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DNA

ÅContains genetic code

ÅNucleus of eukaryotic cells

ÅCytoplasm of prokaryotic cells

ÅReplicated for cell division/growth

Wikipedia/Public Domain



DNA Structure

1. Sugar (ribose) backbone

2. Phosphate

3. Nitrogenous base

Wikipedia/Public Domain



Base Pairing

ÅDNA
ÅAdenine-Thymine

ÅGuanine-Cytosine

ÅRNA
ÅAdenine-Uracil

ÅGuanine-Cytosine

ÅAntiparallel

Wikipedia/Public Domain



Nucleotides

ÅSynthesized as monophosphates

ÅConverted to triphosphate form

ÅTriphosphate form added to DNA

Deoxy-adenosine Triphosphate

υȭ

σȭ
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DNA Replication

ÅHelicase
ÅUnwinds/opens double helix

ÅHydrolyzes ATP

ÅSingle strand binding proteins
ÅAssist helicase

ÅStabilize and straighten single strands of DNA



Origin of Replication

ÅSpecific DNA sequences
ÅAttract initiator proteins

ÅEasy to unwind/open

ÅFewer bonds A-T
ÅȰ!4 ÒÉÃÈȱ ÓÅÑÕÅÎÃÅÓ

ÅEasy to open

Wikipedia/Public Domain



DNA Polymerases

ÅBacteria (prokaryotes)
ÅDNA polymerase I-IV

ÅPolymerase III: Major DNA polymerase

ÅPolymerase I: Removes RNA primers

ÅEukaryotes
ÅDNA polymerase ɻȟ ɼȟ ɾȟ ɿȟ and ʀ

Å0ÏÌÙÍÅÒÁÓÅ ɾȡ ÌÏÃÁÔÅÄ ÉÎmitochondria 



Primers

ÅDNA polymerase cannot initiate replication

ÅPrimers: short nucleotide sequences 

ÅFormed at point of initiation of new chain

ÅRequired by DNA polymerase to function



Primers

ÅDNA Primase: Makes primers

ÅPrimers contain RNA
ÅRibonucleotides (not deoxy-ribonucleotides)

ÅUracil instead of thymine

ÅEventually removed and replaced with DNA

Ribonucleotide Deoxyribonucleotide
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DNA Replication
Directionality

Å!Ì×ÁÙÓ ÏÃÃÕÒÓ ÉÎ υȭ ÔÏ σȭ ÄÉÒÅÃÔÉÏÎ

ÅNucleotides added to σȭ ÅÎÄ of growing strand
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Replication Fork

Masur/Wikipedia

Leading Strand

Lagging Strand

Okazaki fragments



Primer Removal

ÅOkazaki fragments synthesized until primer reached

ÅRNA primer removed and replaced with DNA

ÅProkaryotes: DNA polymerase I

ÅEukaryotes: DNA polymerase delta



DNA Ligase

ÅJoins Okazaki fragments

ÅCreates phosphodiester bonds

Wikipedia/Public Domain



Topoisomerase

ÅPrevent DNA tangling

ÅBreak DNA then reseal to relieve tension/twists

ÅTopoisomerase I
ÅBreak single strands of DNA then reseal

ÅTopoisomerase II
ÅBreak double strands then reseal

Topoisomerases



Topoisomerase
Clinical Correlations

ÅQuinolone antibiotics
ÅProkaryotic topoisomerases

ÅChemotherapy agents
ÅEukaryotic toposiomerases

ÅEtoposide/teniposide

ÅIrinotecan, topotecan

ÅAnthracyclines



DNA Replication
Key Points

ÅLeading strand replication is continuous

ÅLagging strand replication is discontinuous
ÅOkazaki fragments

ÅDNA ligase



DNA Replication
Key Point

ÅSemi-conservative
ÅNew DNA: one old and one new strand

Adenosine/Wikipedia



Proofreading

ÅDNA polymerase can correct errors

Å3ÙÎÔÈÅÓÉÚÅÓ ÉÎ ÎÅ× ÓÔÒÁÎÄ υȭ ÔÏ σȭ ÄÉÒÅÃÔÉÏÎ

ÅWrong nucleotide added: Can move backwards
Åσȭ ÔÏ υȭ ÄÉÒÅÃÔÉÏÎ

ÅCorrect error

ÅExonuclease activity : remove incorrect nucleotide

ÅDNA polymerase: Ȱσȭ ÔÏ υȭ ÅØÏÎÕÃÌÅÁÓÅ ÁÃÔÉÖÉÔÙȱ

ÅSignificantly reduces error rate
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Telomerase

ÅTelomeres: nucleotides at end of chromosomes

ÅContain T-T-A-G-G-G sequences

ÅNo place for RNA primer on lagging strand

ÅMajor problem eukaryotic cells (non-circular DNA)

ÅTelomerase enzyme
ÅRecognizes telomere sequences

ÅAdds these sequences to new DNA strands



Telomerase

ÅContains an RNA template

ÅUses template to synthesize telomere DNA

ÅȰ2.!-ÄÅÐÅÎÄÅÎÔ $.! ÐÏÌÙÍÅÒÁÓÅȱ

ÅSimilar to reverse transcriptase



Uzbas, F/Wikipedia



Telomerase

Å%ØÔÅÎÄÓ σȭ ÅÎÄ ÏÆ $.!

ÅAllows DNA polymerase to complete lagging strand

ÅAvoids loss of genes with duplication

Uzbas, F/Wikipedia



Telomerase

ÅFound in hematopoietic stem cells
ÅAllows controlled indefinite replication

ÅOther cells that divide indefinitely
ÅEpidermis, hair follicles, intestinal mucosa

ÅImplicated in many cancers 
ÅAllows immortality
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Protein Synthesis

DNA

RNA

Proteins

Translation

Transcription



Codons
3 Nucleotide Sequences

DNA

RNA

Proteins

T A C

A U G

Methionine

Translation

Transcription



Genetic Code



DNA Mutations

ÅErrors in DNA 

ÅSimple: One/few base(s) abnormal

ÅComplex: Gene deletions, translocations



DNA Mutations

ÅGerm line mutations
ÅDNA of sperm/eggs

ÅTransmitted to offspring

ÅFound in every cell in body

ÅSomatic mutations
ÅAcquired during lifespan of cell

ÅNot transmitted to offspring



Point Mutations

ÅTransition (more common): 
ÅPurine to purine A to G

ÅPyrimidine to pyrimidine (C to T)

ÅTransversion : 
ÅPurine to pyrimidine (A to T) 

ÅPyrimidine to purine (C to G)

Cytosine

Thymine

Pyrimidines

Adenine Guanine

Purines



Wobble

ÅSome transitions less likely to alter amino acids

ÅGenetic code: often same AA with altered base

UU-Pyrimidine
Same AA



Silent Mutation

ÅNucleotide substitution codes for same amino acid

ÅOften base change in 3rd position of codon

A ɀA ɀA
U ɀU ɀU

PHE

A ɀA ɀG
U ɀU ɀC

PHE

PhenylalaninePhenylalanine

DNA
RNA



Nonsense Mutation

ÅNucleotide substitution 

ÅResult: Early stop codon
ÅNucleotidetriplet 

ÅSignals termination oftranslation of proteins

ÅUGA, UAA, UAG

A ɀC ɀC
U ɀG ɀG

TRY

A ɀC ɀT
U ɀG ɀA

DNA
RNA



Missense Mutation

ÅNucleotide substitution 

ÅResult: Different amino acid

G ɀT ɀA ɀG ɀT ɀA ɀG ɀT ɀA ɀG ɀT ɀA 
C ɀA ɀU ɀC ɀA ɀU ɀC ɀA ɀU ɀC ɀA ɀU 

HIS HIS HIS HIS

G ɀT ɀA ɀG ɀGɀA ɀG ɀT ɀA ɀG ɀT ɀA 
C ɀA ɀU ɀC ɀCɀU ɀC ɀA ɀU ɀC ɀA ɀU

HIS PRO HIS HIS

DNA
RNA

DNA
RNA



Sickle Cell Anemia

ÅRoot cause: Missense mutation beta globin gene

ÅSingle base substitution 6thÃÏÄÏÎ ÏÆ ɼ ÇÅÎÅ
ÅAdenine changed with thymine

ÅSubstitution of valine for glutamate in beta chains

G ɀA ɀG
C ɀT ɀC 
G ɀA ɀG

GLU

G ɀT ɀG
C ɀAɀC 
G ɀU ɀG

VAL

ValineGlutamate

DNA

RNA



Insertions and Deletions

ÅAddition/subtraction of nucleotides

ÅCan alter the protein product of a gene

ÅCystic fibrosis
ÅMost common mutation: delta F508

ÅDeletion of 3 DNA bases 

ÅLoss of phenylalanine

ÅAbnormal protein folding



Insertions and Deletions

ÅAddition/subtraction of nucleotides

ÅCan alter the protein product of a gene

ÅCystic fibrosis
ÅMost common mutation: delta F508

ÅDeletion of 3 DNA bases 

ÅLoss of phenylalanine

ÅAbnormal protein folding



Frameshift Mutation

ÅInsertion or deletion of nucleotides/bases 

ÅAlters the reading frame



G ɀT ɀA ɀG ɀT ɀA ɀG ɀT ɀA ɀG ɀT ɀA 

HIS HIS HIS HIS

G ɀT ɀA ɀG ɀC ɀA ɀG ɀT ɀA ɀG ɀT ɀA 

HIS ARG HIS HIS

Point 
Mutation

G ɀT ɀA ɀG ɀT ɀA ɀG ɀT ɀA ɀG ɀT ɀA 

HIS HIS HIS HIS

AɀG ɀT ɀA ɀG ɀT ɀA ɀG ɀT ɀA ɀG ɀT ɀA 

SER SER SER

Frameshift
Mutation

DNA Size Unchanged

DNA Size Changed

DNA

SER



Frameshift Mutation

ÅDeletion/insertion not multiple of 3

ÅMisreading of nucleotides downstream

ÅSignificant change to protein
ÅMany amino acids may change

ÅEarly stop codon Ą truncated protein

ÅLoss of stop codon Ą elongated protein



Frameshift Mutation

ÅDescribed in Tay Sachs disease
ÅFrameshift mutations (insertions/deletions)

