Key Concepts for Exam 3
NUCLEIC ACID STRUCTURE

Introduction


The hereditary material is DNA (exception some viruses)

DNA structure provides means of replication, information storage, information transmission, and variation

Discovery of DNA


1860s: Friedrich Miescher discoverer of DNA


Large quantities of viscous substance isolated from puss cell nuclei

Tetranucleotide theory


Early 1900s: Phoebus Levene


Four bases are present in DNA in equal amounts



proposed A, T, C and G formed simple repeating tetramer

DNA not serious candidate for genetic material

reasons for delay in recognition of DNA


Proteins very abundant in cells (over 50% of dry weight)


DNA structure seemed too simple to be genetic message (protein complexity 
suggested protein)

The transforming principle


1928: transformation reported in bacteria (Streptcoccus pneumoniae) by Griffith



live virulent strain kills mice



mice insensitive to non-virulent type


mice insensitive to heat-killed virulent type
heat-killed virulent cells plus live non-virulent cells, kill mice



theory: heat-stable substance transforms non-virulent cells

the heat-stable substance is the “transforming principle”



DNA as the transforming principle


protein, DNA, RNA and carbohydrate tested as transforming principle

1944: transforming principle is DNA (Avery)

The genetic material in bacterial viruses

1952: genetic material in T2 bacteriophage is DNA (Hershey and Chase)


Asked which was transmitted in phage reproduction: phage protein or DNA (See 
phage life cycle)


DNA contains P, no S



proteins contain S, no P


used radioactive isotopes of the two elements: 32P, 35S

Experimental protocol



phage added to E. coli in medium containing either 32P or 35S


progeny phages will have either:



(1) radioactively-labeled DNA core or 



(2) radioactively-labeled protein coat



samples of unlabeled bacteria infected with either DNA-labeled or 



protein-labeled phages


shearing (using blender) followed by centrifugation separated phage 


ghosts (empty phage coats) from bacterial cells 



radioactive isotopes traced in each sample 



P32 activity in pellet (containing cells); 







S35activity in supernatant (containing phage ghosts)

Results


phage injects 32P-labeled genetic material (DNA) into host bacteria


35S-labeled phage ghosts (protein) remain outside host cell



Conclusion: DNA is the genetic material of T2 phage


1953: correct model of DNA molecule discovered (Chargaff, Franklin, Watson 
and Crick)

DNA structure key to understanding genetic message and replication

Base pairing

DNA not composed of repeating tetramers of A, T, C and G



1940s to 50s: Chargaff calculated A, T, C and G ratios in DNAs



ratio (A + T)/(G + C) varied with species



rules for DNAs purified from different species:




A + G = T + C




A = T and C = G


1953: James Watson and Francis Crick construct model for DNA molecule


guided by X-ray diffraction images of crystalline DNA by Rosalind Franklin


followed Erwin Chargaff’s rules for base ratios in DNA



base pairing rules:

a key point of the model: complementarity of the DNA strands
nucleotide sequence on one strand determines nucleotide sequence on paired strand



adenine is always paired with thymine


cytosine is always paired with guanine

The DNA molecule
DNA and RNA are nucleic acids

length of DNA molecule measured in millimeters

width of DNA measured in nanometers

total length of 46 DNA molecules in human cell: over 2 meters

over six billion nucleotide pairs in human DNA

DNA structure
right-handed double helix (two strands) 
chemical bonds 


each strand a sequence of nucleotides linked by phosphodiester bonds

A=T, C≡G hydrogen bonds hold DNA strands together


A=T base pairs: two aligned H bonds


C≡G base pairs: three aligned H bonds

stability of double helices due to hydrogen bonding between bases and 
hydrophobic bonding (or stacking forces) between bases

five carbon atoms of deoxyribose sugar named 1’, 2’, 3’, 4’, 5’



phosphate group bonded to 5’ carbon



nitrogenous base bonded to 1’ carbon


four deoxyribonucleotides: T, C, A and G



purines (bases with two rings): A and G


pyrimidines (bases with one ring) T and C


two strands of double helix antiparallel


one strand 5’→3’; complementary strand 3’→5’



