Lecture 1: DNA, RNA Synthesis; DNA Recombination
· Information (AA or nucleotide sequence) cannot pass from protein to protein/nucleic acid.  It can be passed through DNA or RNA replication, as well as transcription, reverse transcription and translation.  
· The “new school” of the central dogma is: Genome → Transcriptome → Proteome.

· RNA may be structural (like ribosomal) or messenger (protein synthesis only).

· DNA polymerases require primers, only go 5’→3’, and are processive.  They are very high (10-10 errors per base pair) fidelity, which is maintained by base pairing, 3’→5’ exonuclease for proofreading, and additional mechanisms.  Mistakes occur due to sub-optimal pairings binding close enough, often due to keto-enol tautomerization.
· A replicon is the DNA replicated from 1 origin.  Prokaryotes have 1 origin (usually AT rich) per genome/plasmid, so a replicon is just the whole genome/plasmid.  Eukaryotes have many per chromosome, so they must be closely regulated to replicate only once per cell cycle.

· For replication initiation, need a helicase, topoisomerases (bacterial gyrase is different from our topoisomerases, so is a good antibiotic target), ssbp, primase, and polymerase.  In eukaryotes, yeast Autonomously Replicating Sequences (ARS) are the best characterized origins or replication.  They are bound by the ORC (origin recognition complex).  Cdc6 and Cdt1 load the MCM helicase complex at the ORC.  This then recruits the DNA pol.  In S phase, when DNA is replicated, Cdc6 and Cdt1 are degraded by a cyclin/cdk regulated process.  This ensures that an origin only replicates once per cell cycle.  
· Elongation has leading/lagging strands.  Okazaki fragments stop when the reach an RNA primer, a 5’→3’ exonuclease like RnaseH removes the primer, DNA polymerase finishes the job, and ligase seals the nick.  There are 2 connected core DNA polymerases on each replication fork, one for the leading and one for the lagging strand.

· E. coli take 40 minutes to copy the genome, but can multiply every 20 by starting a new DNA replication cycle before the last one has finished. 

· Termination occurs in bacterial chromosomes at a pre-defined location, ter.  If one side gets there first, it’ll wait for the other.  The two product genomes are interlinked (concatenated) circles, and require topoisomerases to separate them.

· Cells transcribe huge amounts of RNA (~20% of the E. coli’s weight), even though much of the genome is not transcribed in us.  Bacterial genes are often transcribed in operons, made up of promoter, coding and terminator sequences that together are called a transcription unit.

· Promoters are usually found close to the 5’ end of the region to be transcribed.
· Prokaryotic promoters have a conserved -10 (TATAAT) and -35 (TTGACA) sequence.  These are recognized by a sigma factor σ70 (a transcription initiation factor).  There are different sigmas for different promoter elements and different groups of genes.  Once promoter binds, RNA pol comes in.

· RNA pol has helicase activity on its own, and in prokaryotes consists of a core enzyme (ββ’α2) with non-specific DNA binding ability that combines with σ to form the holoenzyme for greater specificity.  Eukaryotes have 3 RNA pols.  The differences between euk and prok RNA pols can be seen in responses to different inhibitors (ex: rifampicin primarily affects prok RNA pol).  
· Transcription initiation is very important and thus well regulated.  Regulation strategies include: Strength of RNA pol - promoter binding, rate of open complex formation (where the polymerase binds the promoter, then isomerizes and causes the strands to separate), ternary complex formation (complex of DNA-RNA-polymerase may abort a nascent RNA chain before successful initiation), and rate of promoter clearance (how long it takes to get past the ternary complex formation of ~10 bp and go into elongation mode where polymerase interacts with fewer template base pairs and interacts with elongation factors).  

· The rate of initiation is affected by promoter sequence and regulatory molecules.  
· Elongation during transcription occurs by bringing in a NTP, checking for base pairing, if it fits the trigger loop on the RNA polymerase will change conformation and reposition the tri-phosphate to be able to react with the 3’ OH on the growing RNA chain.

· Bacterial RNA pol goes at ~40 nucleotides/sec, though it is not smooth and proceeds in spurts.  Pausing is sequence dependent and regulated.  In prokaryotes, it is coupled with translation.  

· Anti-tuberculosis antibiotic rifampicin acts by blocking elongation in the bacterial RNA pol.  By 2020, a billion people could have TB, since many strains show multiple drug resistance.  Having structures of antibiotics bound to targets will help find new therapies.  

· Termination of transcription can occur within bacterial operons in a process called attenuation, to decrease the production of unused transcripts.  
· Rho-independent termination is also called “simple.”  Here, as the transcript is made it forms a hairpin structure that interacts with the polymerase and causes it to pause.  Right after this hairpin sequence is a U rich sequence, which forms relatively weak base pairs and the unstable duplex is released.  It depends only on RNA sequence, no other factors.