ÅGene for hexosaminidase A

ÅDuchenne muscular dystrophy
ÅDystrophin gene

ÅFrameshift deletions Ą absence of functional dystrophin



Slipped-Strand Mispairing
DNA Slippage

ÅOccurs in areas of repeated nucleotide sequences

ÅOccurs with inadequate mismatch repair

ÅInsertions/deletions Ą frameshift mutations

A ɀA A ɀA

T ɀT T ɀT



Slipped-Strand Mispairing
DNA Slippage

A ɀA

A ɀA

T ɀT T ɀT

A ɀA

T ɀT

Slippage in template strand Ą deletion (DNA not replicated)
Slippage in replicated strand Ą insertion (replicated strand longer)



Trinucleotide Repeat Disorders

ÅOccur in genes with repeat trinucleotide units
ÅExample: CAGCAGCAGCAG

ÅExtra repeats in gene Ą disease

ÅKey examples
ÅFragile X syndrome 

Å&ÒÉÅÄÒÅÉÃÈȭÓ ÁÔÁØÉÁ 

Å(ÕÎÔÉÎÇÔÏÎȭÓ ÄÉÓÅÁÓÅ 

ÅMyotonic dystrophy



Microsatellite Instability

ÅMicrosatellite
ÅShort segments of DNA

ÅRepeated sequence (i.e. CACACACA)

ÅMismatch repair enzyme failure Ą instability
ÅVariation (instability) in size of segments among cells

ÅSeen in colon cancer
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DNA Damage

ÅOccurs frequently in life of a cell
ÅHeat, UV radiation, chemicals, free radicals

ÅRarely leads to permanent damage 

ÅNumerous repair enzymes/mechanisms exist 

ÅWithout repair, genetic material quickly lost



Types of DNA Damage

ÅDepurination
ÅOccurs spontaneously thousands of times per day

ÅResults in loss of purine bases (guanine and adenine)

ÅDeamination
ÅOccurs spontaneously hundreds of times per day

ÅBase loses amine group (cytosine)

GuanineAdenine



Types of DNA Damage
Depurination

Guanosine

Guanine

Sugar Phosphate

Adenosine
Adenine



Types of DNA Damage
Deamination

Cytidine

Cytosine Uracil



Types of DNA Damage

ÅFree radicals or radiation damage base rings

ÅOxidative damage, methylation, hydrolysis

Guanosine

Oxidative attack

Methylation



Repair Mechanisms

ÅSingle strand
ÅBase excision

ÅNucleotide excision

ÅMismatch repair

ÅDouble strand
ÅHomologous end joining

ÅNon-homologous end joining



Base Excision Repair

ÅPathway for damaged DNA repair

ÅRecognize specific base errors
ÅDeaminatedbases, oxidized bases, open rings

ÅNumerous variations/enzymes used by cells

ÅFunctions throughout the cell cycle (all phases)



Base Excision Repair

ÅDNA glycosylases
ÅSeveral different enzymes

ÅRemove damaged bases

ÅCreates a baseless nucleotide

ÅȰApurinicȱ ÏÒ Ȱapyrimidicȱ ÎÕÃÌÅÏÔÉÄÅ

A T C G

T A CG

A C G

T A CG

Glycosidic
Bond



Base Excision Repair

ÅAP endonuclease
ÅRecognizes nucleotides without a base 

Å!ÔÔÁÃËÓ υȭ ÐÈÏÓÐÈÁÔÅ ÅÎÄ ÏÆ $.! ÓÔÒÁÎÄ

ÅȰ.ÉÃËÓȱ ÄÁÍÁÇÅÄ $.! ÕÐÓÔÒÅÁÍ ÏÆ !0 ÓÉÔÅ

ÅCreate a 3'-OH end adjacent to the AP site

ÅAP lyase
ÅSome DNA glycosylases also possess AP lyaseactivity

Å!ÔÔÁÃË σȭ ÈÙÄÒÏØÙÌ ÅÎÄ ÏÆ ÒÉÂÏÓÅ ÓÕÇÁÒ

A C G

T A CG

A C G

T A CG



Base Excision Repair

Wikipedia/Public Domain

AP
Endonuclease

AP
Lyase



Base Excision Repair

ÅDNA polymerase
ÅAdds new nucleotide (complementary to opposite base)

ÅExtends 3'-OH terminus

ÅDNA ligase seals strand

A C G

T A CG

A C G

T A CG

T



Nucleotide Excision Repair

ÅRemoves ȰÂÕÌËÙȱ DNA damage
ÅMultiple bases

ÅOften pyrimidine dimers 

ÅCommonly caused by UV radiation (sunlight)

ÅG1 phase (prior to DNA synthesis)

ÅEndonucleases removed multiple nucleotides

ÅDNA polymerase and ligase fill gap

Public Domain



Nucleotide Excision Repair

Thymidine Thymidine

Cyclobutane
Pyrimidine 

Dimer

Wikipedia/Public Domain



Xeroderma Pigmentosum

ÅDefective nucleotide excision repair

ÅExtreme sensitivity to UV rays from sunlight

ÅSigns appear in infancy or early childhood

ÅVery easy sunburning

ÅFreckling of skin

ÅDry skin (xeroderma)

ÅChanges in skin pigmentation

ÅVery high risk of skin cancer
ÅMay develop in childhood

James Halpern, Bryan Hopping and Joshua M Brostoff



Mismatch Repair

ÅIdentifies incorrectly placed bases/nucleotides
ÅInsertions, deletions, incorrect matches

ÅOccurs when proofreading misses errors

ÅNo damage to base ɀnot recognized by repair systems

ÅOccurs in S/G2 phase (after DNA synthesis)

ÅNewly synthesized strand compared to template

ÅNucleotide errors removed and resealed



Mismatch Repair

ÅImportant for microsatellite stability

ÅDNA has many repeating segments

ÅȰ-ÉÃÒÏÓÁÔÅÌÌÉÔÅÓȱ 

A
C

AAACCC
CCCAAA

GGTT
TTGG



Mismatch Repair

ÅDNA slippage can occur at repeats

ÅResults in a mismatch

ÅRepaired by MMR systems

ÅResult: number of repeats (microsatellites) stable



Mismatch Repair

ÅMicrosatellite instability
ÅResults if MMR systems deficient

ÅSeen in cancers cells (colon cancer )



HNPCC
Hereditary Non-Polyposis Colorectal Cancer/Lynch Syndrome

ÅGermline mutation of DNA mismatch repair enzymes
ÅAbout 90% due to MLH1 and MSH2 mutations

ÅLeads to colon cancer via microsatellite instability
ÅAbout 80% lifetime risk

ÅHallmark: cancer cells with microsatellite instability



Double Strand Damage

ÅCommonly result from exogenous sources 
ÅIonizing radiation

ÅCaused by radiation therapy (cancer)



Homologous End Joining

ÅHomology = similar structure

ÅHEJ = uses sister chromosome template

Sister
Chromosome

Template



Non-Homologous End Joining

ÅUses many proteins to re-join broken ends
Å$.! ÐÏÌ ʇ ÁÎÄ ʈ ÒÅ-extend the ends

ÅMany other enzymes

ÅNo template used (non-homologous)

ÅHighly error-prone

Double Strand Break
(ionizing radiation)

NHEJ



Fanconi Anemia

ÅInherited aplastic anemia

ÅMore than 13 genetic abnormalities identified

ÅMany involve DNA repair enzymes
ÅHypersensitivity to DNA damage

ÅCells vulnerable to DNA strand cross-links

ÅAlso impaired homologous recombination



Ataxia Telangiectasia

ÅDefective Nonhomologous end -joining (NHEJ)
ÅMutations in ATM gene on chromosome 11

ÅAtaxia Telangiectasia Mutated gene

ÅRepairs double stranded DNA breaks via NHEJ

ÅDNA hypersensitive to ionizing radiation

ÅCNS, skin, immune system affected



Ataxia Telangiectasia
Clinical Features

ÅMost children healthy for first year 

ÅBegin walking at normal age but slow development

ÅProgressive motor coordination problems

ÅBy 10 years old, most in wheelchairs

ÅOther symptoms
ÅRecurrent sinus/respiratory infections (immune system)

ÅTelangiectasias (skin)

ÅHigh risk of cancer
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Transcription

ÅSynthesis of RNA
ÅRibonucleotides (not deoxyribonucleotides)

ÅUridine (not thymidine)

ÅDNA used as template

Thymidine Uridine



Transcription

Thymidine

CytidineAdenosine

Guanosine

σȭ

σȭ

υȭ

υȭ



Transcription



Transcription



Transcription

GTCA

GUCA

DNA

RNA

Transcription



Types of RNA

ÅMessenger RNA
ÅLongest chains of RNA

ÅNucleotides specify amino acids

ÅUsed the synthesize proteins

ÅRibosomal RNA
ÅForm ribosomes

ÅTransfer RNA
ÅTransfer amino acids to proteins



Types of RNA

ÅMicro RNA (miRNA)
ÅRegulate gene expression

ÅTarget mRNA molecules Ą bind via base pairing

ÅBlock translation into protein

ÅSmall interfering RNA (siRNA)
ÅAlso regulate gene expression

ÅCause degradation of mRNA

ÅSmall nuclear RNA (snRNA)
ÅSplicing of pre-mRNA



RNA Polymerase

ÅSynthesizes RNA from DNA template

ÅDoes not require a primer (like DNA polymerase)

