÁÔÅ ȰÓÈÕÔÔÌÅÓȱ ÍÏÌÅÃÕÌÅÓ ÃÙÔÏÓÏÌ ăĄmitochondria

ÅKey points:
ÅMalate can cross mitochondrial membrane (transporter)

ÅNADH and oxaloacetate cannot cross

ÅTwo key uses:
ÅTransfer of NADH into mitochondria  

ÅTransfer of oxaloacetate OUT of mitochondria 

Malate

Oxaloacetate
NADH

Malate dehydrogenase



Malate Shuttle

ÅUse #1: Transfer of NADH

Malate

NADH

MalateOAA

NAD+

OAA

NADH NAD+

Cytosol

Mitochondria

Aspratate

ɻ-KG Glut

Aspratate

ɻ-KG Glut



Malate Shuttle

ÅUse #2: Transfer of oxaloacetate

OAA Malate

NADH NAD+

MalateOAA

NADH NAD+

Gluconeogenesis

Cytosol

Mitochondria



TCA Intermediates

CitrateOxaloacetate

Malate

Fumarate

Succinate Succinyl-CoA

Isocitrate

ɻ-ketoglutarate

Amino
Acids

Glucose

Amino
Acids

Fatty 
Acids



Succinyl CoA

Succinyl-CoA

TCA Cycle
(ɻ-KG)

Odd Chain Fatty Acids
Branched Chain Amino Acids

Methylmalonyl CoA

Heme
Synthesis

TCA Cycle
(succinate)



TCA Cycle
Key Points

ÅInhibited by:
ÅATP

ÅNADH

ÅAcetyl CoA

ÅCitrate

ÅSuccinyl CoA



TCA Cycle
Acetyl -CoA

CitrateOxaloacetate

Malate

Fumarate

Succinate Succinyl-CoA

Isocitrate

ɻ-ketoglutarate

CO2

CO2

NADH

NADH

FADH2

NADH

GTP

ATP
Citrate

NADH
Succinyl CoA

ATP
NADH

Citrate synthase

Isocitrate
Dehydrogenase

ɻ-KG
Dehydrogenase

Pyruvate

Pyruvate
Dehydrogenase

ATP, Acetyl-CoA, NADH



TCA Cycle
Key Points

ÅActivated by:
ÅADP

ÅCalcium



TCA Cycle
Acetyl -CoA

CitrateOxaloacetate

Malate

Fumarate

Succinate Succinyl-CoA

Isocitrate

ɻ-ketoglutarate

CO2

CO2

NADH

NADH

FADH2

NADH

GTP

Isocitrate
Dehydrogenase

ɻ-KG
Dehydrogenase

Pyruvate

ADP
Ca++

Ca++



Electron Transport 
Chain
Jason Ryan, MD, MPH



Electron Transport Chain

Blausengallery 2014".Wikiversity Journal of Medicine

NADH
FADH2



Aerobic Metabolism

Glucose

2 ATP

Pyruvate

2 NADH

Acetyl CoA

Pyruvate

NADH

NADH

NADH

FADH2

Acetyl CoA

NADH

NADH

NADH

FADH2

Cytosol Mitochondria

ATP

ATP

GTP

GTP



Malate Shuttle

Malate

NADH

MalateOAA

NAD+

OAA

NADH NAD+

Cytosol

Mitochondria

Aspartate

ɻ-KG Glut

Aspartate

ɻ-KG Glut



Glycerol Phosphate Shuttle

NADH

Glycerol
Phosphate

Dihydroxyacetone
phosphate

NAD+

Cytosol

Mitochondria

Glycerol 
Phosphate 

Dehydrogenase

FAD FADH2

Glycerol 
Phosphate 

Dehydrogenas
e

Glycerol 
Phosphate 

Dehydrogenase



Electron Transport

ÅExtract electrons from NADH/FADH2

ÅTransfer to oxygen (aerobicrespiration)

ÅIn process, generate/capture energy

ÅNADH ĄNAD+ + H+ + 2e-

ÅFADH2 Ą FAD + 2 H+ + 2e-

Å2e- + 2H+ + ½O2ĄH2O

Blausengallery 2014".Wikiversity Journal of Medicine



Electron Transport Complexes
Cytosol

Outer
Membrane

Inner
Membrane

Inter
Membrane

Space

I II III IV



Complex I

ÅNADH Dehydrogenase

ÅOxidizes NADH (NADH ĄNAD+)

ÅTransfers electrons to coenzyme Q (ubiquinone)

NADH CoQ

e-



Complex I

ÅCoQ shuttles electrons to complex III

ÅPumps H+ into intermembrane space

ÅKey intermediates: 
ÅFlavin mononucleotide (FMN)

ÅIron sulfur compounds (FeS)

NADH FMN FeS CoQ

e- e- e-



Electron Transport
Cytosol

Outer
Membrane

Inner
Membrane

Inter
Membrane

Space

I III
CoQ

e-
H+

H+

e-



CoQ 10 Supplements

ÅSome data indicate statins decrease CoQ levels

ÅHypothesized to contribute to statin myopathy

ÅCoQ 10 supplements may help in theory

ÅNo good data to support this use

Ragesoss/Wikipedia



Complex II

ÅSuccinate dehydrogenase (TCA cycle)

ÅElectrons from succinate Ą FADH2ĄCoQ

Fumarate

Succinate

FADH2

FAD

Succinate
Dehydrogenase

II

CoQ



Complex III

ÅCytochrome bc1 complex

ÅTransfers electrons CoQ Ą cytochrome c

ÅPumps H+ to intermembrane space



Electron Transport
Cytosol

Outer
Membrane

Inner
Membrane

Inter
Membrane

Space

III

CytcH+

H+

IV

e- e-



Cytochromes

ÅClass of proteins

ÅContains a heme group

ÅIron plus porphyrin ring

ÅHgb: mostly Fe2+

ÅCytochromes: Fe2+ 
ăĄFe3+

ÅOxidation state changes with electron transport

ÅElectron transport: a, b, c

ÅCytochrome P450: drug metabolism



Complex IV

ÅCytochrome a + a3

ÅCytochrome c oxidase (reacts with oxygen)

ÅContains copper (Cu)

ÅElectrons and O2ĄH2O

ÅAlso pumps H+



Electron Transport
Cytosol

Outer
Membrane

Inner
Membrane

Inter
Membrane

Space

I II III IV

O2
H2O

H+ H+

H+
H+

H+

H+
H+

H+

H+

H+

H+

H+

H+

H+
H+

H+ H+

H+
H+

H+

H+
H+

H+

H+
H+

H+

H+
H+

H+

H+
H+

H+

H+
H+

H+

H+

H+
H+

H+ H+
H+

Cytc
CoQ



Phosphorylation

ÅTwo ways to produce ATP:
ÅSubstrate level phosphorylation

ÅOxidative phosphorylation

ÅSubstrate level phosphorylation (via enzyme):