· Rho-dependent termination involves a helicase protein called rho.  Rho binds nascent mRNA and “chases” the RNA pol.  If the RNA pol delays at a termination sequence, rho will catch up and separate the mRNA from the DNA.  It was discovered in “polar” mutants, in which a nonsense mutation led to ribosomes falling off the mRNA and exposing rut (rho utilization site).  Rho moved along the mRNA and dissociated the RNA pol, which kept downstream genes in the operon from being transcribed.  
· Retroviruses often use reverse transcriptase as well as RNA dependent RNA pols to invade hosts and express their proteins.  Reverse transcriptase has RNAse activity to make the RNA into DNA, then go back and take out the RNA and make it into ds DNA.  This makes reverse transcriptase inhibitors like AZT good antivirals.  
· Our cells have telomerases, which help extend the repeats of TTAGGG on the telomeres at the ends of our chromosomes.  Prevents loss of info on lagging strands.  Telomerase extends the DNA based on an RNA template, and is thus a reverse transcriptase.  It elongates the telomeres on a 3’ end, so that another lagging fragment can be made without losing info.  
· Recombination:  There exists non-homologous site specific recombination that we will disucss later.  Homologous (aka general) recombination occurs when a heteroduplex (sequences don’t quite match) forms as two homologous DNA sequences invade each other.  They form Holliday Junctions, which may be cleaved to leave just a small heteroduplex region, or entirely crossed over chromosomes.  Important in meiosis as well as DNA repair.  Protein called recA is key for allowing strands to invade each other.
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Lecture 2:  Genetic Code and Protein Synthesis

· Start codon: AUG.  Stop codons: UAA, UAG, UGA.
· Translation mediated by tRNA.  It has a T-loop, D-loop, Acceptor end with a CCA tail, and Anticodon or “decoding” end.  There are only 30-40 tRNAs for 61 codons coding for AAs.  Many tRNAs can recognize multiple codons because of wobble pairing.  The first two positions in a codon are very specific, but the last one accepts some almost-perfect base pairs.  Ex: G can recognize C or also U in the third position of the codon. 

· 64 codons = 30-40 tRNAs = 20 AAs.  So each AA is carried by multiple tRNAs, and each tRNA may recognize multiple codons.  But each codon still only gives one specific AA.

· There are 20 tRNA synthetases, 1 per AA.  It catalyzes AA + ATP → AA-AMP + PPi.  Then, AA-AMP + tRNA → AA-tRNA + AMP. 
· The synthetases have very high fidelity, achieved by looking at the anticodon and sensitive sites throughout the tRNA.  They initially distinguish amino acids by size and other properties, but also have a proofreading function at a second site that watches for things that are likely to go wrong (ex: incorporate a similar, but maybe smaller AA). 

· Ribosomes are mostly RNA, which is very conserved even from bacteria to man, and a little protein.  It makes up the vast majority of cellular RNA.  The small subunit interacts with the anticodon end of a tRNA, and the large subunit with the acceptor end.  Bacterial ribosomes are 70s (30s + 50s) and eukaryotes’ are 80s (40s + 60s).  
· Proteins that make up ribosomes include initiation (IF), elongation (EF) and termination/release (RF) factors, as well as one ribosome recycling factor (RFF) in bacteria.  Many are GTPases essential to ribosomal function.

· Eukaryotic mRNAs are generally monocistronic, having a 3’ poly-A tail and a 5’ cap (a methylated G that acts in nuclear export and translation).  Bacterial mRNAs are generally polycistronic and have a Shine-Dalgarno sequence before each start codon.

· Both prok and euk recognize the AUG start codon, and sometimes GUG or UGG.  The stop codons are also universal.

· Bacterial initiation:  Their mRNA has a polypurine (AG) upstream of AUG.  It is somewhat complementary to the anti-Shine-Dalgarno sequence on the 16s rRNA part of the 30s small subunit, and will bind the two together.  Varying degrees of Watson-Crick pairing determines how robust expression is.  Initiation factors block the other (E,A) sites on the small subunit, which allows the appropriate tRNA to bring f-Met into the P site.  Hydrolysis of GTP by other initiation factors allows large subunit to attach to finish initiation.
· Eukaryotic initiation:  Uses a cap-dependent mechanism.  Complexes of initiation factors and poly-A-binding-proteins link the 5’ cap to the 3’ tail.  More Ifs bind with Met-tRNA and GTP in the small 40s subunit, then scan along until they see the first AUG codon.  It almost always recognizes the first AUG.  Then, more IFs hydrolyze GTP and bring in the large subunit.  This also functions as quality control, assuring that the entire mRNA must be present from 3’ to 5’ ends.  But, mutations to AUG near the beginning of the mRNA may be more problematic here than in prokaryotes.  