ÅBinds promoter regions of DNA

ÅRequires transcription factors (proteins)

ÅBinds DNA Ą opens double helix



RNA Polymerase

ÅProkaryotes: One RNA polymerase
ÅMulti -subunit complex

ÅMakes all types of RNA

ÅEukaryotes: multiple RNA polymerase enzymes

ÅRNA polymerase I: most rRNA (5.8S, 18S, 28S)

ÅRNA polymerase II: mRNA

ÅRNA polymerase III: rRNA (5S), other RNAs



RNA Polymerase Inhibitors

ÅAlpha amanitin
ÅProtein found in Amanita phalloides(death cap mushrooms)

ÅPowerful inhibitor of RNA polymerase II

ÅLiver failure (taken up by liver cells)

Newnam/Wikipedia



RNA Polymerase Inhibitors

ÅRifampin
ÅInhibits bacterial RNA polymerase 

ÅUsed to treat tuberculosis

ÅActinomycin D 
ÅUsed as chemotherapy

ÅInhibits RNA polymerase



Transcription Factors

ÅAdditional proteins required to initiate transcription

ÅProkaryotes
ÅProtein factor (ʎfactor)

ÅEukaryotes
Å-ÕÌÔÉÐÌÅ ÆÁÃÔÏÒÓ ɉȰtranscription factors ȱɊ

ÅMany bind RNA polymerase II

ÅTFIID, TFIIB, TFIIE, etc



Promoters

ÅDNA regions

ÅNot transcribed

ÅBind RNA polymerase and transcription factors

ÅBound RNA polymerase opens double helix

Promoter Gene

Transcription Start
Point

σȭυȭ



Promoters

ÅTATA Box
ÅVery common eukaryotic promoter

ÅTATAAA

ÅBinds transcription factors (TFIID)

ÅCAAT Box
ÅCCAAT sequence

ÅGC Box
ÅGGGCGG



Enhancers

ÅDNAsequences that increase rate of transcription

ÅMay be upstream or downstream of gene they regulate

ÅBinds transcription factors called activators

ÅBecause of DNA coiling, many are geometrically close 
but many nucleotides away from gene

ÅStabilize transcription factors/RNA polymerase



Silencers

ÅDNAsequence that decreases rate of transcription

ÅMay be upstream or downstream of gene they regulate

ÅBinds transcription factors called repressors

ÅRepressors prevent RNA polymerase binding



Untranslated Regions

Å0ÏÒÔÉÏÎÓ ÏÆ Í2.! ÁÔ υȭ ÁÎÄ σȭ ÅÎÄÓ

ÅNot translated into protein

Åυȭ 542 ÕÐÓÔÒÅÁÍfrom coding sequence
ÅRecognized by ribosomes to initiate translation

Å3' UTR found following a stop codon
ÅImportant for post-transcriptional gene expression

mRNA UTRUTR
υȭ σȭ



Protein Synthesis
Prokaryotes



Protein Synthesis
Eukaryotes Introns = stay IN nucleus

Exons = exit nucleus



mRNA in Eukaryotes

ÅInitial transcript: hnRNA
ÅHeterogeneous nuclear RNA

ÅAlso called pre-mRNA

ÅhnRNAmodified to become mRNA

ÅThree key modifications before leaving nucleus
Åυȭ ÃÁÐÐÉÎÇ

ÅSplicing out of introns

Åσȭ ÐÏÌÙÁÄÅÎÙÌÁÔÉÏÎ



υȭ #ÁÐÐÉÎÇ

ÅAddition of 7-ÍÅÔÈÙÌÇÕÁÎÏÓÉÎÅ ÔÏ υȭ ÅÎÄ

ÅAdded soon after transcription begins

ÅDistinguishes mRNA from other RNA

Zephyris/Wikipedia



RNA Splicing

ÅOccurs during transcription

ÅIntrons removed from mRNA in nucleus

ÅIntrons always have two nucleotides at either end

Å5' splice site: GU

Å3' splice site: AG 

Exon GU ExonAG
σȭυȭ

mRNA



RNA Splicing

ÅPrimary transcript combines with snRNPs
ÅSmall nuclear ribonucleoproteins ( snRNPs) 

ÅShort RNA polymers complexed with proteins

ÅRNAs contain high content of uridine (U-RNAs)

ÅFive different U-RNAs defined:  U1, U2, U4, U5, and U6



RNA Splicing

ÅsnRNPsÁÎÄ Í2.! ÆÏÒÍÓ Ȱspliceosomeȱ

Å,ÏÏÐ ÏÆ Í2.! ×ÉÔÈ ÉÎÔÒÏÎ ÉÓ ÆÏÒÍÅÄ ɉȰÌÁÒÉÁÔȱɊ 

ÅLariat released Ą removes intron

ÅExons joined



RNA Splicing

BCSteve/Wikipedia



Antibodies

ÅAnti-Sm (anti-smith)
ÅAntibodies against proteins in snRNPs

ÅSeen in patients with SLE

ÅAnti-RNP
ÅAntibodies against proteins associated with U1 RNA

ÅStrongly associated with Mixed Connective Tissue Disease

ÅAlso seen in SLE, Scleroderma



Alternative Splicing

ÅAllows many proteins from same gene

ÅDNA: Exon1 ɀExon 2 ɀExon 3 ɀ%ØÏÎ τ ȣ %ØÏÎ ρπ

ÅProtein 1: Exon1 ɀExon 3 ɀExon 7

ÅProtein 2: Exon 2 ɀExon 5  - Exon 10



Alternative Splicing

Wikipedia/Public Domain



Splicing Errors

ÅCan lead to disease
ÅLoss of exons, retention of introns

ÅIncorrect joining of introns

ÅBeta thalassemia
ÅMany mutations described

ÅSome involve splice sites

ÅOncogenesis
ÅMany splice site mutations/errors described



σȭ 0ÏÌÙÁÄÅÎÙÌÁÔÉÏÎ

ÅOccurs at termination of mRNA transcription

ÅTriggered by specific DNA/RNA sequences

ÅȰ0ÏÌÙÁÄÅÎÙÌÁÔÉÏÎ ÓÉÇÎÁÌȡȱ !!5!!!

ÅAAUAAA followed by 10-30 nucleotides then CA

AATAAA CA

AAUAAA CA

DNA
(coding strand)

mRNA

σȭυȭ

υȭ σȭ



σȭ 0ÏÌÙÁÄÅÎÙÌÁÔÉÏÎ

ÅRequires several RNA binding proteins

ÅCleavage and polyadenylation specificity factor (CSF)
ÅBinds AAUAA

ÅCleavage stimulation factor (CstF)
ÅBinds CA sequence

ÅLeads to termination of DNA transcription

AAUAAA CAmRNA

σȭ



σȭ 0ÏÌÙÁÄÅÎÙÌÁÔÉÏÎ

ÅEnzyme: Poly-A polymerase (PAP)

Å!ÄÄÓ ͯςππ ÁÄÅÎÏÓÉÎÅ ÎÕÃÌÅÏÔÉÄÅÓ ÔÏ σȭ ÅÎÄ Í2.!

ÅNo template

AAAAAA

PAP

AAUAAA CAmRNA

σȭ

AAUAAAmRNA

σȭ



Transcription
Summary

CAAT TATA Exon Intr Exon Intr AATAA

Transcription
Start

Promoter

Exon Exon AAUAA

DNA Coding Strand

mRNA

σȭυȭ

σȭυȭ

Cap AAAA

Cytoplasm



MicroRNA
miRNA

ÅImportant regulatory molecules for mRNA

ÅRegulate mRNA expression to proteins

ÅBind mRNA via base pairing

ÅExtensive binding can remove poly-A tail

ÅExposes mRNA to degradation by endonucleases

ÅModifies gene expression at mRNA level



Processing Bodies
P-bodies

ÅSome mRNA moved to P-bodies in cytoplasm
ÅSeen with less extensive miRNA binding

ÅmRNA sequestered from ribosomes

ÅOften degraded

ÅSome evidence that mRNA may later be translated



Translation
Jason Ryan, MD, MPH



Transcription
Summary

CAAT TATA Exon Intr Exon Intr AATAA

Transcription
Start

Promoter

Exon Exon AAUAA

DNA Coding Strand

mRNA

σȭυȭ

σȭυȭ

Cap AAAA

Cytoplasm

Í2.! ÒÅÁÄ υȭ ÔÏ σȭ



Translation

ÅSynthesis of protein using mRNA as template

ÅOccurs in cytoplasm on ribosomes

ÅtRNAbrings amino acids to ribosome for assembly



Translation

Boumphreyfr /Wikipedia



Ribosomes

Å3ÏÍÅ ÁÒÅ ȰÆÒÅÅȱ ÉÎ ÃÙÔÏÐÌÁÓÍ 

ÅAlso bound to the endoplasmic reticulum 
ÅForms rough ER

ÅContain rRNA and proteins

ÅArranged as a large and small subunit

ÅSize measured in Svedbergunits
ÅMeasure of rate ofsedimentation by centrifugation