Phosphoenolpyruvate

ATP
Pyruvate

ADP



Oxidative Phosphorylation
Cytosol

Outer
Membrane

Inner
Membrane

Inter
Membrane

Space
H+ H+

H+
H+

H+

H+
H+

H+

H+

H+

H+

H+

H+

H+

H+ H+
H+

H+
H+

H+

ATP 
Synthase

ADP ATP



ATP Synthase

ÅComplex V

ÅConverts proton (charge) gradient ĄATP
ÅȰÅÌÅÃÔÒÏÃÈÅÍÉÃÁÌ ÇÒÁÄÉÅÎÔȱ

ÅȰÐÒÏÔÏÎ ÍÏÔÉÖÅ ÆÏÒÃÅȱ

Å0ÒÏÔÏÎÓ ÍÏÖÅ ÄÏ×Î ÇÒÁÄÉÅÎÔ ɉȰÃÈÅÍÉÏÓÍÏÓÉÓȱɊ



P/O Ratio

ÅATP per molecule O2
ÅClassically had to be an integer
Å3 per NADH

Å2 per FADH2

ÅNewer estimates
Å2.5 per NADH

Å1.5 per FADH2

Hinkle P. P/O ratios of mitochondrial oxidative phosphorylation. 
Biochimicaet BiophysicaAct 1706 (Jan 2005) 1-11



Aerobic Energy Production

Glucose

2 ATP

Pyruvate

2 NADH

Acetyl CoA

Pyruvate

NADH

NADH

NADH

FADH2

Acetyl CoA

NADH

NADH

NADH

FADH2

Cytosol Mitochondria

9 ATP

9 ATP

GTP (1ATP)

GTP (1 ATP)

30/32 ATP
per glucose

2 NADH (5)

2 FADH2 (3)

Malate

Glycerol-3-P

NADH (2.5)

NADH (2.5)



Drugs and Poisons

ÅTwo ways to disrupt oxidative phosphorylation

Å#1: Block/inhibit electron transport

Å#2: Allow H+ to leak out of inner membrane space
ÅȰUncouplingȱ ÏÆ ÅÌÅÃÔÒÏÎ ÔÒÁÎÓÐÏÒÔȾÏØÉÄÁÔÉÖÅ ÐÈÏÓÐÈÏÒÙÌÁÔÉÏÎ



Inhibitors

ÅRotenone (insecticide)
ÅBinds complex I

ÅPrevents electron transfer (reduction) to CoQ

ÅAntimycin A (antibiotic)
ÅComplex III (bc1 complex)

ÅComplex IV
ÅCarbon monoxide (binds a3 in Fe2+ state ɀcompetes with O2)

ÅCyanide (binds a3 in Fe3+ state)



Cyanide Poisoning

ÅCNS: Headache, confusion

ÅCardiovascular: Initial tachycardia, hypertension

ÅRespiratory: Initial tachypnea

ÅBright red ÖÅÎÏÕÓ ÂÌÏÏÄȡ ᴻ/2 content

ÅAlmond smell

ÅAnaerobic metabolism: lactic acidosis

Mullookkaaran/Wikipedia



Cyanide Poisoning

ÅNitroprusside : treatment of hypertensive 
emergencies
ÅContains five cyanide groups per molecule

ÅToxic levels with prolonged infusions 

ÅTreatment: Nitrites (amyl nitrite)
ÅConverts Fe2+ 

Ą Fe3+ in Hgb(methemoglobin)

ÅFe3+ in Hgbbinds cyanide, protects mitochondria



Uncoupling Agents
Cytosol

Outer
Membrane

Inner
Membrane

Inter
Membrane

Space
H+ H+

H+
H+

H+

H+
H+

H+

H+

H+

H+

H+

H+

H+

H+ H+
H+

H+
H+

H+

ATP 
Synthase

ADP ATP



Uncoupling Agents

Å2,4 dinitrophenol (DNP)

ÅAspirin (overdose)

ÅBrown fat
ÅNewborns (also hibernating animals)

ÅUncoupling protein 1 (UCP -1, thermogenin )

ÅSympathetic stimulation (NE, ɼreceptors) Ą lipolysis

ÅElectron transport Ą heat (not ATP)

All lead to production of heat

Pixabay/Public Domain



OligomycinA

ÅMacrolide antibiotic

ÅInhibits ATP synthase

ÅProtons cannot move through enzyme

ÅProtons trapped in intermembrane space

ÅOxidative phosphorylation stops

ÅATP cannot be generated



Fatty Acids
Jason Ryan, MD, MPH



Lipids

ÅMostly carbon and hydrogen

ÅNot soluble in water

ÅMany types:
ÅFatty acids

ÅTriacylglycerol (triglycerides)

ÅCholesterol

ÅPhospholipids

ÅSteroids

ÅGlycolipids 



Lipids

Fatty Acid
Glycerol

Triglyceride



Fatty Acid and Triglycerides 

ÅMost lipids degraded to free fatty acids in intestine

ÅEnterocytes convert FAs to triacylglycerol

ÅChylomicrons carry through plasma

ÅTAG degraded back to free fatty acids 
ÅLipoprotein lipase

ÅEndothelial surfaces of capillaries

ÅAbundant in adipocytes and muscle tissue



Vocabulary

ÅȰ3ÁÔÕÒÁÔÅÄȱ ÆÁÔ ɉÏÒ ÆÁÔÔÙ ÁÃÉÄɊ
ÅContains no double bonds

ÅȰ3ÁÔÕÒÁÔÅÄȱ ×ÉÔÈ ÈÙÄÒÏÇÅÎ

ÅUsually solid at room temperature

ÅRaise LDL cholesterol

ÅȰ5ÎÓÁÔÕÒÁÔÅÄȱ ÆÁÔ
ÅContains at least one double bond

ÅȰ-ÏÎÏÕÎÓÁÔÕÒÁÔÅÄȡȱ /ÎÅ ÄÏÕÂÌÅ ÂÏÎÄ

ÅȰ0ÏÌÙÕÎÓÁÔÕÒÁÔÅÄȡȱ -ÏÒÅ ÔÈÁÎ ÏÎÅ ÄÏÕÂÌÅ ÂÏÎÄ



More Vocabulary

ÅTrans fat
ÅDouble bonds (unsaturated) can be trans or cis

ÅMost natural fats have cis configuration 

ÅTrans from partial hydrogenation (food processing method)

ÅCan increase LDL, lower HDL

ÅOmega-3 fatty acids
ÅType of polyunsaturated fat

ÅFound in fish oil

ÅLower triglyceride levels

eicosapentaenoic acid(EPA)



Fatty Acid Metabolism

ÅFatty acids synthesis
ÅLiver, mammary glands, adipose tissue (small amount)

ÅExcess carbohydrates and proteins Ą fatty acids

ÅFatty acid storage
ÅAdipose tissue

ÅStored as triglycerides

ÅFatty acid breakdown
Åɼ-oxidation

ÅAcetyl CoA Ą TCA cycle ĄATP



Fatty Acid Synthesis

ÅIn high energy states (fed state):
ÅLots of acetyl-CoA

ÅLots of ATP

ÅInhibition of isocitrate dehydrogenase (TCA cycle)

ÅResult: High citrate level

Acetyl -CoA

CitrateOxaloacetate

ATP

Citrate
Synthase

CoA

Isocitrate
Dehydrogenase



Fatty Acid Synthesis

ÅStep 1: Citrate to cytosol via citrate shuttle

ÅKey point: Acetyl-CoA cannot cross membrane

Acetyl -CoA

CitrateOxaloacetate

ATP

Citrate
Synthase

CoA

Citrate

Cytosol

Mitochondria

Isocitrate
Dehydrogenase



Fatty Acid Synthesis

ÅStep 2: Citrate converted to acetyl-CoA

ÅNet effect: Excess acetyl-CoA moved to cytosol

Acetyl -CoACitrate

Oxaloacetate

ATP-Citrate
Lyase

CoA

ATP ADP



Fatty Acid Synthesis

ÅStep 3: Acetyl-CoA converted to malonyl-CoA

ÅRate limiting step

Acetyl -CoA

Acetyl -CoA
Carboxylase

Malonyl -CoA

CO2

Biotin

Glucagon
EpinephrineInsulin

-+

ɼ-oxidation

-

Daniel W. Foster. Malonyl CoA: the regulator of fatty acid synthesis and oxidation
J ClinInvest.2012;122(6):1958ɀ1959.