· Elongation:  A GTPase elongation factor (EF-1/EF-Tu) loads the A-site in a two phase process.  It tests goodness of fit by allowing time for the incoming tRNA-AA to fall off.  First, the quality of the match between codon and anticodon is tested.  Then, as a proofreading step, the EF-1’s GTP is hydrolyzed and you see if it still stays on.  If so, it’s probably a good fit.  Increases fidelity from 10-2 errors per base to 10-4-10-5.  Additionally, if the right anticodon binds the ribosome, it undergoes a conformational change and speeds up the GTP hydrolysis (proofreading step).
· Aminoglycoside antibiotics (neo, paromo, genta, and streptomycin) bind the small subunit codon-anticodon interface and make it so that the ribosome has constitutively undergone the conformational change.  So it hydrolyzes GTP and allows elongation faster even with the wrong anticodon.  They decrease the fidelity of translation.  They selectively hurt bacteria because they have the AA A1408, whereas our ribosomes have G1408.  They may get resistance via antibiotic export, changes to the ribosome itself, or new enzymes that modify the rRNA or antibiotic.  These drugs seem to lead to deafness by affecting mitochondria ribosomes, so aren’t as popular these days.
· The large subunit (mostly its rRNA) catalyzes the peptide bond formation.  Many antibiotics (erythro/azithromycin, chloramphenicol) bind here and may simply block the exit tunnel or inhibit peptide bond formation.  Resistance may arise by mutating rRNA, r-proteins, antibiotic pumps, or horizontal transfer of resistance genes.

· Translocation of growing peptide from A to P site is mediated by EF-G, which is a protein analog of a tRNA.  It is a GTPase, and acts by blocking the A-site and forcing the amino-acyl tRNA into the P site.

· tRNAs don’t recognize stop codons, rather termination/release factors do.  They read the codon and break off the protein as they hydrolyze GTP.  Finally, ribosomes need to have their subunits separated, which is done by a combination of RF, EF, IF, and a RRF.

· Many signaling pathways and especially developmental pathways utilize translational regulation.  

· An example of how all of this is medically relevant is the polio virus.  It shuts down cap-dependent initiation in eukaryotes, so your mRNA messages go untranslated.  But, to translate their own messages viruses use an IRES (internal ribosome entry site) which is kind of like a Shine-Dalgarno sequence that binds the ribosome near the AUG.  The Sabin polio vaccine utilizes a mutated IRESs to attenuate the virus.

Lecture 3:  Mutation and DNA Repair

· Auxotrophs are mutants deficient in the synthesis of an essential compound, and require it in the growth medium.  Wild type functional individuals are called prototrophs.  You can order the steps in the synthesis pathway by mutating genes and seeing what intermediates are required to rescue it, as well as what substances may be accumulated.

· Conditional mutants show mutant phenotypes only under certain conditions, like temp.  This is good for studying essential genes.  Easily shifted between permissive and non-permissive conditions.  

· Mutants may be isolated by growing under conditions where only mutants survive (ex: antibiotic resistant mutants), or by enrichment cycles where a medium lacks a nutrient the mutants can’t make so that they stop dividing, then an antibiotic kills the dividing cells leaving only mutants.  You can screen for mutants by replica plating.  

· Mutants may be frameshifts (insertion/deletions) or substitutions (missense/nonsense or silent).  Large deletions are least likely to revert.  True reversion requires return to the original gene sequence, and is also uncommon.
· Reversion by modification at a different site is more common.  The second mutation is called a suppressor mutation.  Suppressor mutations may be intra (undo a frameshift or change in stability) or extragenic (change in a factor the mutated protein binds to).  

· Translational suppression is when a tRNA is altered to undo a mutation.  Can be used to study viral mutations.  Can do complementation test of viruses in a non-permissive host or test for recombination in a permissive host by seeing how many WT viruses you get.