Ribosomes

ÅProkaryotes 
Å70Sribosomes

ÅSmall (30S) and large (50S) subunit

ÅSmall subunit: 16SRNA plus proteins

ÅLarge subunit: 5SRNA, 23S RNA, plus proteins

ÅProtein synthesis inhibitor antibiotics
ÅAminoglycosides, others

ÅTarget components of bacterial ribosomes



Ribosomes

ÅEukaryotes
Å80S ribosomes

ÅSmall (40S) and large (60S) subunits

ÅSmall subunit: 18SRNA plus proteins

ÅLarge subunit: 5S RNA, 28S RNA, 5.8S RNA plus proteins



tRNA

ÅTransfers amino acids to protein chains

ÅSynthesized by RNA polymerase III

ÅMany bases are chemically modified

N,N dimethyl Guanosine Guanosine



tRNA

ÅCloverleaf shape (secondary structure)

ÅBase pairing within molecule

Å70-90 nucleotides in length (tiny)

ÅKey portions
ÅAnticodon

ÅD loop (part of D arm)

ÅT loop (part of T arm)

Åσȭ ÅÎÄ

Yikrazuul



Anticodon

Å3 nucleotides on tRNA

ÅPairs with complementary mRNA

ÅCorrect pairing Ą correct protein synthesis

Boumphreyfr /Wikipedia



Genetic Code



D loop

ÅContains dihydrouridine

ÅtRNArecognition by aminoacyl-tRNAsynthetase

Uridine

Dihdydrouridine



T loop

ÅContains a TɰC sequence
ÅT = Ribotymidine

Åɰ= Pseudouridine

ÅC = Cytidine 

ÅNeeded for tRNAribosome binding

PseudouridineRibothymidine
Uridine



σȭ %ÎÄ

ÅAlways ends in CCA

ÅHydroyxl (OH) of A attaches to amino acid

Yikrazuul



Charging

ÅProcess of linking amino acids to tRNA

ÅEach tRNAlinked to one amino acid

ÅCatalyzed by Aminoacyl -tRNA synthetase 

ÅAdds amino acid to tRNA

ÅRequires ATP



tRNA

ATP

AMP

Amino Acid
AMP

Charged
tRNA

Aminoacyl
Group



Aminoacy-tRNAsynthetase

ÅOne enzyme per amino acid in most eukaryotic cells
Åi.e. one enzyme attaches glycine to correct tRNA

Dancojocari/Wikipedia



tRNA

ÅMany amino acids have similar structures

ÅMischarged tRNAĄwrong AA for mRNA codon

ÅHydrolytic editing
ÅAminoacy-tRNAsynthetase scrutinizes amino acid

ÅIf incorrect Ą hydrolyzes from AMP or tRNA

ÅIncreases accuracy of charging tRNA



Protein Synthesis

ÅAmino acids: N-terminal and C-terminal ends

ÅProteins synthesis: addition to C-terminal end



Protein Synthesis

ÅThree stages:
ÅInitiation

ÅElongation

ÅTermination



Protein Synthesis

ÅRibosomes: Four binding sites
ÅOne for mRNA

ÅThree for tRNA: A-site, P-site, E-site

σȭυȭ
P AE



Protein Synthesis

ÅA-site: Amino acid binding (charged tRNA)

ÅP-site: tRNAattached to growing protein chain

ÅE-site: Exit of tRNA

σȭυȭ
P AE



Initiation

ÅBegins with AUG on mRNA

ÅCodes for methionine or N-formylmethionine (fMet)

ÅBinds directly to P-site

ÅUsually removed later by protease enzymes

ÅfMET= chemotaxis of neutrophils (innate immunity)

Methionine N-formylmethionine



Initiation

ÅUses GTP hydrolysis

ÅIn eukaryotes require initiation factors (proteins)
ÅAssemble ribosomes and tRNA



Elongation

ÅUsually divided into a sequence of four steps

ÅUses elongation factors (proteins)
ÅBacteria: EF-Tu and EF-G

ÅEukaryotes: EF1 and EF2

ÅHydrolyze GTP to GDP

ÅEF2: Target of bacterial toxins
ÅDiphtheria toxin (Corynebacterium diphtheriae)

ÅExotoxin A(Pseudomonas aeruginosa)

ÅInhibits protein synthesis



Protein Synthesis

ÅStep 1: Charged tRNAbinds A-site
ÅP-site and A-site next to one another

t

σȭυȭ

NH2

t

P AE



Protein Synthesis

ÅStep 2: Amino acid joined to peptide chain
Å#ÁÔÁÌÙÚÅÄ ÂÙ ÒÉÂÏÓÏÍÅ ɉȰÒÉÂÏÚÙÍÅȱɊ

ÅPeptidyl transferase : Part of large ribosome (made of RNA)

ÅProtein attached to A-site

tt

P A
σȭυȭ

NH2

E



Protein Synthesis

Å3ÔÅÐ σȡ 2ÉÂÏÓÏÍÅ ÍÏÖÅÓ ÄÏ×Î Í2.! ÔÏ×ÁÒÄ σȭ ÅÎÄ
ÅȰ4ÒÁÎÓÌÏÃÁÔÉÏÎȱ

ÅProtein moves to P-site

tt

P A
σȭυȭ

NH2

E



Protein Synthesis

ÅStep 4: tRNAleaves E-site

t
t

P A
σȭυȭ

NH2

E



Termination

ÅTranslation ends at mRNA stop codons
ÅUAA, UAG, UGA

ÅNot recognized by tRNA

ÅDo not specific an amino acid

ÅReleasing factors bind to ribosome at stop codons

ÅCatalyze water added to protein chain

NH2

OH



Posttranslational Modifications

ÅCreates functional protein

ÅFolding

ÅAddition of other molecules



Posttranslational Modifications

ÅPhosphorylation
ÅAmino acidresidue phosphorylated

ÅProtein kinase enzymes add phosphate group

ÅGlycosylation
ÅFormation of the sugarɀamino acid linkage

ÅMany linkages: N-, O-, C-linked glycosylation

ÅCreates glycoproteins



Posttranslational Modifications

ÅHydroxylation
ÅAddition of hydroxyl (OH) groups

ÅImportant for collagen synthesis

ÅHydroxylation of proline and lysine residues

Proline
Hydroxyproline



Posttranslational Modifications

ÅMethylation
ÅAddition of methyl (CH3) groups

ÅAcetylation
ÅAddition of acetyl (CH3CO) group

ÅUbiquitination
ÅAddition of ubiquitin (small protein)

ÅTags proteins for destruction in proteasome

Acetyl Group



Chaperones

ÅProteins that facilitate folding

ÅBind to other proteins Ą ensure proper folding

ÅClassic example: Heat shock proteins
ÅFamily of proteins 

ÅAlso called stress proteins

ÅConstitutively expressed

ÅIncreased expression with heat, pH shift, hypoxia

ÅStabilize proteins; maintain protein structure

ÅHelp cells survive environmental stress





Polymerase Chain 
Reaction
Jason Ryan, MD, MPH



PCR
Polymerase Chain Reaction

ÅLaboratory technique

ÅAmplifies (copies) DNA molecules in a sample

ÅUses:
ÅMake more DNA from small amount

ÅDetermine if DNA is present (i.e. does it amplify?)

ÅDetermine amount of DNA (i.e. how quickly does it amplify?)

PCR



PCR
Ingredients

ÅSample (DNA)

ÅDNA polymerase

ÅPrimer
ÅSingle-stranded DNA segment

ÅComplementary to DNA under evaluation

ÅNucleotides

GTCA

Primer 



PCR
Technique

ÅHeat sample
ÅDNA denatures into single strands

ÅCool sample
ÅPrimer anneals (binds) complementary DNA (if present)

ÅWarm sample
ÅDNA polymerase elongates from primer

ÅProcess repeated in cycles

ÅEach cycle generates more DNA



PCR

Enzoklop/Wikipedia



Real Time PCR
Quantitative PCR

ÅPCR done in presence of fluorescent dye

ÅAmount of dye proportional to amount of DNA

ÅMore DNA = more fluorescence

ÅFluorescence detected as PCR ongoing

ÅRapid increase florescence = more DNA in sample



PCR
Uses

ÅHerpes simplex virus encephalitis
ÅDNA in CSF

ÅHIV Viral Load
ÅUses reverse transcriptase to make cDNA

ÅAmplification of cDNA

ÅAmount of cDNA produced over time indicates viral load

ÅStandard tool for monitoring viral load 













Blotting
Jason Ryan, MD, MPH



Blotting

ÅLaboratory techniques

ÅSouthern blot: Identifies DNA

ÅNorthern blot: Identifies RNA

ÅWestern blot: Identifies proteins



Southern Blot

ÅNamed for inventor (Edward Southern)

ÅUses a probe to identify presence of DNA in a sample



Probe

ÅSingle-stranded DNA molecule 

ÅCarries radioactive or chemical markers

ÅBinds complementary sequences
Å0ÒÏÂÅ ÃÁÌÌÅÄ ȰÃ$.!ȱ

ÅȰ(ÙÂÒÉÄÉÚÁÔÉÏÎȱ

ÅOnce bound,  markers reveal DNA in sample

σȭυȭ

DNA in Sample

Probe 



Southern Blot
Step 1

DNA 
Sample

Restriction nucleases
(enzymatically cleavage)