Citrate



Biotin

ÅCofactor for carboxylation enzymes 
ÅAll add 1-carbon group via CO2

ÅPyruvate carboxylase

ÅAcetyl -CoA carboxylase 

ÅPropionyl-CoA carboxylase



Fatty Acid Synthesis

ÅStep #4: Synthesis of palmitate

ÅEnzyme: fatty acid synthase

ÅUses carbons from acetyl CoA and malonyl CoA

ÅCreates 16 carbon fatty acid

ÅRequires NADPH(HMP Shunt)

Palmitate



Fatty Acid Storage

ÅPalmitatecan be modified to other fatty acids

ÅUsed by various tissues based on needs

ÅStored as triacylglycerols in adipose tissue



Fatty Acid Breakdown

ÅKey enzyme: Hormone sensitive lipase

ÅRemoves fatty acids from TAG in adipocytes

ÅActivated by glucagon and epinephrine



Fatty Acid Breakdown

Fatty Acid

Glycerol

Triacylglycerol

Hormone
Sensitive

Lipase

Liver



Glycerol Glucose

Glucose-6-phosphate

Fructose-6-phosphate

Fructose-1,6-bisphosphate

Glyceraldehyde-3-phosphate Dihydroxyacetone
Phosphate

1,3-bisphosphoglycerate

3-phosphoglycerate

2-phosphoglycerate

Phosphoenolpyruvate

Pyruvate
Glycerol

Glycerol-3-Phosphate

Glycerol-3-Phosphate
Dehydrogenase

Glycerol
Kinase



Fatty Acid Breakdown

ÅFatty acids transported via albumin

ÅTaken up by tissues

ÅNot used by:
ÅRBCs: Glycolysis only (no mitochondria)

ÅBrain : Glucose and ketones only

Wikipedia/Public DomainDatabese Center for Life Science (DBCLS)



Fatty Acid Breakdown

Åɼ-oxidation

ÅRemoval of 2-carbon units from fatty acids

ÅProduces acetyl-CoA, NADH, FADH2



ɼ-oxidation

ÅStep #1: Convert fatty acid to fatty acyl CoA

Fatty
Acid

Fatty acyl
CoA

RɂCɂOH

O

RɂCɂCoA

O

CoA

Long Chain
Fatty Acyl CoA

synthetase

ATP



ɼ-oxidation

ÅStep #2: Transport fatty acyl CoA Ą inner 
mitochondria

ÅUses carnitine shuttle

ÅCarnitine in diet 

ÅAlso synthesized from lysine and methionine
ÅOnly liver, kidney can synthesize de novo

ÅMuscle and heart depend on diet or other tissues

Carnitine



Carnitine Shuttle

Mitochondrial
Matrix

Acyl
Carnitine

Fatty acyl
CoA

CoA

RɂCɂCoA

O
CPT-2

Cytosol

Inner
Membrane

Space

Fatty acyl
CoA

Fatty acyl
CoA

RɂCɂCoA

O

RɂCɂCarnitine

O

Acyl
Carnitine

Carnitine

Carnitine
Palmitoyl

Transferase-1

Malonyl -CoA

-



Carnitine Deficiencies

ÅSeveral potential secondary causes
ÅMalnutrition

ÅLiver disease

ÅIncreased requirements (trauma, burns, pregnancy)

Å(ÅÍÏÄÉÁÌÙÓÉÓ ɉᴽ ÓÙÎÔÈÅÓÉÓȠ ÌÏÓÓ ÔÈÒÏÕÇÈ ÍÅÍÂÒÁÎÅÓɊ

ÅMajor consequence: 
ÅInability to transport LCFA to mitochondria

ÅAccumulation of LCFA in cells

ÅLow serum carnitine and acylcarnitine levels



Carnitine Deficiencies

ÅMuscle weakness, especially during exercise 

ÅCardiomyopathy

ÅHypoketotic hypoglycemia when fasting
ÅTissues overuse glucose

ÅPoor ketone synthesis without fatty acid breakdown



ÅMutation affecting carnitine uptake into cells

ÅInfantile phenotype presents first two year of life
ÅEncephalopathy 

ÅHepatomegaly

ÅHyperammonemia (liver dysfunction)

ÅHypoketotic hypoglycemia

ÅLow serum carnitine: kidneys cannot resorb carnitine

ÅReducedcarnitine levels in muscle, liver, and heart

Primary systemic carnitine 
deficiency



ɼ-oxidation

ÅStep #3: "ÅÇÉÎ ȰÃÙÃÌÅÓȱ ÏÆ ÂÅÔÁ ÏØÉÄÁÔÉÏÎ

ÅRemoves two carbons 

ÅShortens chain by two

ÅGenerates NADH, FADH2, Acetyl CoA

CoA-S

ɻcarbon

ɼcarbon



ɼ-oxidation

ÅFirst step in a cycle involves acyl-CoA dehydrogenase

ÅAdds a double bond between ɻand ɼcarbons

CoA-S

CoA-S

ɻcarbon

ɼcarbon

Acyl-CoA 
dehydrogenase

&!$

&!$(ς



Acyl-CoA Dehydrogenase

ÅFamily of four enzymes
ÅShort

ÅMedium

ÅLong

ÅVery-long chain fatty acids

ÅWell described deficiency of medium chain enzyme



MCAD Deficiency
Medium Chain Acyl-CoA Dehydrogenase

ÅAutosomal recessive disorder

ÅPoor oxidation 6-10 carbon fatty acids

ÅSevere hypoglycemia without ketones

ÅDicarboxylic acids 6-10 carbons in urine

ÅHigh acylcarnitine levels

Dicarboxylic Acid



MCAD Deficiency
Medium Chain Acyl-CoA Dehydrogenase

ÅGluconeogenesis shutdown
ÅPyruvate carboxylase depends on Acetyl-CoA

ÅAcetyl-CoA levels low in absence ɼ-oxidation

ÅExacerbated in fasting/infection

ÅTreatment: Avoid fasting



Odd Chain Fatty Acids

Åɼ-oxidation proceeds until 3 carbons remain

ÅProprionyl -CoA ĄSuccinyl-CoA Ą TCA cycle

ÅKey point: Odd chain FA Ą glucose

S-CoA

Succinyl-CoA

Propionyl CoA

Propionyl -CoA
Carboxylase

(Biotin)