· Spontaneous mutations occur rarely, about 10-10 per base pair per generation.  They are non-random, and hot spots for mutations often occur at repeat sequences, where if the polymerase stalls and the strands briefly separate, they may rejoin one repeat too early or too late leading to an insertion or deletion of a repeat.  This occurs because the regions still base pair correctly.  Larger deletions also occur non-randomly.  C often deaminates to U and the cell watches for this, but when Cs get methylated (for old/new identification in bacteria or gene regulation in us) they change to T, a common mutation.  
· Mutagens act equally on all organisms’ DNA, so tests for revertant bacteria in Ames test is useful.  Even better is including liver extract to see how metabolites act.  The classes of mutagens include: Base analogs incorporated in DNA and pairing with the wrong/multiple bases, possibly after tautomerization.  Deaminating agents may, for example, modify A so it binds C, or change C to U.  Alkylating agents.  Intercalating agents cause insertions/deletions, often at short runs of the same base pair.  UV causes T dimers, blocking replication and often being incorrectly repaired.  X-irradiation causes breaks which may be erroneously repaired.
· DNA repair activity is induced by DNA damage (makes sense).  Evidence showed that if you irradiate and mutate viruses, they don’t work well.  But if you irradiate the host, then its DNA repair machinery will function and repair the virus, allowing it to survive better.  This is the “SOS” response, expressing repair proteins by cleaving a repressor (lexA).
· Pathways for DNA repair include: Direct repair (by breaking TT dimers with light and photolyase or having a protein accept the methyl that messes up base pairing).  Base excision (a modified base is cut off leaving the nucleotide apurinic/apyrimidinic-AP, then this gets cut off and replaced) – this is somewhat common to remove uracil and fix spontaneous loss of bases.  Nucleotide excision (distortion in DNA due to damage or modification induces repair by removal of bases and re-synthesizing DNA.  Ex: TT dimmer repair - an enzyme to take out 12 bases - or right after replication proteins patrol for mismatches).  
· Bacteria methylate DNA to mark the template during DNA replication.  In us, the template is identified by the presence of more nicks.  

· Bypass polymerases can replicate across damaged DNA that other polymerases would stop at.  Recombination is a way a DNA duplex can correct errors in a damaged duplex. 
Lecture 4:  Molecular Genetics Methods I

· Remember that restriction enzymes need ligase to be joined.  
· Plasmids as vectors usually have an origin of replication, antibiotic resistance gene, and site for insertion.  Allows easy cloning and/or production of proteins.  The same can be done in viruses by inserting genes, then letting the virus kill off E. coli on a plate to produce a plaque (empty spot in a lawn).  The plaque will have lots of clonal virus with your gene.
· Libraries of a genome or genes developed by inserting digested DNA into bacterial plasmids or viral vectors.  You usually make genomic or cDNA libraries (good since so little of the genome actually encodes protein).  cDNA production uses reverse transcriptase to make cDNA from mRNA (using a TTT primer on the poly-A tail), then make the complementary strand of DNA and stick it in a vector.   

· Hybridization is the melting and annealing of DNA and/or RNA.  Especially useful is one strand is immobilized and the other acts as a probe in solution to test for a sequence of interest.  

· Southern:  Run DNA on gel, transfer to nitrocellulose, separate strands, add probe for sequence of interest.

· Northern:  Run RNA on gel, transfer, add probe for sequence of interest.

· In situ hybridization:  Hybridize DNA/RNA probe to RNA in tissue sections. 
· Imperfect hybrids can form between almost completely complementary strands.  This can be used to determine related sequences by cross-hybridization, to create mutants at a predetermined location (PCR w/ mutated primer), or to detect mutation.

· You can label DNA/protein radioactively or enzymatically, with the latter becoming more popular.  Derivatize (add) something to the DNA and eventually cross link it to a fluorescent or colored product.  Ex: add biotin to DNA, binds avidin with a Horseradish Peroxidase on it.

· Synthetic DNA is made by attaching the first base to a resin (solid phase synthesis), then adding the next desired nucleotide, but making sure it has a labile blocking group attached.  Once it attaches, cleave the blocking group and add the next nucleotide + blocking group.  Repeat.

· PCR can be used for site directed mutagenesis with mismatched primers, reverse-transcriptase PCR amplifies the DNA complementary to an RNA, and to determine unknown bases in a sequence by putting primers on either side of it and allowing it to incorporate labeled C, T, G, or A.  
· Chip hybridization:  Place tons of DNA on a small chip and test for complementary sequences.  Use DNA probes with fluorescent tags, and a mixture of DNA probes can be used to look at the ratio of expression of two things.  See differences in two things, especially good for comparing RNA populations from different places.  May easily identify things like chromosomal deletions.
· Chromatin immunoprecipitation:  Identifies DNA where a binding protein binds.  Take chromatin and break it into pieces.  Antibodies to the DNA binding protein are added to retrieve DNA that is bound to it.  The DNA is then used as a probe on a chip.
Lecture 5: Molecular Genetics Methods 2

· Western blots run denatured protein on a gel, transfer to nitrocellulose then probe with an antibody to the protein of interest.  This will detect a protein.