Southern Blot
Step 2

Gel Electrophoresis
Size separation



Gel Electrophoresis

Jeffrey M. Vinocur



Southern Blot
Step 3

Blotting
Transfer to filter paper



Southern Blot
Step 4

ÅAdd probe

ÅWash away unbound probe

ÅOnly bound probe remains

ÅFilter paper exposed to film Ą bound DNA revealed



Southern Blot
Step 4

ÅOften done with multiple samples

Sample 1 Sample 2



Southern Blot
DNA

Electrophoresis

DNA probe



Southern Blot
Clinical Uses

ÅRestriction fragment length polymorphisms

ÅSickle cell anemia



RFLP
Restriction fragment length polymorphisms

ÅRestriction nucleases
ÅDNA cutting enzymes

ÅCut DNA at specific base sequences (i.e. GTGCAC)

ÅRestriction fragment length polymorphisms
ÅAnalysis of fragments of DNA from restriction nucleases

ÅDifferent genes = different length of fragments

ÅSouthern blotting to detect lengths after fragmentation

1.5kb

1.0kb

1.3kb

Gene A Gene B



RFLP
Restriction fragment length polymorphisms

Wikipedia/Public Domain



Sickle Cell Anemia

ÅNormal ɼ-globin gene: Two fragments
Å1.15kb and 0.2kb

ÅSickle cell: One fragment 
Å1.35kb

ÅThis fragment seen only with HbSgene

1.15kb

1.35kb

Normal Carrier SS



Northern Blot
RNA

Electrophoresis

Probe

Useful for assessing
mRNA levels

(gene expression)



Western Blot
Protein

Electrophoresis

Antibody



Western Blot

ÅDetection of antibodies
ÅIgG or IgM in Lyme disease

ÅIgG HIV-1



Southwestern Blot

ÅUsed to study DNA-protein interaction

ÅCombines features of Southern and Western blots

ÅProteins separated by electrophoresis (Western)

ÅDNA probe added (Southern)

ÅUsed for studying DNA-binding proteins 

ÅEspecially transcription factors



Southwestern Blot
Protein

Electrophoresis

DNA











Flow Cytometry
Jason Ryan, MD, MPH



Flow Cytometry

ÅFlow = motion of fluid

ÅCytometry = measurement of cells

ÅFlow cytometry = Analysis of cells as they flow in a 
liquid through a narrow steam

ÅKey point: Used to analyze cells
ÅBy size

ÅBy surface proteins



Flow Cytometer

ÅKey components:
ÅFlow cell: moves cells through machine

ÅLaser: light scattered by cells

ÅPhotodetector: detects light scatter

Biol/Wikipedia



Flow Cytometer

Photodetector

Light Source



Flow Cytometer

Light Forward Scatter
Size

Side Scatter
Granularity



Flow Cytometry

Front Scatter

S
id

e
 S

ca
tt
e

r

Lymphocytes

Monocytes

Granulocytes



Antibody Staining

ÅSpecific antibodies to surface/intracellular proteins

ÅTagged with unique fluorochrome

ÅFlow cytometer detects fluorochrome

ÅIndicates presence of protein in cells



Antibody Staining

CD8

C
D

4



Flow Cytometry
Clinical Uses

ÅFetal maternal hemorrhage
ÅFetal red cells cross placenta to maternal blood

ÅSeen with placental failure/trauma

ÅPresents as decreased fetal movement, abnormal fetal HR

ÅCan cause stillbirth

ÅFlow cytometry: monoclonal antibody to hemoglobin F

ÅDetects fetal hemoglobin in red cells

ØyvindHolmstad/Wikipedia



Flow Cytometry
Clinical Uses

ÅParoxysmal nocturnal hemoglobinuria
ÅFluorescently-labeled monoclonal antibodies 

ÅBind glycosylphosphatidylinositol (GPI) anchored proteins

ÅDecay Accelerating Factor (DAF/CD55)

ÅMAC inhibitory protein (CD59)

ÅReduced or absent on red blood cells in PNH

Databese Center for Life Science (DBCLS)







ELISA
Jason Ryan, MD, MPH



ELISA
Enzyme-linked immunosorbent assay

ÅDetects antigens and antibodies in serum

ÅBased on enzymatic color change reaction

ÅSeveral forms
ÅDirect

ÅIndirect

ÅSandwich 

ÅCompetitive



ELISA
Enzyme-linked immunosorbent assay

Jeffrey M. Vinocur



Direct ELISA

ÅAdd serum to be tested

ÅSerum coats plate Ą antigen secured to surface

ÅWash away fluid



Direct ELISA

ÅAdd enzyme-labeled antibody specific to antigen

ÅWash away unbound antibodies

ÅAdd substrate Ą color change

ÅEnzyme-linked antibodies directly bind antigen

E E E

S S S



Indirect ELISA

ÅAdd serum for analysis (like direct)

ÅAdd antibody to antigen of interest

ÅAntibody not enzyme linked

ÅWash away unbound antibody



Indirect ELISA

ÅAdd enzyme-labeled secondary antibody

ÅSubstrate Ą color change Ą identification of antigen

ÅResult: Identifies presence of antigen in serum

ÅEnzyme-linked antibodies indirectly bind antigen

E E E

S S S



ELISA
Direct vs. Indirect

ÅDirect
ÅFewer steps

ÅSpecific antibody must be enzyme-linked

ÅTime-consuming to label antibodies to unique antigens

ÅIndirect
ÅMore steps

ÅSpecific antibody NOT enzyme-linked

ÅSpecific antibody easier to acquire (i.e. mouse antibody)

ÅSecondary antibody easier to acquire (i.e. anti-mouse IgG)



Sandwich ELISA

ÅPlate coated with capture antibody

ÅSample added Ą any antigen present binds 

ÅDetecting antibody added Ą binds to antigen
ÅDirect: detecting antibody enzyme linked

ÅIndirect: secondary enzyme-linked antibody added

ÅSubstrate added Ą color change

E E E

S S S



Sandwich ELISA

ÅHigh specificity
ÅTwo antibodies used

ÅUnlikely to bind wrong antigen

ÅWorks with complex samples
ÅAntigen does not require purification 

ÅCan use secondary antibody like indirect



Competitive ELISA

ÅPrimary antibody incubated with sample

ÅAntigen-antibody complexes form

ÅMore antigen = more binding = less free antibody



Competitive ELISA

ÅMixture added to antigen coated plates

ÅUnbound antibody binds antigen

ÅWash away antigen-antibody complexes

ÅSecondary antibody and substrate added

ÅMore color change = LESS antigen in sample



Competitive ELISA
Lots 

of antigen Less color

Less
antigen MORE

color

Mixture 
added to 

plates

Wash away

Enzyme
added



ELISA 
Uses

ÅHIV antibody detection
ÅIndirect method (many variants used)

ÅHIV antigen attached to well 

ÅSample reacts with antigen-coated plate

Å2° antibody: antihuman immunoglobulin with bound enzyme

ÅAddition of substrate results in color change

E E E

S S S



ELISA 
Uses

ÅHIV p24 antigen detection
ÅOften sandwich ELISA used (many variants)









Microarrays
and FISH
Jason Ryan, MD, MPH



DNA Microarray

ÅAlso called DNA chip or biochip

ÅSolid structure: glass, plastic, or silica

ÅThousands of DNA sequences (probes) attached

ÅUsed to test a sample DNA with fluorescent markers

ÅSample hybridizes with complementary bases

ÅComputer detects which probes bind sample



DNA Microarray

Wikipedia/Public Domain



DNA Microarray

Schutz/Wikipedia



DNA Microarray

ÅGene expression
ÅWhich genes active/inactive

ÅExample: cancer cells versus normal cells

ÅCellular mRNA collected Ą cDNA

ÅcDNA tested using microarray

ÅDetermines gene expression 



DNA Microarray

Wikipedia/Public Domain



DNA Microarray

ÅCopy number variation
Å3ÏÍÅ ÃÅÌÌÓ ÃÏÎÔÁÉÎ ᴽȾᴻ ÃÏÐÉÅÓ ÏÆ ÇÅÎÅÓȾ$.!

ÅIncreased/decreased copies linked to disease

ÅCellular DNA collected Ąmicroarray testing

ÅReference sample also tested

ÅResults (fluorescence intensities) compared
ÅSample = reference (no extra copies)

ÅSample > reference (more copies)

ÅSample < reference (fewer copies)



DNA Microarray

ÅSingle nucleotide polymorphisms (SNPs)
ÅGenes exist with variations in a single nucleotide

ÅVariations represented in the microarray

ÅCellular DNA collected Ą tested using microarray

ÅBinding indicates which SNP present in sample gene

ÅMany SNPs associated with disease

ÅMany SNPs preserved within families



FISH
Fluorescencein situ hybridization

ÅFluorescent DNA probe binds to specific gene site

ÅLocalizes genes to a chromosome

ÅDetermine which chromosome contains gene



Fluorescent
DNA Probe

DNA of
Interest Hybridization

FISH
Fluorescencein situ hybridization



FISH
Fluorescencein situ hybridization

ÅOften done on cells in metaphase 
ÅCells arrested in mitosis 

ÅChromosomes visible individually

ÅFixed to glass slide

ÅDNA probes used that match regions of known chromosomes

ÅProbes hybridized to chromosomes on slide 

ÅȰÉÎ ÓÉÔÕȱ ÈÙÂÒÉÄÉÚÁÔÉÏÎ

ÅProbes visualized with fluorescence microscopy



FISH
Fluorescencein situ hybridization

ÅOften used to compare test cell to normal cells
ÅLocate gene in test cells

ÅMicrodeletion : no fluorescence of chromosome 
Å22q11(DiGeorge syndrome)

ÅTranslocation: fluorescence on different chromosome

ÅDuplication: extra site of fluorescence



Cell Cycle
Jason Ryan, MD, MPH



Cell Cycle

Richard Wheeler (Zephyris) 2006



Cell Cycle

Richard Wheeler (Zephyris) 2006

Interphase
(Growth)