Biotin

Propionyl CoA

ÅCommon  pathway to TCA cycle

ÅElevated methylmalonic acid seen in B12 deficiency

Propionyl CoA MethylMalonyl-CoA Succinyl-CoA

TCA Cycle

Odd Chain
Fatty Acids

Amino Acids
Isoleucine

Valine
Threonine
Methionine

B12

Cholesterol



Methylmalonic Acidemia

ÅDeficiency of Methylmalonyl -CoA mutase

ÅAnion gap metabolic acidosis

ÅCNS dysfunction

ÅOften fatal early in life

Methylmalonyl-CoA Succinyl-CoA

B12

S-CoA S-CoA

Methylmalonyl -CoA
mutase

Isomers



Ketone Bodies
Jason Ryan, MD, MPH



Ketone Bodies

ÅAlternative fuel source for some cells

ÅFasting/starvation Ą fatty acids to liver

ÅFatty acids Ą acetyl-CoA

Åᴻ  ÁÃÅÔÙÌ-CoA exceeds capacity TCA cycle

ÅAcetyl-CoA shunted toward ketone bodies

Acetyl-CoA

TCA Cycle

Fatty Acids Ketone Bodies



Ketone Body Synthesis

Acetyl-CoA Acetyl-CoA

Acetoacetyl-CoA

CH3ɂCɂCoA

O

CH3ɂCɂCH2ɂCɂCoA

HMG-CoA
CɂCH2ɂCɂCoA

O

O-ɂCɂCH2ɂ

OH

CH3
O

Acetoacetate

CɂOCH3

O

CH3ɂCɂCH2ɂ

O

3-HydroxybutyrateAcetone
CH3ɂCɂCH3

O

CɂO-

O

CH3ɂCɂCH2ɂ

OH

H

O O



Ketolysis

Å3-hydroxybutyrate/acetoacetate ĄATP

ÅLiver releases ketones into plasma
ÅConstant low level synthesis

Åᴻ ÓÙÎÔÈÅÓÉÓ ÉÎ ÆÁÓÔÉÎÇ ×ÈÅÎ &! ÌÅÖÅÌÓ ÁÒÅ ÈÉÇÈ

ÅUsed by muscle, heart
ÅSpares glucose for the brain

ÅBrain can also use ketone bodies

ÅLiver cannot use ketone bodies 



Ketolysis

Acetoacetate

3-Hydroxybutyrate

NADH

AcetoacetylCoA

Acetyl-CoA Acetyl-CoA

TCA CycleTCA Cycle



Big Picture

ÅBrain cannot use fatty acids

ÅKetone bodies allow use of fatty acid energy by brain

ÅAlso used by other tissues: preserve glucose for brain

Fatty 
Acids

Liver Ketone
Bodies

Brain Acetyl-CoA

Schönfeld P, Reiser G. Why does brain metabolism not favor burning of fatty acids to provide energy?
Journal of Cerebral Blood Flow & Metabolism(2013)33,1493ς1499



Ketoacidosis

ÅKetone bodies have low pKa

ÅRelease H+ at plasma pH

Åᴻ  ËÅÔÏÎÅÓ Ą anion gap metabolic acidosis

Acetoacetate

CɂCH3

O

O-ɂCɂCH2ɂ

O

3-Hydroxybutyrate

CɂO-

O

CH3ɂCɂCH2ɂ

OH

H



Diabetes

ÅLow insulin

ÅHigh fatty acid utilization

ÅOxaloacetate depleted 

ÅTCA cycle stalls

Åᴻ  ÁÃÅÔÙÌ-CoA

ÅKetone production
Acetyl -CoA

CitrateOxaloacetate

Glucose

Fatty Acids

Ketones

Malate

NADH



Alcoholism

ÅEtOHmetabolism: excess NADH

ÅOxaloacetate shunted to malate

ÅStalls TCA cycle

Åᴻ  ÁÃÅÔÙÌ-CoA

ÅKetone production

Å!ÌÓÏ ᴽ ÇÌÕÃÏÎÅÏÇÅÎÅÓÉÓ

Malate

Oxaloacetate
NADH

Malate dehydrogenase

Acetyl -CoA

Citrate

Ketones



Urinary Ketones

ÅNormally no ketones in urine
ÅAny produced Ąutilized

ÅElevated urine ketones:
ÅPoorly controlled diabetes (insufficient insulin)

ÅDKA

ÅProlonged starvation 

ÅAlcoholism

Image courtesy of J3D3



Ethanol Metabolism
Jason Ryan, MD, MPH



Ethanol Metabolism

Alcohol
Dehydrogenase

Aldehyde
Dehydrogenase

NAD+ NADH NAD+ NADH

Ethanol Acetaldehyde Acetate

Cytosol Mitochondria



Ethanol Metabolism

ÅExcessive alcohol consumption leads to problems:
ÅCNS depressant

ÅHypoglycemia

ÅKetone body formation (ketosis)

ÅLactic acidosis

ÅAccumulation of fatty acids

ÅHyperuricemia

ÅHepatitis and cirrhosis

ÅTrigger for all biochemical problems is .!$(

Pixabay/Public Domain



NADH Stalls TCA Cycle
Acetyl -CoA

CitrateOxaloacetate

Malate

Fumarate

Succinate Succinyl-CoA

Isocitrate

ɻ-ketoglutarate

CO2

CO2

NADH

NADH

NADH

NADH

Isocitrate
Dehydrogenase

ɻ-KG
Dehydrogenase



NADH Stalls TCA Cycle

ÅNADH shunts oxaloacetate to malate

Åᴻ  ÁÃÅÔÙÌ-CoA

ÅKetone production

Å!ÌÓÏ ᴽ ÇÌÕÃÏÎÅÏÇÅÎÅÓÉÓ Ą hypoglycemia

Malate

Oxaloacetate
NADH

Malate dehydrogenase

Acetyl -CoA

Citrate

Ketones

NAD+

Gluconeogenesis



Ethanol and Hypoglycemia

ÅGluconeogenesis inhibited
ÅOxaloacetate shunted to malate

ÅGlycogen important source of fasting glucose

ÅDanger of low glucose when glycogen low
ÅDrinking without eating

ÅDrinking after running



Ketones from Acetate

ÅLiver: Acetate Ą acetyl-CoA

ÅTCA cycle stalled due to high NADH

ÅAcetyl-CoA Ą ketones

Aldehyde
Dehydrogenase

Acetaldehyde Acetate

NAD+ NADH

Acetyl-CoA Ketones



Ketosis from Ethanol

Acetate

Acetyl-CoA Ketones

Ethanol
TCA
Cycle

Glucose
Amino Acids
Fatty Acids



Lactic Acidosis

ÅLimited supply NAD+

ÅDepleted by EtOH metabolism

ÅOverwhelms electron transport

ÅPyruvate shunted to lactate

ÅRegenerates NAD+

1,3-bisphosphoclycerate

3-phosphoglycerate

2-phosphoglycerate

Phosphoenolpyruvate

Pyruvate

Glyceraldehyde-3-phosphate

TCA Cycle

PDH

LactateNAD+

NADH

NADH

-

-

NADH

NAD+



Accumulation of Fatty Acids

ÅHigh levels NADH stalls beta oxidation 
ÅBeta oxidation generates NADH (like TCA cycle)