· To purify, a good way is to add sequences to the N or C terminus of the gene for your protein and use affinity chromatography.  Add GST to sequence, wash mixture of proteins through column with glutathione, then elute your product with glutathione.  You can also add 6-8 histidines, which bind nickel ions, or add a monoclonal antibody binding site for western blot use or immunoprecipitation.

· To look for binding partners, you can do a yeast two hybrid screening.  Take his- mutants and add plasmid with genes for: a DNA/promoter binding domain linked to “bait” (which is the protein whose binding partners you’re looking for) and a transcription activating domain (TAD) linked to the protein whose binding you want to test.  If the two proteins bind, they will tether the TAD to DNA and cause the expression of the his gene downstream of the promoter.
· Tissue culture is the propagation of dispersed cells in vitro.  Growth of thin slices of tissue is called slice culture or explant culture.  Bacteria often compromised early attempts at tissue culture.  Cells can take up DNA, and we can test for it as with antibiotic resistance in bacteria. 
· Tissue culture good for finding the gene based on a protein’s function.  Add cDNA library into culture cells, look for expression of a protein, maybe CD2 on the surface.  Isolate cells with that marker via antibodies/ELISA, extract DNA, and transform E. coli with it.  You can also use tissue culture cells as factories for biopharmaceuticals.

· Monoclonal antibodies are produced by injecting a mouse with the antigen against which you want an antibody, then creating a hybridoma between the mouse’s B-cells and a myeloma cell.  This will express the antibody and divide indefinitely.  Then dilute and plate on a 96 well plate, grow up cells, and test wells for the ab specificity you want.  For monoclonal antibody therapies, fuse ends of mice antibodies with constant regions of human ones.

· To make transgenic mice, microinject DNA into a fertilized egg, then implant eggs and look for your DNA sequence in the offspring by trying to do PCR with primers for just your sequence.  Can be used to explore what segments of DNA control gene expression in different tissues.  Take a region upstream of the gene you’re curious about.  Fuse this to a reporter gene, like β-gal.  

· Homologous recombination allows you to target and mutate any place in the genome.  Have homologous sequences flank the region you want to insert/replace, and occasionally it’ll replace the DNA between these regions.  Use construct with genes in the insert and outside of it so that you can select for cells that have homologously recombined, but not just assimilated the whole transfected piece of DNA.  Do this in ES cells, inject into blastocyst, grow chimeric progeny and take ones with the incorporated stem cells in the germ line to start a pure line with your mutation.

· Removing genes like this can be detrimental to development, so ideally you want a conditional mutant, and this is achieved with site-specific DNA recombination catalyzed by Cre and Flp.  They recognize loxP and Frt sequences, respectively.  Add a construct with your gene flanked by loxP sites, for example.  By expressing Cre in certain tissues or at certain times, you can get spatially or temporally adjustable excision of your gene.  These enzymes just cut out the stuff between the two loxP or Frt sequences.  You can even induce the Cre activity with drugs.  If you fuse Cre to a modified estrogen receptor (CreER), then it’ll be bound in the cell until you add a drug like Tamoxifen.
· Modified a bacterial “tet” repressor so that it is an activator of transcription.  Engineered so that this type of activator only binds DNA and activates transcription in the presence of tetracycline like antibiotics.  By adding an antibiotic, you can cause genes with the appropriate tet response element to be expressed.

· Gene therapy:  The best way to cure diseases due to loss of gene function is to replace the defective genes.  Ideal cases are like hemophilia, where you only need a little product to have a big effect.  But efficient uptake, stable integration, and long term expression are tough to get.  Using viruses for introduction is good, but still problematic w/ immune issues, insertions causing cancer/immunodeficiency, and problems with long term expression.  It’s not safe enough to use.  
· Genetically engineered viruses that cannot be pathogenic or even injecting viral DNA that we express with no actual virus makes for effective vaccination.

· Stem cell therapy:  Replace broken parts by grafting cells with potential to differentiate appropriately.  We don’t fully understand the signals needed for correct differentiation and integration.  

Lecture 6:  Bacterial Cells

· no cytoskeleton or endocytic vesicles, movement via flagella, etc.  
· Prokaryotes divided into eubacteria (human pathogens included) and archaea (extreme).  They may be classified by living conditions (thermophiles, etc), cell wall type, shape, motility, spore formation and metabolic differences.  Things to know include gram stain (purple = +, red = -), cocci/bacilli/vibrio(comma shaped)/sprillum(vibrio chains/spirochete.

· You can build phylogenetic trees based on genetic sequences, particularly of rRNA.  More similarities = more closely related.  This often agrees with classical morphological classifications.  