this “opposite polarity” plays important role in replication and transcription

The RNA molecule


ribonucleotides differ only slightly



the five-carbon sugar is ribose in RNA




ribose has hydroxyl on 2’ carbon




deoxyribose has hydrogen on 2’ carbon



RNA has A, C and G and Uracil (U) instead of T


RNA and DNA long chain polymers of nucleotides


Nucleotides linked with 5’ to 3’ phosphodiester bonds


RNA usually single-stranded

Alternate forms of the double helix

B-form: right-handed double spiral

predominates in living cells

a regular repeating pattern



paired bases stacked almost flat



base pairs 3.4 A (0.34 nm) apart



one turn of the helix: ten bases 360o


diameter of helix: 2 nm



two spiral grooves




major groove 22 A wide




minor groove 12 A wide


A-form: A-helix form right-handed coil


helix wound less tightly; bases tilted more steeply than B-DNA



DNA-RNA hybrids and double-stranded RNA assume form like A-DNA


Z-DNA wound in left-handed double coil



structure is compact!


Z-DNA-specific antibodies bind to a few regions of cell DNA

CHROMOSOME ORGANIZATION

Genome size can differ tremendously, even among closed related organisms!
eukaryotic complexity requires more genes and larger genomes


viral genome size: 100-1000 kb


prokaryote genome size: 1-10 Mb


E. coli genome 4.6 million nucleotide pairs


eukaryotic genome size: 100-1000 Mb

C-value: DNA content of the haploid genome



yeast 13 Mb

Caenorhabditis elegans 97 Mb

Drosophila melanogaster 180 Mb


Homo sapiens 3,000 Mb

some amphibians and some higher plants exceed 75 billion nucleotide 
pairs

* diploid cells have double the amounts

bacterial chromosomes

nucleoid: contains bacterial chromosome as large circular DNA molecule


no nuclear membrane


occupies central region of cell


contains most of cell’s genes


E. coli chromosome 1530 m in circumference 

plasmid: small circular DNA in bacteria


bacterial cell may contain none, one or more


plasmid separate from chromosome

viral chromosomes


nucleic acid molecule (DNA or RNA)


circular structure or linear

T-even phages (T2, T4, T6)


DNA

linear double stranded chromosomes

ΦΧ174


DNA phage

single stranded

-phage


DNA


Double-stranded

DNA transfer mechanisms

transformation: DNA uptake from cell’s surroundings



permits transfer between species



transforming DNA: susceptible to DNAses

conjugation: direct transfer between connected bacterial cells


transfer between strains of same species


requires cell-cell contact (conjugation bridge)

transduction: transfer via bacterial virus


transfer between cells by phage intermediate


transducing DNA: resistant to DNAses

eukaryotic chromosomes

chromosome banding


alternate light/dark staining regions metaphase chromosomes


peculiar banding pattern for each chromosome


Giemsa stain reveals G-bands human chromosomes



dark bands AT rich highly condensed



light bands GC rich



genes usually grouped in light band regions

Telomeres


specialized ends of eukaryotic chromosomes


stabilizes chromosome ends from “stickiness”


structure



short repeated sequences



sequences similar in all eukaryotic species studied

Chromatin: Complex of DNA and proteins in eukaryotic chromosomes

Nucleosome: repeating subunit of chromatin
core of eight positively charged histones around which is tightly wrapped two turns of DNA

Chromatin can be divided into two forms based on compaction level 


euchromatin (decondensed and transcriptionally active) 


heterochromatin (condensed and transcriptionally inactive)  
Chemical modifications of chromatin: acetyl (COCH3) & methyl (CH3) groups alter the strength of association between histone and DNA
DNA REPLICATION
Terminology

nuclease:
enzyme that degrades nucleic acids 


exonuclease:
degrades nucleic acids starting at one or both ends

endonuclease: degrades nucleic acids at internal sites 

5’ → 3’ exonuclease activity: cleaves off mononucleotides from the 5’ termini of 
DNA strands
 
3’→ 5’ exonuclease activity: 
cleaves off mononucleotides fro the 3’ termini of 
DNA strands
Three models for DNA replication proposed

Semiconservative: two strands separate and each is template for new strand

Conservative: original double-stranded molecule conserved; both strands of 
replicated molecule new


Dispersive: each strand on both daughter molecules combined parental and 
newly synthesized DNA
1958: semiconservative model demonstrated experimentally by Meselson and Stahl 