M phase
(Mitosis)

G1 (growth)
S (synthesis)
G2 (growth)

G0
(resting)



Cell Cycle

ÅG1 phase
ÅSynthesis of proteins, organelles

ÅLength varies depending on conditions

ÅMitogens : 
ÅExtracellular signaling molecules, usually proteins

ÅStimulate cell division 

ÅFunction via cyclin dependent kinases ( Cdks)

ÅGrowth factor: Stimulates growth in size

ÅSome molecules both mitogens and GFs

ÅTerms sometimes used interchangably



Cell Cycle

ÅS phase
ÅSynthesis of DNA

ÅChromosomes Ą two sister chromatids

ÅG2 phase
ÅGrowth in preparation for mitosis



G0 Phase

ÅMay occur in absence of mitogen stimulation

ÅSpecialized non-dividing state

ÅMost cells in our body are in G0
ÅSome permanent G0
ÅOthers go in/out



G0 Phase

ÅNeurons, skeletal muscle cells
ÅPermanent G0ÓÔÁÔÅ ɉȰÔÅÒÍÉÎÁÌÌÙ ÄÉÆÆÅÒÅÎÔÉÁÔÅÄȱɊ

ÅLiver cells
ÅOften in G0 but may divide if stimulated

ÅFibroblasts, lymphocytes
ÅEnter and exit G0 many times in their lifespan



G0 Phase

ÅBone marrow cells, GI epithelial cells, hair follicles
ÅȰ,ÁÂÉÌÅ ÃÅÌÌÓȱ

ÅRapidly dividing

ÅRarely/never enter G0

ÅMost effected by many forms of chemotherapy



Mitosis

ÅShortest (most rapid) portion of cell cycle

ÅDivided into phases
ÅProphase

ÅPrometaphase

ÅMetaphase

ÅAnaphase

ÅTelophase

Richard Wheeler (Zephyris) 2006



Mitosis
Prophase

ÅChromosomes condense

ÅSpindle fibers forms

Ali Zifan/Wikipedia



Mitosis
Prometaphase

ÅChromosomes organize 
on mitotic spindle

Ali Zifan/Wikipedia



Mitosis
Metaphase

ÅChromosomes line up on 
metaphase plate

Ali Zifan/Wikipedia



Mitosis
Anaphase

ÅChromosomes separate

Ali Zifan/Wikipedia



Mitosis
Telophase/Cytokinesis

ÅSpindle breaks down

ÅCell divides

Ali Zifan/Wikipedia



Cell Cycle Control

Å#ÅÌÌÓ ÒÅÇÕÌÁÔÅ ÐÒÏÇÒÅÓÓÉÏÎ ÔÈÒÏÕÇÈ Ȱcheckpointsȱ
Å!ÌÓÏ ÃÁÌÌÅÄ ȰÒÅÓÔÒÉÃÔÉÏÎ ÐÏÉÎÔÓȱ

ÅG1-S (prior to S phase entry)

ÅG2-M (prior to mitosis)

ÅM phase (prior to anaphase/cytokinesis)

ÅArrests cell if conditions not appropriate

ÅFirst checkpoint: Late G1 (G1-S)
ÅCell commits to cell cycle/growth

Richard Wheeler (Zephyris) 2006



Cell Cycle Control

ÅCyclin Dependent Kinases (Cdks)
ÅCentral components of cell cycle control

ÅKinase enzymes (lead to phosphorylation of other proteins)

ÅAlways present in cells but inactive

ÅDepend on cyclins to activate

ÅCyclins: regulatory proteins ɀactivate Cdks

ÅCyclin-Cdk complexes
ÅPhosphorylate regulatory proteins

ÅAllow progression through cell cycle



Cyclins

ÅMany classes/subtypes

ÅLevels vary during cell cycle

Wikipedia/Public Domain



G1-S Checkpoint

ÅDuring G1 phase ĄCdkactivity suppressed

ÅMitogens activate CdkĄ entry into S phase
ÅInteract with cell surface receptors

ÅActivate intracellular pathways

ÅIncrease G1 cyclin levels

ÅIncrease Cdkactivity



G1-S Checkpoint

ÅCyclin-Cdkcomplexes activate E2F proteins
ÅTranscription factors

ÅBind to DNA promoter regions

ÅActivate genes for S phase

ÅE2F normally inhibited 
ÅInhibited by E2F binding to retinoblastoma proteins ( Rb)

ÅInhibition released by G1-S-Cdk phosphorylation of Rb

ÅRbregulates cell growth
ÅȰ4ÕÍÏÒ ÓÕÐÐÒÅÓÓÏÒȱ



G1-S Checkpoint

E2F

Active

Inactive

Cdks

E2F

P
P

P

Cell Growth

Cyclin



G1-S Checkpoint

ÅDNA damage can arrest cell division 
ÅAllows for repair

ÅPrevents development of mutant cells/cancer

ÅDNA damage initiates signaling pathways



G1-S Checkpoint

ÅATM pathway : Activated by double strand breaks
ÅATM: Ataxia Telangiectasia Mutated

ÅATM gene mutation ĄAtaxia Telangiectasia

ÅATR pathway : Single stranded breaks

ÅBoth lead to phosphorylation of proteins 

ÅCauses cell cycle/growth arrest



P53 Protein

ÅMajor target of ATM/ATR systems

ÅPhosphorylated after DNA damage
ÅPrevents p53 breakdown

ÅIncreases levels/activity

Åp53 induces transcription of p21 protein

Åp21 binds to CdksĄ inhibits Cdkactivity

ÅBlocks cell progression through cell cycle

Åp53/p21 = tumor suppressors 



P53 Protein

P53
Unstable Protein
Rapid Breakdown

P53

P21 gene

DNA Damage

P53

Stable
P21

CdkInhibition
Growth Arrest



G1-S Checkpoint

E2F

Active

Inactive

Cdks

E2F

P
P

P

Cell Growth

Cyclin

P21

X



G1-S Checkpoint

Richard Wheeler (Zephyris) 2006

Stimulation (Rb -E2F)
DNA Damage (p53)



Retinoblastoma

ÅRare childhood eye malignancy

ÅMutations in RB1gene 

ÅCodes for Rbprotein

ÅAbnormal RbĄUnregulated cell growth (via E2F)

Wikipedia/Public Domain



Li-FraumeniSyndrome

ÅSyndrome of multiple malignancies at an early age 
ÅSarcoma, Breast, Leukemia, Adrenal Gland 

ÅȰ3",!ȱ ÃÁÎÃÅÒ ÓÙÎÄÒÏÍÅ 

ÅMutation in tumor suppressor gene TP53

ÅCodes for p53 protein

ÅMutation: Cycle not arrested to allow for DNA repair

ÅAccumulation of damage Ąmalignancy







Cell Structure
Jason Ryan, MD, MPH



Endoplasmic Reticulum

ÅFound in all eukaryotic cells

ÅFolded membrane of sacs/tubules

ÅContinuous with nuclear membrane

ÅSite of synthesis of proteins and lipids

Wikipedia/Public Domain



RER
Rough Endoplasmic Reticulum 

ÅSurface of ER covered with ribosomes

Å'ÉÖÅÓ ÇÒÁÎÕÌÁÒ ÏÒ ȰÒÏÕÇÈȱ ÁÐÐÅÁÒÁÎÃÅ

ÅSite of protein synthesis

Wikipedia/Public Domain



RER
Rough Endoplasmic Reticulum 

ÅMembrane bound ribosomes
ÅFound in RER

ÅProduce proteins mostly for secretion from cell

ÅProtein hormones, digestive enzymes

ÅFree ribosomes
Å&ÏÕÎÄ ȰÆÒÅÅȱ ÉÎ ÃÙÔÏÓÏÌ

ÅProduce proteins mostly used by cell

ÅMetabolism, structure



Nissl Bodies

ÅRough endoplasmic reticulumin neurons

ÅSynthesize neurotransmitters

Dr. Dimitri Agamanolis
neuropathology-web.org

Nissl Bodies



RER
Rough Endoplasmic Reticulum 

ÅAbundant in cell that secrete proteins
ÅGoblet cells of intestines (mucus)

ÅPlasma cells (antibodies)

ÅPancreatic beta cells (insulin)

Wikipedia/Public Domain



SER
Smooth Endoplasmic Reticulum 

ÅPortions of ER without ribosomes

ÅImportant for lipid/steroid synthesis 

ÅAlso detoxification of drugs and toxins

ÅSarcoplasmic reticulum = SER in myocytes
ÅStores calcium for muscle contraction



SER
Smooth Endoplasmic Reticulum 

ÅLots of SER found in hepatocytes
ÅSynthesis of cholesterol/lipoproteins

ÅMany detoxification enzymes 

ÅCytochrome P450 family of enzymes

ÅAlso found in steroid producing organs
ÅAdrenal glands

ÅGonads

Cholesterol

Cortisol Testosterone Estradiol



Golgi Apparatus

ÅProteins leave ER in vesiclesĄ transported to Golgi

ÅFuse with Golgi membrane Ą empty their contents 

ÅIn Golgi Ą proteins modified 

ÅSorted for transport to next destination

Wikipedia/Public Domain



Golgi Apparatus

ÅCisGolgi network
ÅVesicles come into cis facefrom RER

ÅTransGolgi network
ÅVesicles leave from trans face

ÅProteins sorted/shipped by 
adding signal sequences

OpenStaxCollege



Golgi Modifications

ÅModifies N-oligosaccharides on asparagine 

ÅAdds O-oligosaccharides to serine and threonine

ÅAdds mannose-6-phosphate to lysosomal proteins

ÅLikely serves many purposes:
ÅProtects proteins from degradation

ÅDirects proteins to target location

ÅAllows protein recognition by receptors



Oligosaccharides

ÅPolymers (chains) of sugar molecules

Glucose N-acetyl-glucosamine

Galactose

Mannose



Oligosaccharides

ÅN-linked: Attached to nitrogen
ÅOften attached to asparagine (extra N molecule)