ÅRequires NAD+

ÅInhibited when NADH is high

Å2ÅÓÕÌÔȡ ᴽ &! ÂÒÅÁËÄÏ×Î

ɼ-oxidation



Accumulation of Fatty Acids

ÅStalled TCA cycle Ąᴻ ÆÁÔÔÙ ÁÃÉÄ ÓÙÎÔÈÅÓÉÓ

Acetyl -CoA

CitrateOxaloacetate

NADH

Citrate
Synthase

CoA

Citrate

Cytosol

Mitochondria

TCA 
Cycle

Fatty
Acids



ÅRate limiting step of fatty acid synthesis

ÅFavored when citrate high from slow TCA cycle

Acetyl -CoA

Acetyl -CoA
Carboxylase

Malonyl -CoA

CO2

Biotin

+

ɼ-oxidation

-
Citrate

Accumulation of Fatty Acids



ÅMalate accumulation also contributes to FA levels

ÅUsed to generate NADPH

ÅNADPH favors fatty acid synthesis

Accumulation of Fatty Acids

Malate

Oxaloacetate
NADH

Acetyl -CoA

Citrate

NAD+

Pyruvate

NADPH
Malic

Enzyme



Accumulation of Fatty Acids

ÅFatty acid synthase

ÅUses carbons from acetyl CoA and malonyl CoA

ÅCreates 16 carbon fatty acid palmitate

ÅRequires NADPH

Palmitate



Fatty Acids and Ethanol

Acetyl-CoA Citrate

TCA
Cycle

Fatty Acids

Malate Pyruvate

NADPH



Glycerol Glucose

Glucose-6-phosphate

Fructose-6-phosphate

Fructose-1,6-bisphosphate

Glyceraldehyde-3-phosphate Dihydroxyacetone
Phosphate

1,3-bisphosphoclycerate

3-phosphoglycerate

2-phosphoglycerate

Phosphoenolpyruvate

Pyruvate
Glycerol

Glycerol-3-Phosphate

Glycerol-3-Phosphate
DehydrogenaseNAD+

NADH



Fatty Liver

ÅSeen in alcoholism due to buildup of triglycerides

Nephron/Wikipedia



Uric Acid

ÅUrate and lactate excreted by proximal tubule

Åᴻ  ÌÁÃÔÁÔÅ ÉÎ ÐÌÁÓÍÁ Ѐ ᴽ ÅØÃÒÅÔÉÏÎ ÕÒÉÃ ÁÃÉÄ

Åᴻ  ÕÒÉÃ ÁÃÉÄ Ą gout attack

ÅAlcohol a well-described trigger for gout

James Heilman, MD/Wikipedia



Hepatitis and Cirrhosis

ÅHigh NADH slows ethanol metabolism

ÅResult: buildup of acetaldehyde

ÅToxic to liver cells 

ÅAcute: Inflammation ĄAlcoholic hepatitis

ÅChronic: Scar tissue ĄCirrhosis

Aldehyde
Dehydrogenase

Acetaldehyde Acetate

NAD+ NADH

Acetyl-CoA



Hepatitis and Cirrhosis

ÅMicrosomal ethanol -oxidizing system (MEOS)

ÅAlternative pathway for ethanol
ÅNormally metabolizes small amount of ethanol

ÅBecomes important with excessive consumption

ÅCytochrome P450-dependent pathway in liver

ÅGenerates acetaldehyde and acetate 

ÅConsumes NADPH and Oxygen

ÅOxygen: generates free radicals

ÅNADPH: glutathione cannot be regenerated
ÅLoss of protection from oxidative stress



Alcohol Dehydrogenase

ÅZero order kinetics (constant rate)

ÅAlso metabolizes methanol and ethylene glycol

ÅInhibited by fomepizole(antizol)
ÅTreatment for methanol/ethylene glycol intoxication

Alcohol
Dehydrogenase

Aldehyde
Dehydrogenase

NAD+ NADH NAD+ NADH

Ethanol Acetaldehyde Acetate



Ethanol

Methanol

Ethylene Glycol

Formaldehyde

Glycolaldehyde

Alcohol
Dehydrogenase Acetaldehyde

Alcohol
Dehydrogenase



Aldehyde Dehydrogenase

ÅInhibited by disulfiram (antabuse)

ÅAcetaldehyde accumulates

ÅTriggers catecholamine release 

ÅSweating, flushing , palpitations, nausea, vomiting

Alcohol
Dehydrogenase

Aldehyde
Dehydrogenase

NAD+ NADH NAD+ NADH

Ethanol Acetaldehyde Acetate



Alcohol Flushing 

ÅSkin flushing when consuming alcohol

ÅDue to slow metabolism of acetaldehyde

ÅCommon among Asian populations 
ÅJapan, China, Korea

ÅInherited deficiency aldehyde dehydrogenase 2 (ALDH2)

Å0ÏÓÓÉÂÌÅ ᴻÒÉÓË ÅÓÏÐÈÁÇÅÁÌ ÁÎÄ ÏÒÏÐÈÁÒÙÎÇÅÁÌ ÃÁÎÃÅÒ

Jorge González/ Flikr



Exercise and 

Starvation
Jason Ryan, MD, MPH



Exercise

ÅRapidly depletes ATP in muscles

ÅDuration, intensity depends on other fuels

ÅGlycogen ĄGlucose Ą TCA cycle available but slow

ÅShort term needs met by creatine

Pyruvate

Lactate

GlucoseGlycogen

TCA Cycle



Creatine

ÅPresent in muscles as phosphocreatine

ÅSource of phosphate groups 

ÅImportant for heart and muscles

ÅCan donate to ADP ĄATP

ÅReserve when ATP falls rapidly in early exercise

Creatine Phosphoecreatine

Creatine 
Kinase



Creatinine

ÅSpontaneous conversion creatinine

ÅAmount of creatinine proportional to muscle mass

ÅExcreted by kidneys

Creatinine

Creatine Phosphoecreatine

Creatine 
Kinase



ATP and Creatine

ÅConsumed within seconds of exercise

ÅUsed for short, intense exertion
ÅHeavy lifting

ÅSprinting

ÅExercise for longer time requires other pathways

ÅSlower metabolism

ÅResult: Exercise intensity diminishes with time

Wikipedia/Public Domain



Calcium and Exercise

ÅCalcium release from muscles stimulates metabolism

ÅActivates glycogenolysis

ÅActivates TCA cycle

Me/Wikipedia



Calcium Activation
Glycogen Breakdown

Glycogen
Phosphokinase A

Glycogen
Phosphorylase

P
Glycogen

Breakdown

Calcium/ Calmodulin



Calcium Activation
TCA Cycle Acetyl -CoA

CitrateOxaloacetate

Malate

Fumarate

Succinate Succinyl-CoA

Isocitrate

ɻ-ketoglutarate

CO2

CO2

NADH

NADH

FADH2

NADH

GTP

Isocitrate
Dehydrogenase

ɻ-KG
Dehydrogenase

Pyruvate

ADP
Ca++

Ca++



Types of Exercise

ÅAerobic exercise
ÅLong distance running

ÅCo-ordinated effort by organ systems

ÅMultiple potential sources of energy

ÅAnaerobic exercise
ÅSprinting, weight lifting

ÅPurely a muscular effort

ÅBlood vessels in muscles compressed during peak contraction

ÅMuscle cells isolated from body

Å-ÕÓÃÌÅ ÒÅÌÉÅÓ ÏÎ ÉÔȭÓ Ï×Î ÆÕÅÌ ÓÔÏÒÅÓ

"Mike" Michael L. Baird/Wikipedia

Pixabay/Public Domain



Anaerobic Exercise
40-yard sprint

ÅATP and creatine phosphate (consumed in seconds)

ÅGlycogen
ÅMetabolized to lactate (anaerobic metabolism)