Experimental protocol:


Grew E. coli cells in medium containing 15N for many generations


Switched to medium containing 14N 


Samples removed in each cellular generation


Used centrifugation to separate DNA by density

Results:


Generation 0: single band (density class 15N/15N)


Generation 1: single band (density class 15N/14N)



This result eliminated conservative model


Generation 2: two bands (density class 15N/14N and 14N/14N)



This result eliminated dispersive model and supported semiconservative 
model
DNA replication in prokaryotes


E. coli DNA replicates as a circle: Θ replication
Origins of DNA replication


Points of initiation of DNA replication called “origins of replication”



One origin (oriC) in E. coli


275 nucleotide pairs



rich in A-T pairs

Bidirectional DNA replication

DNA replication: unidirectional in some viruses and bacterial plasmids



One replication fork is formed



Replication proceeds in one direction


DNA replication: bidirectional in large circular molecules and linear DNAs



E. coli: one ori site




Two replication forks formed at origin




Replication in both directions from replication fork



Long linear molecules of DNA molecules in eukaryotes have many origins 




Replication: bidirectional from each origin




Approaching replication forks meet

Separating and stabilizing DNA strands

Replication fork: strands separate and unwind



Helicases unwind DNA



Topoisomerases (gyrases) relieve tension


Stabilized single DNA strands are templates



SSBs bind single stranded DNA



Single strands stabilized at replication fork

Synthesizing new DNA stands
Requirements of DNA replication:

DNA template 


Small primer RNA on template strand



New nucleotide added to 3’-OH of primer



New strand: synthesized in 5’(3’ direction


Primase: RNA polymerase makes primer to initiate DNA synthesis

Raw materials (substrates)  


Precursor nucleotides are dNTPs


Source of energy for phosphodiester bonds between nucleotides



Hydrolysis of two phosphates


Enzymes and other proteins 

Extending chain: 3’-OH group attacks the inner most phosphate of incoming dNTP 

Semi-discontinuous DNA replication


Lagging strand and leading strand synthesis at replication fork


E. coli DNA polymerase III synthesizes lagging and leading strands



DNA strands are anti-parallel




3’(5’ template used for leading strand synthesis




5’(3’ template used for lagging strand synthesis



Leading strand: strand of DNA synthesized continuously 5’(3’



Lagging strand: strand of DNA synthesized discontinuously 5’(3’




Okazaki fragments: formed 5’(3’ on the lagging strand




RNA primers: synthesized by primase





primase initiates each fragment





DNA synthesis terminated when DNA polymerase III 




reaches primer of previous fragment




E coli DNA polymerase I:






RNA primers removed 5’(3’ direction






adds DNA nucleotides in the 5’(3’ direction



Replisome: all enzymes for DNA synthesis

The fidelity of DNA replication
Overall error rate <1 mistake per billion nucleotides

Nucleotide selection



Complementary base pairing by DNA polymerase highly accurate 


errors ~ 1 per 100,000 


Proofreading



DNA polymerase



3’(5’ exonuclease activity removes and replaces mispaired nucleotide


Continues 5’(3’ synthesis


Mismatch repair  (postreplication repair)


Methyl groups (-CH3) added after replication


Mismatch repair on unmethylated (newly-synthesized) nucleotide strand


DNA Polymerase II can repair damaged DNA

Replication of eukaryotic DNA


Very similar to prokaryotes


More than one chromosome


Seven DNA polymerases known in mammals (α, β, γ, δ, ε, ζ, and η)


α, δ, and ε: replication of nuclear DNA



γ: replication of mitochondrial DNA 



β, ζ, and η: nuclear DNA repair enzymes

Nucleosomes assembled

Regulation of bacterial DNA replication
Mechanisms: amount of DnaA protein available and methylation state of the DNA
Genetic control of the eukaryotic cell cycle


Regulator gene products govern complex steps in cell



Control genes act at all stages of cell cycle (G1 to M)



Cyclins among most important regulating proteins




(cyclins get their name from their cyclically fluctuating 




concentration in the cell)


Cyclins complex with cyclin-dependent kinases (Cdks)



(kinases – enzymes that activate or inactivate other proteins by 



phosphorylating them)


Cdks catalyze steps to cell division
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