· Compared to eubacteria, archaea are different in their membrane lipids and cell wall (lack muramic acid) compositions.  Woese found that after bacteria split from eukaryotes, the archaea branched off from the euks.  Archaea have some characteristic euk sequences.  The euk-like genes tend to be in information (DNA/RNA) systems, whereas their prok-like processes seem to be more structural and metabolic.  
· Prokaryotic cells have no nuclear membrane, microtubules or membrane-bound organelles.  They divide by fission with no spindle, and have a cell wall is peptidoglycan, containing muramic acid (not found in euk/archaea).  DNA is found in the nucleoid.  Transcription and translation are coupled.  Mesosomes are invaginations of the plasma membrane.  Move via flagella.  Pili/fimbriae are smaller projections.  Gram negative bacteria have a periplasmic space between the inner and outer membranes.  
· The prokaryotic glycocalyx or capsule is a polysaccharide surrounding the cell.  Functions for attachment, aids in biofilm formation, protection from phagocytosis, resistance to dessication, and is a reservoir for nutrients.  

· For motility use flagella.  It’s anchored to cytoplasmic membrane and is made of flagellin around a hollow core.  As it’s made, flagellin is transported to the end through the core.  The flagellum doesn’t bend, and when the basal body rotates it turns, somehow using proton motive force to drive it.
· Gram positive cell envelopes include a cytoplasmic membrane, thick peptidoglycan layer and cell wall.  The cell wall contains polysaccharides linked to peptidoglycan techoic acid and lipotechoic acid.  All gram positive bacteria have lipotechoic acids, which are linked to the outer leaflet of the cytoplasmic membrane and protrude all the way to the outside of the cell wall.  Some have peptidoglycan techoic acid, which is linked to the peptidoglycan layer.  They may have many R groups (including sugars) attached, so are very immunogenic, and they also serve as attachments for capsular polysaccharides.  Up to 50% of cell wall mass.
· Gram negative cell envelopes have a cytoplasmic membrane, thin layer of peptidoglycan in the periplasm between membranes, an outer membrane with helical (Braun’s) lipoproteins anchoring it to the peptidoglycan on the inner leaflet and lipopolysaccharides on the outer leaflet.  The outer membrane is like a sieve, with porins, that keeps out big and hydrophobic molecules and keeps some stuff in the periplasmic space.  Lipopolysaccharide on the outside of the outer membrane makes up about half of the surface area.  From superficial to deep, it consists of an O-specific polysaccharaide (O-antigen) joined to a core region, which is attached to lipid A anchored in the outer leaflet of the outer membrane.  Lipid A is a basically a disaccharide w/ some phosphates and some fatty acids that anchor it in the membrane (it’s the endotoxin in these bacteria).  The core is just some sugars.  The O-antigen contains a species specific repeating polysaccharide.  There are tons of different O-antigens in different species.
· The peptidoglycan layers are made up of alternating N-acetyl glucosamine and N-acetyl muramic acid.  The NAM has a side chain of four amino acids.  In gram positive bacteria, a pentaglycine (GGGGG) bridge joins lysine and D-Ala.  In gram negative bacteria, one peptide bond joins a DAP (like an AA) and D-Ala.  

· Penicillin mimics the D-Ala D-Ala substrate and inhibits the transpeptidase involved in cross-linking the peptidoglycan layers of the cell wall.  Penicillin is a cidal drug, meaning it lyses the bacteria.  It only really works on cells that are growing and pushing the limits of the cell wall, so adding a static drug that stops growth (like chloramphenicol) antagonizes the effect of penicillin.

· Antibiotic resistance can arise from modification of drugs (beta-lactamases), change in the drug target, encoding a pump.  It has appeared rapidly after introduction of different antibiotics.  
· Vancomycin binds to D-Ala D-Ala itself and blocks the transpeptidase’s access.  Acquisition of resistance due to transfer of an operon of 4 genes, probably an ancient operon that bacteria naturally evolved against vancomycin before we used it as an antibiotic.  It’s 5 genes that allow the bacteria to replace one of the D-Alas with a D-Lac.  Selective pressure caused this highly conserved D-Ala D-Ala to be mutated.  Needs genes to make D-Lac, ligate D-Ala to D-Lac, and break D-Ala D-Ala (plus 2 regulators).  

· Microbial resistance is easily transferred between bacteria.  Transferred as a transposon on a conjugative plasmid.  Resistance often transferred on R-factors (plasmids w/ genes for resistance), and some can encode many drug resistances by having transposons inside transposons, etc.  So 1 plasmid can give tons of resistance.