ÅTCA cycle too slow 

ÅFast pace cannot be maintained
ÅCreatinine phosphate consumed

ÅLactate accumulates

William Warby / Flikr



Moderate Aerobic Exercise
1-mile run

ÅATP and creatine phosphate (consumed in seconds)

ÅGlycogen: metabolized to CO2 (aerobic metabolism)

ÅSlower pace than sprint
ÅDecrease lactate production

ÅAllow time for TCA cycle and oxidative phosphorylation

ÅȰ#ÁÒÂÏÈÙÄÒÁÔÅ ÌÏÁÄÉÎÇȱ ÂÙ ÒÕÎÎÅÒÓ
ÅIncreases muscle glycogen content

Ed Yourdon/Wikipedia



Intense Aerobic Exercise
Marathon

ÅCo-operation between muscle, liver, adipose tissue

ÅATP and creatine phosphate (consumed in seconds)

ÅMuscle glycogen: metabolized to CO2
ÅLiver glycogen: Assists muscles Ą produces glucose

ÅOften all glycogen consumed during race

ÅConversion to metabolism of fatty acids
ÅSlower process

ÅMaximum speed of running reduced

ÅElite runners condition to use glycogen/fatty acids



Intense Aerobic Exercise
Fatty Acid Metabolism

ÅMalonyl-CoA levels fall

Acetyl -CoA

Acetyl -CoA
Carboxylase

Malonyl -CoA

CO2

Biotin

Glucagon
Epinephrine

-

ɼ-oxidation

-



Intense Aerobic Exercise
Fatty Acid Metabolism

Mitochondrial
Matrix

Acyl
Carnitine

Fatty acyl
CoA

CoA

RɂCɂCoA

O
CPT-2

Cytosol

Inner
Membrane

Space

Fatty acyl
CoA

Fatty acyl
CoA

RɂCɂCoA

O

RɂCɂCarnitine

O

Acyl
Carnitine

Carnitine

Carnitine
Palmitoyl

Transferase-1

Malonyl -CoA

-



Muscle Cramps

ÅToo much exercise Ąᴻ .!$ ÃÏÎÓÕÍÐÔÉÏÎ
ÅExceed capacity of TCA cycle/electron transport

ÅElevated NADH/NAD ratio

ÅFavors pyruvate Ą lactate

ÅpH falls in muscles Ą cramps

ÅDistance runners: lots of mitochondria
ÅBigger, too



Muscle Cramps

ÅLimited supply NAD+

ÅMust regenerate

ÅO2 present
ÅNADH ĄNAD (mitochondria)

ÅO2 absent
ÅNADH ĄNAD+ via LDH

1,3-bisphosphoclycerate

3-phosphoglycerate

2-phosphoglycerate

Phosphoenolpyruvate

Pyruvate

Glyceraldehyde-3-phosphate

NADH

TCA CycleLactate

NAD+

NAD+

NADH



Fed State

ÅGlucose, amino acids absorbed into blood

ÅLipids into chylomicrons Ą lymph Ą blood

ÅInsulin secretion
ÅBeta cells of pancreas

ÅStimulated by glucose, parasympathetic system

Pixabay/Public Domain



Insulin Effects

ÅGlycogen synthesis
ÅLiver, muscle

ÅIncreases glycolysis

ÅInhibits gluconeogensis

ÅPromotes glucose Ą adipose tissue
ÅUsed to form triglycerides

ÅPromotes uptake of amino acids by muscle

ÅStimulates protein synthesis/inhibits breakdown



Insulin in the Liver

ÅGlucokinase
ÅFound in liver and pancreas

ÅInduced by insulin

ÅInsulin promotes transcription

Glucose

Glucose-6-phosphate

ATP

ADP



Insulin and Glycolysis

Fructose-6-phosphate

Fructose-1,6-bisphosphate

PFK1 Fructose 1,6
Bisphosphatase1

F-2,6-bisphosphate

PFK2

Fructose 1,6 
Bisphosphatase2

On/off switch glycolysis
ᴻ Ѐ ÇÌÙÃÏÌÙÓÉÓ ɉÏÎɊ

ᴽ Ѐ ÎÏ ÇÌÙÃÏÌÙÓÉÓ ɉÇÌÕÃÏÎÅÏÇÅÎÅÓÉÓɊ



Insulin and Glycogen

Glycogen

Glucose

Glucagon
Epinephrine

Glycogen
Phosphorylase

Glycogen 
Synthase

Insulin



Insulin and Fatty Acids

ÅAcetyl-CoA converted to malonyl-CoA

ÅRate limiting step

Acetyl -CoA

Acetyl -CoA
Carboxylase

Malonyl -CoA

CO2

Biotin

Glucagon
EpinephrineInsulin

-+

ɼ-oxidation

-
Citrate



Fasting/Starvation

ÅGlucose levels fall few hours after a meal

ÅDecreased insulin

ÅIncreased glucagon

Aude/Wikipedia



Fasting/Starvation

ÅKey effect of glucagon
ÅGlycogen breakdown in liver

ÅMaintains glucose levels in plasma

ÅDominant source glucose between meals

ÅOther effects
ÅInhibits fatty acid synthesis

ÅStimulates release of fatty acids from adipose tissue

ÅStimulates gluconeogenesis



Glucose Sources

0 8 16 24 36

Ingested Glucose

Glycogen
Gluconeogenesis

Alanine
Lactate
Glycerol

Odd Chain FAs

Hours

G
lu

co
se

 g
/h

r

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

Glutamate

Pyruvate

Alanine

ɻ-KG

Muscle Liver

Glutamate

Pyruvate

Alanine

ɻ-KG

GlucoseGlucose

NH4
+

NH4
+

Key Point: 
Peripheral tissue alanine Ą glucose



Starvation
Cori Cycle

Petaholmes/Wikipedia



Starvation
Glycerol

Glucose

Glucose-6-phosphate

Fructose-6-phosphate

Fructose-1,6-bisphosphate

Glyceraldehyde-3-phosphate Dihydroxyacetone
Phosphate

1,3-bisphosphoclycerate

3-phosphoglycerate

2-phosphoglycerate

Phosphoenolpyruvate

Pyruvate
Glycerol

Glycerol-3-Phosphate

Glycerol-3-Phosphate
Dehydrogenase

Glycerol
Kinase



Starvation
Odd Chain Fatty Acids

Åɼ-oxidation proceeds until 3 carbons remain

ÅPropionyl-CoA ĄSuccinyl-CoA Ą TCA cycle

ÅKey point: Only odd chain FA Ą glucose

S-CoA

Succinyl-CoA

Propionyl-CoA

Propionyl -CoA
Carboxylase

(Biotin)



Starvation
Fuel Sources of Tissues

ÅGlycolysis slows (low insulin levels)