ÅO-linked: Attached to oxygen
ÅOften attached to serine/threonine (extra O molecule)

Asparagine

Serine

Threonine



N-linked Oligosaccharides

ÅSynthesized in endoplasmic reticulum

ÅSugars added to asparagine (extra N molecule)

ÅModified in Golgi apparatus (trimmed, sugars added)

Dna 621/Wikipedia



O-linked Oligosaccharides

ÅOccurs in Golgi apparatus

ÅSugars added to serine/threonine (extra O molecule)

ÅExample: Mucins heavily O-glycosylated

OpenStaxCollege



Mannose-6-Phosphate

ÅAdded to proteins destined for lysosomes
ÅAcid hydrolase enzymes

ÅAdded to N-linked oligosaccharides

ÅTriggers packaging in trans-Golgi Ą lysosomes

ÅProcess disrupted/abnormal in I-cell disease

Mannose-6-Phosphate



I-cell Disease
Inclusion Cell Disease

ÅRare autosomal recessive metabolic disorder

ÅLysosomal storage disease (mucolipidosis) 

ÅOnset in 1st year of life 
ÅGrowth failure

ÅCoarse facial features

ÅHypotonia/Motor delay



I-cell Disease
Inclusion Cell Disease

ÅFailure of processing in Golgi apparatus
ÅMannose-6-phosphate NOT found on lysosome proteins

ÅDeficiency: N-acetylglucosaminyl -1-phosphotransferase

ÅPhosphate not added to mannose due to missing enzyme

ÅResult: enzymes secreted outside of cell
ÅHydrolases missing from lysosomes

ÅCan be detected in blood/urine (outside cell)

ÅLysosomes containinclusionsof undigested 
glycosaminoglycans and glycolipids



Endosomes

ÅMembrane-bound compartments in cells

ÅFormed by endocytosis
ÅInvagination of plasma membrane to surround molecules 

ÅPinching off of membrane to form enclosed structure



Endocytosis

ÅReceptor-mediated endocytosis
ÅCells take up specific molecules (ligands) that bind receptors

ÅReceptors often located in coated pits 

ÅPinocytosis
ÅCells ingest droplets of liquid from extracellular space

ÅPhagocytosis
ÅCells extends pseudopods

ÅEncircle particles

ÅImportant part of immune defense

ÅMacrophages, Neutrophils = professional phagocytes



Endocytosis



Endosomes

ÅTransport contents to lysosome 
ÅOften fuse (join together) with membrane of lysosome 

ÅLysosome digests materials

ÅSometimes transport back to cell membrane



Lysosomes

ÅAcidic (pH ~4.8) 

ÅMany acid hydrolase enzymes  (40+ types)
ÅRequire acidic environment

ÅBreakdown substrates by addition of water molecules

ÅBreakdown cellular waste

ÅAlso fats, carbohydrates, proteins

ÅGenerate simple compounds 

ÅReturned to cytoplasm to be used by cell



Lysosomes

ÅEnzyme deficiency Ą lysosomal storage disease

ÅCellular buildup of macromolecule Ą disease



Peroxisomes

ÅCellular organelles (membrane-enclosed)

ÅContain oxidative enzymes

ÅCan generate hydrogen peroxide (H2O2)

ÅCatalase
ÅOxidizes substances with H2O2 

ÅDetoxifies many substances in liver cells

ÅCan metabolize ethanol (alternative, minor pathway)



Peroxisomes

ÅBeta oxidation fatty acids
ÅOccurs in mitochondria but also peroxisomes

ÅPeroxisomes preferentially oxidize longer fatty acids

Fatty Acid



Proteasomes

ÅDestroy aberrant proteins
ÅMisshaped/misfolded

ÅBarrel-shaped structure

Å0ÒÏÔÅÉÎ ȰÃÏÍÐÌÅØȱȡ ÍÕÌÔÉÐÌÅ ÐÒÏÔÅÉÎ ÓÕÂÕÎÉÔÓ

ÅRequires ATP

FridoFoe/Wikipedia



Proteasomes

Å-ÏÓÔÌÙ ÄÅÓÔÒÏÙÓ ÐÒÏÔÅÉÎÓ ȰÍÁÒËÅÄȱ ÂÙ ubiquitin
ÅSmall protein

ÅTags damaged proteins

ÅMay play a role in 0ÁÒËÉÎÓÏÎȭÓ ÄÉÓÅÁÓÅ
ÅReduced ubiquitin-proteasome activity 

ÅToxic accumulations of proteins in neurons



Secretory Pathway

ÅSeries of steps forsecretory proteins

ÅBegins with translation of mRNA in cytosol

ÅProtein enters endoplasmic reticulum lumen

ÅTransferred to Golgi

ÅExits Golgi in vesicle 

ÅExocytosis at plasma membrane Ą secretion



Signal Sequences

ÅFound on proteins undergoing synthesis (translation)

ÅUsed to pull free ribosomes to ER membrane
ÅCreates rough ER

ÅLeads to proteins entry into ER lumen

ÅMany will ultimately be secreted (via secretory pathway)

ÅSome will go to ER, other organelles



Signal Sequences

ÅShort peptides (proteins)

ÅFound on N-terminal of protein

ÅDirects protein-ribosome to endoplasmic reticulum

Amino Acid



Signal Sequences

ÅSignal Recognition Particle (SRP)
ÅRibonucleoproteins found in cytosol

ÅComplex particle with many proteins and RNA

ÅRecognize signal sequences

ÅMoves proteins from cytosol to ER

ÅSRP Receptor
ÅFound on ER membrane

ÅBinds SRPs

ÅProtein translocated through pore into ER lumen



Coated Vesicles

ÅVesicles with protein coat on surface

ÅFormed from specialized portions of membranes

ÅDifferent coats in different forms of traffic

ÅImportant for secretory pathway

ÅAlso important in transport from cell surface

ÅThree well-characterized coats
ÅClathrin

ÅCOPI

ÅCOPII



Clathrin-Coated Vesicles

ÅTransport between plasma membrane and Golgi

ÅAlso to/from endosomes in cytoplasm

ÅMajor vesicle: receptor -mediated endocytosis
ÅUptake of extracellular component into vesicle

Å2ÅÃÅÐÔÏÒÓ ÆÏÕÎÄ ÉÎ ȰÃÌÁÔÈÒÉÎ-ÃÏÁÔÅÄ ÐÉÔÓȱ

ÅLDL-receptor

ÅGrowth factor receptors

Wikipedia/Public Domain



COPI and COPII Vesicles

ÅCOPI: Golgi to ER (retrograde)

ÅCOPII: ER to Golgi (anterograde)

OpenStaxCollege





Cytoskeleton
Jason Ryan, MD, MPH



Cytoskeleton

ÅSystem of filaments (Latin = thread)

ÅAll constructed from smaller protein subunits

ÅMaintains shape of cells

ÅMoves intracellular traffic

ÅPulls chromosomes apart in mitosis



Types of Filaments

ÅMicrofilaments (actin filaments)

ÅIntermediate filaments

ÅMicrotubules 



Microfilaments
Actin Filaments

ÅPolymers of protein actin

ÅOften found under cell membrane

ÅMany roles: cell shape, cell movement



Microvilli

ÅExtensions of intestinal cell membranes

ÅFormed from actin filaments

Wikipedia/Public Domain



Muscle Fibers

ÅBasic unit: Sarcomere

ÅOverlapping thin and thick filaments

ÅThin filaments: actin and associated proteins

ÅThick filaments: myosin

ÅMyosin filaments slide past actin Ą contraction

Myosin Actin



Intermediate filaments

ÅMaintain cell shape/structure

ÅMany different types found in variety of cells

ÅOften used as tumor markers

ÅImmunohistochemical staining
ÅAntibodies against intermediate filament proteins

ÅSpecific filaments associated with certain tumors

ÅVarious methods for detecting antibody binding

ÅȰ0ÏÓÉÔÉÖÅ ÓÔÁÉÎÉÎÇȱ ÓÕÇÇÅÓÔÓ ÔÕÍÏÒ ÏÒÉÇÉÎȾÔÙÐÅ



Vimentin

ÅFound in mesenchymal tissue
ÅCells/tissue derived from mesoderm in embryo

ÅMostly connective/soft tissue (i.e. not organs)

ÅFibroblasts

ÅSkeletal muscle

ÅMesothelium lining of peritoneum, synovial joints

ÅEndothelium

ÅAdipocytes

ÅOsteoblasts



Vimentin

ÅZ-disks in sarcomeres
ÅContain vimentin and desmin

Myosin Actin

Z disk



Vimentin

ÅSarcoma 
ÅTumor of mesenchymal origin

ÅPositive for vimentin

ÅMany subtypes

ÅLiposarcoma (adipocytes)

ÅLeiomyosarcoma (smooth muscle)

ÅAlso found in other non-sarcoma tumors
ÅUsed to distinguish from other tumors 

ÅRenal cell carcinoma

ÅSome CNS tumors (meningioma)

ÅEndometrial carcinoma



Desmin

ÅMuscle filament

ÅPart of Z-disks in sarcomeres (vimentin and desmin)