Lecture 7:  Bacterial Gene Regulation
· Genes regulated at all steps of transcription/translation with transcription initiation being most common.  By grouping genes into operons, bacteria have the advantage of co-regulating those genes together.  In contrast, regulons are scattered groups of genes that are all coordinated by a single repressor/activator.  
· Negative transcriptional regulation in the lac operon occurs when a repressor binds the operator (sequence at or adjacent to promoter).  When lactose is present, it (the inducer) binds and releases the repressor and allows transcription.  They explored this by making mero-diploid cells, where they basically have 2 copies of these genes, and found that I- mutants are recessive whereas Oc mutants are cis dominant (and don’t affect the other copy).

· Positive transcriptional regulation also occurs.  When glucose is present, you don’t want to waste energy metabolizing lactose.  When glucose is present, cAMP levels are low.  cAMP is required for the binding of CAP and the increase of transcription.  So, when glucose is present, the absence of cAMP and the lack of CAP on the DNA decreases transcription.  When glucose is absent, cAMP is high and it binds CAP, which binds DNA and increases transcription.  

· A sigma factor is necessary for RNA pol and determines its promoter specificity.  Different sigmas are activated under different conditions to get different genes. 

· Some bacteria form very resistant spores.  When cultures of cells like Bacillus subtilis reach stationary phase growth, via nutritional cues and quorum sensing spore formation is induced.  It’s mediated by the sequential production of several different sigma factors, a developmental program, in which the mother cell dies and nurtures a forespore into a mature spore.  Keep making different sigma factors and degrading old ones to express the right genes.  
· The production of σk in the mother cell requires site specific deletion.  The two halves of the gene for σk are 40 kbp apart, and toward the end of spore formation (since the mother is going to die anyways) the DNA between them is deleted to allow σk expression.  It’s an example of programmed gene rearrangement.

· Ribosomes mediate the attenuation of transcription in the trp operon.  So, the efficiency of translation affects transcription (ribosome is right behind RNA pol).  The operon has a leader region encoding a leader peptide (w/ two adjacent trp codons) before the actual trp genes.  If the mRNA folds so regions 3-4 form a loop, there’s a UUUU after which makes it a termination sequence.  But it can fold with regions 2-3 in a loop and not terminate.  So when Trp is high, the ribosome translates the leader peptide quickly because of abundant tRNA-trp and blocks the 2-3 loop formation, causing the 3-4 loop to form and transcription to stop.  When Trp is low, the ribosome stalls at the trp codons because of the lack of trp-tRNA and the 2-3 loop forms, and the transcription continues.  3-4 loop = attenuator, aka transcription terminator t1.  

· Trp operon also controlled by repressor, analogous to lac operon, but not presence of trp allows the repressor to bind.

· Trp operon in Bacillus subtilis is similar, but uses a different mechanism.  When trp is abundant, it binds TRAP, an RNA binding protein.  The trp-TRAP complex (11 of them really) binds RNA and forces the formation of the terminator stem-loop in the trp operon mRNA.

· RNA aptamers are sequences that bind small molecules (often synthetic).  Shows RNAs surprising binding capabilities.

· Riboswitches are mRNAs that control gene expression when metabolites bind them.  These are in the 5’ UTR, and only require binding to small molecules like metabolites, no protein required.  They contain a sensing element (an aptamer) and an effector element.  These may regulate transcription or translation.  They’re usually negative feedback, so in the presence of a metabolite, they’ll turn off the genes for that metabolite.  Commonly the presence of the metabolite will cause folding to terminate transcription (just like in attenuation)or to prevent ribosome binding (translation initiation).  Occasionally, riboswitches activate gene expression.  One riboswitch even senses temperature. 

· Gene for RF2, a release factor in translation, has a stop codon in it.  If RF2 is abundant, you make a short protein.  But when it’s low, the ribosome pauses at the stop codon and slips (frameshifts) one base down the mRNA bypassing the stop codon and continuing to make the correct RF2.  Does so at a UUU sequence (CUUUGA), so probably uses the slipping mechanism described in previous lectures.

· Graph of transcription factors and their targets shows that most genes are connected in a big web/network, and that most factors are repressors.  

· Biofilms are non-mobile, structured communities of abcteria encased in a polysaccharide matrix.  Important in industry but also medically, as they can cause serious infections, as these films provide some defense for the bacteria.  Steps in formation include: reversible attachment, irreversible attachment (loss of flagella and increased adhesion), maturation, and dispersion.

· Quorum sensing is how bacteria communicate to change function based on cell density.  They do this by producing substances called autoinducers.  With few bacteria, you get low autoinducer concentration.  But with a dense colony, you get high concentrations, which turns on genes.  Different genes may require different thresholds.  Occurs in vibrio fischeri colonies in the octopus, in which only high density cells fluoresce.  They use the autoinducer AHL, and once it activates genes it enters a positive feedback loop.  Ex:  Staph aureus at low density produces attachment and colonization proteins, but at high concentrations produces toxins and proteases.  Other strategies include packaging antibiotics with quorum signal to kill other bacterial species.  Eukaryotes may try to block this signaling.
· Two component signal transduction systems are the most common ways bacteria sense extracellular stuff.  The sensor is a histidine kinase, which phosphorylates a response regulator.  The response regulator can then affect transcription or other cellular responses.  Key to bacterial cell cycle and development.