ÅLess glucose utilized by muscle/liver

ÅShift to fatty acid beta oxidation for fuel

ÅSpares glucose and maintains glucose levels



Malnutrition

ÅKwashiorkor
ÅInadequate protein intake

ÅHypoalbuminemia Ą edema

ÅSwollen legs, abdomen

CDC/Public Domain



Malnutrition

ÅMarasmus
ÅInadequate energy intake

ÅInsufficient total calories

ÅKwashiorkor without edema

ÅMuscle, fat wasting

CDC/Public Domain



Hypoglycemia in Children

ÅOccurs with metabolic disorders

ÅGlycogen storage diseases
ÅHypoglycemia

ÅKetosis

ÅUsually after overnight fast

ÅHereditary fructose intolerance
ÅDeficiency of aldolase B

ÅBuild-up of fructose 1-phosphate

ÅDepletion of ATP

ÅUsually a baby just weaned from breast milk



Hypoketotic Hypoglycemia

Å,ÁÃË ÏÆ ËÅÔÏÎÅÓ ÉÎ ÓÅÔÔÉÎÇ ÏÆ ᴽ ÇÌÕÃÏÓÅ ÄÕÒÉÎÇ ÆÁÓÔÉÎÇ

ÅOccurs in beta oxidation disorders
ÅFFA Ą beta oxidation Ą ketones (beta oxidation)

ÅTissues overuse glucose Ą hypoglycemia



Hypoketotic Hypoglycemia

ÅCarnitine deficiency
ÅLow serum carnitine and acylcarnitine levels

ÅMCAD deficiency
ÅMedium chain acyl-CoA dehydrogenase

ÅDicarboxylic acids 6-10 carbons in urine

ÅHigh acylcarnitine levels



Inborn Errors 
of Metabolism
Jason Ryan, MD, MPH



Inborn Errors in Metabolism

ÅDefects in metabolic pathways

ÅOften present in newborn period

ÅOften non-specific features:
ÅFailure to thrive, hypotonia

ÅLab findings suggest diagnosis:
ÅHypoglycemia

ÅKetosis

ÅHyperammonemia

ÅLactic acidosis

Pixabay/Public Domain



Newborn Hypoglycemia

ÅGlycogen storage diseases

ÅGalactosemia

ÅHereditary fructose intolerance

ÅOrganic acidemias

ÅDisorders of fatty acid metabolism

Glucose



Glycogen Storage Diseases

ÅSome have no hypoglycemia
ÅOnly affect muscles

Å-Ã!ÒÄÌÅȭÓ $ÉÓÅÁÓÅ ɉÔÙÐÅ 6Ɋ

Å0ÏÍÐÅȭÓ $ÉÓÅÁÓÅ ɉÔÙÐÅ ))Ɋ

ÅHypoglycemia seen in others
Å6ÏÎ 'ÉÅÒËÅȭÓ $ÉÓÅÁÓÅ ɉ4ÙÐÅ )Ɋ

Å#ÏÒÉȭÓ $ÉÓÅÁÓÅ ɉ4ÙÐÅ )))Ɋ



Glycogen Storage Diseases

ÅFasting hypoglycemia
ÅHours after eating

ÅNot in post-prandial period

ÅKetosis
ÅAbsence of glucose during fasting

ÅFatty acid breakdown (NOT a fatty acid disorder)

ÅKetone synthesis

ÅHepatomegaly
ÅGlycogen buildup in liver



Glycogen Storage Diseases

Å6ÏÎ 'ÉÅÒËÅȭÓ $ÉÓÅÁÓÅ ɉ4ÙÐÅ )Ɋ
ÅSevere hypoglycemia

ÅLactic acidosis

Å#ÏÒÉȭÓ $ÉÓÅÁÓÅ ɉ4ÙÐÅ )))Ɋ
ÅGluconeogenesis intact

ÅMild hypoglycemia

ÅNo lactic acidosis

Petaholmes/Wikipedia

Cori Cycle



HFI
Hereditary Fructose Intolerance

ÅDeficiency of aldolase B

ÅBuild-up of fructose 1-phosphate

ÅDepletion of ATP

ÅLoss of gluconeogenesis and glycogenolysis

ÅHypoglycemia

ÅLactic acidosis

ÅKetosis

ÅHepatomegaly (glycogen buildup)



HFI
Hereditary Fructose Intolerance

ÅStarts after weaned from breast milk
ÅNo fructose in breast milk

ÅȰ2ÅÄÕÃÉÎÇ ÓÕÇÁÒÓȱ in urine
ÅGlucose, fructose, galactose

ÅReducing sugars in urine with hypoglycemia

Public Domain



Classic Galactosemia

ÅDeficiency of galactose 1-phosphate uridyltransferase

ÅGalactose-1-phosphate accumulates 

ÅDepletion of ATP

Å1st few days of life

ÅBreast milk contains lactose

ÅLactose = galactose + glucose



Classic Galactosemia

ÅVomiting/diarrhea after feeding

ÅSimilar presentation to HFI
ÅHypoglycemia

ÅLactic acidosis

ÅKetosis

ÅHepatomegaly (glycogen buildup)

ÅȰ2ÅÄÕÃÉÎÇ ÓÕÇÁÒÓȱ ÉÎ ÕÒÉÎÅ



Hypoglycemia
Lactic Acidosis

Ketosis

After feedings
Galactosemia

HFI

Fasting
Glycogen
Storage
Diseases



Organic Acidemias

ÅAbnormal metabolism of organic acids
ÅPropionic acid

ÅMethylmalonic acid

ÅBuildup of organic acids in blood/urine

ÅHyperammonemia

Propionic Acid Methylmalonic Acid



Biotin

Succinyl-CoA

ÅCommon  pathway to TCA cycle

ÅMany substances metabolized to propionyl -CoA

ÅPropionyl-CoA ĄMethylmalonyl-CoA

Propionyl-CoA Methylmalonyl-CoA Succinyl-CoA

TCA Cycle

Odd Chain
Fatty Acids

Amino Acids
Isoleucine

Valine
Threonine
Methionine

B12

Cholesterol



Organic Acidemias

ÅOnset in newborn period (weeks-months)

ÅPoor feeding, vomiting, hypotonia, lethargy

ÅHypoglycemia Ą ketosis
ÅComplex mechanism

ÅLiver damage Ąᴽ ÇÌÕÃÏÎÅÏÇÅÎÅÓÉÓ

ÅAnion gap metabolic acidosis 

ÅHyperammonemia

ÅElevated urine/plasma organic acids



Propionic Acidemia

ÅDeficiency of proipionyl -CoA carboxylase

S-CoA

Succinyl-CoA

Propionyl-CoA

Propionyl -CoA
Carboxylase

(Biotin)

Propionic Acid



Methylmalonic Acidemia

ÅDeficiency of methylmalonyl -CoA mutase

Methylmalonyl-CoA Succinyl-CoA

B12

S-CoA S-CoA

Methylmalonyl -CoA
mutase

Isomers

Methylmalonic Acid



Maple Syrup Urine Disease

ÅBranched chain amino acid disorder

ÅDeficiency of ɻ-ketoacid dehydrogenase
ÅMulti -subunit complex

ÅCofactors: Thiamine, lipoic acid

ÅAmino acids and ɻ-ketoacidsin plasma/urine

Åɻ-ketoacid of isoleucine gives urine sweet smell

LeucineValine
Isoleucine



Fatty Acid Disorders

ÅCarnitine deficiency

ÅMCAD deficiency
ÅMedium-chain-acyl-CoA dehydrogenase

ÅBeta oxidation enzyme

ÅBoth cause hypoketotic hypoglycemia when fasting
ÅLack of fatty acid breakdown Ą low ketone bodies