ÅMarker for muscle tumors

ÅRhabdomyosarcoma

ÅLeiomyoma and leiomyosarcoma

Myosin Actin

Z disk



Keratin
Cytokeratin

ÅEpithelial cell filaments

ÅFound in cytoplasm (intracellular)

ÅMany subtypes (i.e. cytokeratin 8, 18, 19)

ÅUsed to diagnose epithelial tumors (cytokeratin+)

ÅUseful in squamous cell carcinoma
ÅCervical cancer

ÅHead and neck

ÅLung

ÅSkin

ÅEsophagus



Lamins

ÅForms nuclear envelope
ÅSeparates nucleus from cytoplasm

ÅOuter membrane,inner membrane,intermembrane space

ÅȰ.ÕÃÌÅÁÒÌÁÍÉÎÓȱ

ÅNote: Laminin = extracellular proteins

BruceBlaus/Wikipedia



Neurofilaments

ÅFound in neurons (especially axons)

ÅPositive staining in many CNS tumors
ÅNeuroblastoma

ÅMedulloblastoma

ÅRetinoblastoma

Quasar Jarosz/Wikipedia



GFAP
Glial fibrillary acidic protein

ÅMajor intermediate filament for astrocytes

ÅAlso found in some other CNS glial cells

ÅSeen in CNS tumors
ÅAstrocytoma

ÅGlioblastoma

GerryShaw/Wikipedia



Microtubules

ÅPolymers of alpha and beta tubulin

ÅȰ(ÅÔÅÒÏÄÉÍÅÒȱ ÕÎÉÔÓȡ ÏÎÅ ÁÌÐÈÁȟ ÏÎÅ ÂÅÔÁ

Å0ÏÌÙÍÅÒÉÚÅ ÉÎÔÏ Á ÌÏÎÇ ȰÐÒÏÔÏÆÉÌÁÍÅÎÔȱ

ÅEach dimer has 2 GTP
ÅAlpha GTP: part of structure

ÅBeta GTP: can be hydrolyzed

Thomas Splettstoesser(www.scistyle.com)
Thomas Splettstoesser/Wikipedia



Microtubules

ÅGrow from a centrosome near nucleus

ÅHave a (-) and (+) end

ÅEmanate in a  star pattern in cell

Centrosome

+

-



Dynamic Instability

ÅMicrotubules grow slowly 

ÅRapidly disassemble (~100x faster)

ÅȰ$ÙÎÁÍÉÃ ÉÎÓÔÁÂÉÌÉÔÙȱ

Thomas Splettstoesser(www.scistyle.com)



Molecular Motor Proteins

ÅBind and move along filaments

Å/ÆÔÅÎ ÃÁÒÒÙ ȰÃÁÒÇÏȱ
ÅOrganelles (mitochondria)

ÅSecretory vesicles



Dynein and Kinesin

ÅMicrotubule motor proteins

ÅKinesin moves toward (+) end 
ÅAway from nucleus/cell body

ÅImportant for axonal transport (toward terminal)

ÅDynein moves toward ( -) end
ÅMovement of vesicles

ÅLocalization of Golgi apparatus near cell center



Cilia and Flagella

ÅMotility structures

ÅBuilt from microtubules and dynein

ÅCilia (shorter): Move mucus in respiratory tract

ÅFlagella (longer): Sperm motility



Cilia and Flagella

Å-ÉÃÒÏÔÕÂÕÌÅÓȾÐÒÏÔÅÉÎÓ ÆÏÒÍÅÄ ÉÎÔÏ ÁÎ Ȱaxonemeȱ

Å3ÔÒÕÃÔÕÒÅÓ ÁÒÒÁÎÇÅÄ ÉÎ ÓÐÅÃÉÁÌ ÐÁÔÔÅÒÎ ɉȰω Ø ςȱɊ
Å9 doublet microtubules in ring

ÅSurround a pair ɉȰςȱɊ ÍÉÃÒÏÔÕÂÕÌÅÓ

Franciscosp2/Wikipedia



Cilia and Flagella

Å3ÅÃÕÒÅÄ ÂÙ ȰÂÁÓÁÌ ÂÏÄÙȱ ÒÏÏÔ ÉÎ ÃÅÌÌ ÓÕÒÆÁÃÅ

ÅNine groups of fused triplets of microtubules

ÅNo central pair

Franciscosp2/Wikipedia



Cilia and Flagella

ÅAxonemal dynein: forms bridges between 
microtubules

ÅActivated dyneinĄ pulls on neighboring doublets
Å2ÅÑÕÉÒÅÓ !40 ɉȰÍÉÃÒÏÔÕÂÕÌÅ ÄÅÐÅÎÄÅÎÔ !40ÁÓÅȱɊ

ÅSliding of doublets Ą bending of cilia/flagella

Franciscosp2/Wikipedia



Cilia

Wikipedia/Public Domain
Louisa Howard, Michael Binder



Primary Ciliary Dyskinesia
Immotile-cilia syndrome

ÅCilia unable to beat, beat normally, or absent

ÅInherited (autosomal recessive)

ÅDynein gene mutations



Primary Ciliary Dyskinesia
Clinical Features

ÅRhinosinusitis
ÅLining of sinuses irritated, swollen

ÅExcessive mucus production

ÅInfertility
ÅImmotile sperm (sperm still viable)

Å$ÙÓÆÕÎÃÔÉÏÎÁÌ ÆÁÌÌÏÐÉÁÎ ÔÕÂÅ ÃÉÌÉÁ ɉᴻ ÒÉÓË ÅÃÔÏÐÉÃɊ



+ÁÒÔÁÇÅÎÅÒȭÓ ÓÙÎÄÒÏÍÅ
Manifestation of PCD

ÅTriad:
ÅChronic sinusitis

ÅBronchiectasis (chronic cough, recurrent infections)

ÅSitus inversus



Mitosis

ÅChromosomes separate

ÅDepends on mitotic spindle

ÅComposed of microtubules

Ali Zifan/Wikipedia



Microtubule Drugs

ÅCancer drugs
ÅVincristine/Vinblastine (inhibit polymerization)

ÅPaclitaxel (enhance polymerization ɀblock breakdown)

ÅColchicine (gout)
ÅPrevent microtubule assembly 

ÅDisrupts chemotaxis, generation of cytokines, phagocytosis

ÅGriseofulvin (fungi)

ÅMebendazole (helminths)

Pixabay/Public Domain



Connective Tissue
Jason Ryan, MD, MPH



Connective Tissue

ÅSupports/connects organs and other structures

ÅKey components:
ÅCollagen

ÅElastin

ÅFibrillin



Collagen

ÅFamily of fibrous proteins

ÅMost abundant proteins in human body

Å25% of total protein mass

ÅSynthesized/secreted by connective tissue cells



Collagen

ÅContains three long ɻchains

Å"ÁÓÉÃ ÕÎÉÔȡ ȰÔÒÉÐÌÅ ÈÅÌÉØȱ

Å42 different genes for alpha chains

ÅCombinations  Ą different collagen types

Vossman



Collagen

ÅLarge amounts of proline, lysine, and glycine

ÅRepeating units: Gly-X-Y

Proline Glycine

Lysine



Collagen Types

ÅType I (most common ɀ90% of collagen)
ÅBone

ÅSkin

ÅTendons, ligaments

ÅCornea

ÅInternal organs

ÅDefective production: Osteogenesis imperfecta



Collagen Types

ÅType II 
ÅCartilage

ÅIntervertebral discs

ÅVitreous humor (eye)

ÅType III
ÅSkin

ÅBlood vessels

ÅAbnormal in some forms of Ehlers-Danlos syndrome

ÅȰ&ÉÂÒÉÌÌÁÒ ÃÏÌÌÁÇÅÎÓȱȡ 4ÙÐÅÓ )ȟ ))ȟ ÁÎÄ )))
ÅCollagen molecules assemble into polymers (fibrils)



Collagen Types

ÅType IV
ÅBasement membranes

ÅBasal lamina (beneath epithelial layer)

ÅLens

ÅCochlea



Alport Syndrome
Hereditary Nephritis

ÅGenetic type IV collagen defect
ÅMutations in alpha-3, alpha-4, or alpha -5 chains

ÅMost commonly X-linked

ÅClassic triad:
ÅHematuria

ÅHearing loss

ÅOcular disturbances



Collagen Synthesis

ÅExtensive post-translational modification

ÅAlpha chains synthesized in rough ER
ÅContain signal molecules

ÅȰ0ÒÅ-ÐÒÏÃÏÌÌÁÇÅÎȱ

ÅEnter ER lumen 
ÅPro-alpha chains

OpenStaxCollege



Collagen Synthesis
Endoplasmic Reticulum Modifications

ÅSome prolines and lysines are hydroxylated
Å&ÏÒÍ ȰÈÙÄÒÏØÙÐÒÏÌÉÎÅȱ ÁÎÄ ȰÈÙÄÒÏØÙÌÙÓÉÎÅȱ

ÅRequires vitamin C (cofactor for hydroxylase enzymes)

ÅDeficiency of vitamin C Ą scurvy 

ÅSome hydroxylysines are glycosylated
ÅSugar molecules added 



Collagen Synthesis
Endoplasmic Reticulum Modifications

Lysine

Proline

Hydroxylysine

Hydroxyproline

Hydroxylation
(Vitamin C)



Collagen Synthesis
Endoplasmic Reticulum Modifications

Hydroxylysine

Glycosylation



Scurvy

ÅVitamin C deficiency 

ÅDefective pro-alpha chains

ÅDo not form triple helix

ÅDegraded in cell (not secreted)

ÅFragile blood vessels (bleeding/bruising)

ÅLoss of teeth

ÅLoss of wound healing

CDC/Public Domain