ÅOverutilization of glucose Ą hypoglycemia

ÅLack of acetyl-CoA for gluconeogenesis



Fatty Acid Disorders

ÅSymptoms with fasting or illness

ÅUsually 3 months to 2 years
ÅFrequent feedings < 3months prevent fasting

ÅFailure to thrive, altered consciousness, hypotonia

ÅHepatomegaly

ÅCardiomegaly

ÅHypoketotic hypoglycemia 



ÅCarnitine necessary for carnitine shuttle
ÅLinks with fatty acids forming acylcarnitine

ÅMoves fatty acids into mitochondria for metabolism

ÅMuscle weakness, cardiomyopathy

ÅLow carnitine and acylcarnitine levels

Primary Carnitine Deficiency

RɂCɂCoA

O

CarnitineAcyl-CoA

+ R

Acylcarnitine



MCAD Deficiency
Medium Chain Acyl-CoA Dehydrogenase

ÅPoor oxidation 6-10 carbon fatty acids

ÅDicarboxylic acids 6-10 carbons in urine
ÅSeen when beta oxidation impaired

ÅHigh acylcarnitine levels

Dicarboxylic Acid



Hypoketotic
Hypoglycemia

Carnitine Deficiency
Low carnitine levels

Low acyl-carnitine levels

MCAD Deficiency
High acylcarnitine levels

Dicarboxylic acids



Urea Cycle Disorders

ÅOnset in newborn period (first 24 to 48 hours)

ÅFeeding Ą protein load Ą symptoms

ÅPoor feeding, vomiting, lethargy

ÅMay lead to seizures

ÅLab tests: Isolated severe hyperammonemia
ÅNormal < 50 mcg/dl

ÅUrea disorder may be > 1000

ÅNo other major metabolic derangements



OTC Deficiency
Ornithine transcarbamylase deficiency

ÅMost common urea cycle disorder

Åᴻ  ÃÁÒÂÁÍÏÙÌ ÐÈÏÓÐÈÁÔÅ

Åᴻ  ÏÒÏÔÉÃ ÁÃÉÄ ɉÄÅÒÉÖÅÄ ÆÒÏÍ ÃÁÒÂÁÍÏÙÌ ÐÈÏÓÐÈÁÔÅɊ

Glutamine
Carbamoyl
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Orotic 
Acid

Pyrimidine Synthesis

Carbamoyl
Phosphate

Urea CycleNH4
+

Ornithine
Transcarbamylase

Pyrimidines (U, C, T)



Orotic Aciduria

ÅDisorder of pyrimidine synthesis

ÅAlso has orotic aciduria

ÅNormal ammonia levels

ÅNo somnolence, seizures

ÅMajor features: Megaloblastic anemia, poor growth

Megaloblastic Anemia



Mitochondrial Disorders

ÅInborn errors of metabolism

ÅLoss of ability to metabolize pyruvate Ą acetyl CoA

ÅAll cause severe lactic acidosis

ÅAll cause elevated alanine (amino acid)
ÅPyruvate shunted to alanine and lactate

ÅPyruvate dehydrogenase complex deficiency

Alanine



Pyruvate

ÅEnd product of glycolysis

Pyruvate

Alanine Lactate

Acetyl-CoaGluconeogenesis

LiverGlucoseLiver Glucose

Alanine
Cycle

Cori
Cycle

TCA Cycle



PDH Complex Deficiency
Pyruvate Dehydrogenase

ÅPyruvate shunted to alanine, lactate

ÅKey findings (infancy):
ÅPoor feeding

ÅGrowth failure

ÅDevelopmental delays

ÅLabs:
ÅElevated alanine

ÅLactic acidosis

ÅNo hypoglycemia

Wikipedia/Public Domain



Hypoglycemia
Failure to thrive

Acidosis

Urinary 
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Amino Acids
Jason Ryan, MD, MPH



Amino Acids

ÅBuilding blocks (monomers) of proteins

ÅAll contain amine group and carboxylic acid

Wikipedia/Public Domain
Glycine

pKa 2.3

pKa 9.6





Amino Acids

ÅAll except glycine have L- and D- configurations

ÅOnly L-amino acids used in human proteins

H3N - C - C

CH3

H

O

O-

C ɀC - NH3

CH3

H

O

O-

L - alanine D - alanine



pKa
log acid dissociation constant

HA ăĄA- + H+

pH = pKa + log
[A-]

[HA]

pKa = pH - log
[A-]

[HA]



pKa
HA ăĄA- + H+

pKa: pH - log
[A-]

[HA]

pH>pKa Ą A- >> AH

pH<pKa Ą A- << AH
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pKa

ÅAcetic acid (C2O2H) pKa = 4.75
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N+

pKa

ÅAmmonia (NH3) pKa = 9.4
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pKa

ÅAmino acids: multiple acid-base regions

ÅEach has different pKa

COOH Ą COO- + H+

NH3
+
Ą NH2 + H+

Usually low pKa < 4.0
At normal pH (7.4): COO-

Usually high pKa > 9.0
At normal pH (7.4): NH3

R R

R R



pKa

ÅSome side chains have pKa (3 pKa values!)

Lysine

pKa=2.18pKa=8.95

pKa=10.53



Titration Curves
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Charge at Normal pH

ÅNormal plasma pH=7.4

ÅAA charge (+/-) depends on pKa values

Glycine

pKa=2.2

pKa=9.6 NH3
+

O-



Charge at Normal pH

Arginine

pKa=2.01

pKa=9.04

pKa=12.48

NH3
+

+NH3 O-



Basic Amino Acids

Arginine
*most basic AA

pKa=2.01pKa=12.48

Lysine

pKa=2.18

pKa=8.95

pKa=10.53

NH3
+

+NH3 O-

pKa=9.04

Both +1 charge at normal pH
Remove 1H+ from solution

Raise pH (basic)



Histones

ÅContain basic amino acids
ÅHigh content of lysine, arginine

ÅPositively charged

ÅBinds negativelycharged phosphate backbone DNA

Wikipedia/Public Domain

H2A, H2B, H3, H4

Wikipedia/Public Domain

Adenosine
Monophosphate



Histidine

Å#ÏÎÓÉÄÅÒÅÄ Á ȰÂÁÓÉÃȱ ÁÍÉÎÏ ÁÃÉÄ

ÅSide chain pKa close to plasma pH

pKa=1.82

pKa=9.17

pKa=6.00

O-

NH3
+



Acidic Amino Acids

Aspartate

Glutamate

NH3
+

O-

O-

O-

NH3
+

O-

pKa=2.10
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pKa=3.18

pKa=2.10
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pKa=4.07



Hydrophobic Amino Acids

Glycine

Phenylalanine

Alanine

Leucine

Valine Isoleucine

Tryptophan

MethionineProline



Sickle Cell Anemia

ÅSubstitution of polar glutamate for nonpolar valine in 
hemoglobin protein

Valine
Glutamate

-O



Proline

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

ÅUsed in collagen

Proline



Essential Amino Acids

ÅNine amino acids must be supplied by diet

ÅCannot be synthesized de novo by cells

Phenylalanine

Valine

Tryptophan

Methionine

Leucine

Isoleucine

Histidine

Lysine

Threonine



Glucogenicvs. Ketogenic

ÅGlucogenicamino acids:
ÅCan be converted to pyruvate or TCA cycle intermediates

ÅCan become glucose via gluconeogenesis

ÅKetogenic amino acids
ÅConvert to ketone bodies and acetyl CoA

ÅCannot become glucose

ÅMost amino acids are either:
ÅGlucogenic

ÅGlucogenicand ketogenic