· In synthetic biology, people combine all of these regulatory elements to get bacteria to do specific things, and they basically create little devices using cellular machinery.  Get stuff like toggle switches and ring oscillators (flash on/off). 

Lecture 8:  Bacterial Gene Transfer
· Mostly mediated by plasmids, transposable elements, and phages/viruses.  
· Phage consist of DNA/RNA in a protein coat.  They attach to cell surface, inject genome, and express genes.  A lytic infection involves assembly of hundreds of progeny and lysis of host cell.  A lysogenic infection involves the phage genome residing in a dormant state in the host genome.  It replicates once per cell division, either extrachromosomally or not.  A third cycle includes non-lethal infection with budding of phage particles.  Lysogenic viruses can go back and forth with the lytic cycle, particularly if the host is subjected to DNA damage.  When the genome unincorporates, it’s called induction.  
· Three mechanisms for gene transfer in bacteria are transduction (virus), transformation (random uptake) and conjugation (cell-to-cell contact).  

· Transduction:  Lederberg and Zinder showed that rare errors can cause the encapsidation of bacterial DNA instead of phage particles.  Any appropriate-length segment of bacterial DNA can do this, and can recombine into the new host genome by a double cross over.  This is called generalized transduction, and can be used to show that two genes are close together if they co-transduce (since only small pieces are transferred).  

· Specialized transduction is when a prophage imperfectly excises itself and carries some flanking bacterial DNA with it.  Here, only the genes adjacent to the phage DNA can do this.  By size constraints, some phage DNA is excluded, but the genome often includes non-essential regions at its ends.  This bacteria-phage DNA hybrid can either integrate by homologous recombination into the new host, stay extrachromosomal (it’s abortive if it can’t replicate itself), or rarely integrate by site-specific integration (rare because its hybrid DNA doesn’t work as well as the pure phage attachment site).

· Transformation is the direct uptake of free DNA.  Griffith showed that smooth type 1 pneumococci kill mice, but heat killed ones don’t.  Live rough (unencapsulated) bacteria don’t kill mice.  But combine live R1 strain with heat-killed S from the same or even a different strain, and mice die and produce the strain of S you added.  So something got transferred.  Avery, Macleod, and McCarty identified DNA as the nature of the genetic material by showing it to be necessary to transform R cells with cell-free S extract.  Transformation is pretty inefficient, and looks like it happens at sites of cell-wall synthesis (so doesn’t happen well in non-growing populations).  DNA attaches to the wall, it’s cleaved by a surface endonuclease, then enters the cell and may displace its homologue to form a heteroduplex.  DNA repair machinery may permanently convert the recipient DNA.
· Conjugation:  Lederberg discovered it by mixing two doubly mutant auxotrophs (to decrease spontaneous reversion).  He found that that A+B+C-D- and A-B-C+D+ cells mixed together would occasionally produce a prototroph.  Conjugation mediated by F factors, and cells with them are called F+ or donors.  They transfer DNA to F- or recipient cells.  F+ cells have pili, and F- cells have a receptor for it.  During mating, the pilus shortens and forms a conjugation bridge.  
· F+ to F- mating is most common and transfers no chromosomal DNA.  The F plasmid contains a Tra (transfer) operon with genes facilitating the transfer.  It nicks one strand of its DNA at oriT, then as DNA replication displaces one of the original strands, it is threaded into the recipient cell where the complementary strand is made.  The F-plasmid inactivates the pilus receptors and also represses the tra operon after a while to limit opportunities for viruses that bind to the pilus.

· When the F plamid integrates into the host genome it is called Hfr (a cointegrate) and can transfer chromosomal genes.  Transfer begins at oriT in the middle of the F plasmid, so usually only part of the F factor is transferred, so the recipient often remains F-.  The DNA that is transferred can recombine with homologous DNA or transposons in the recipient.  Genes closer to the F plasmid are transferred more often, since termination appears to be random.  This is used to map genes, and showed the genome to be circular.
· Hfr plasmids can go in and out of the genome.  Occasionally when the excise they bring cellular sequences along, and are now called F’ plasmids.  This is almost like specialized transduction.  When transferred, they can replicate autonomously, integrate into the host genome, or exchange material with the host genome.  Cells that end up with two copies of their genes are called merodiploids/merozygotes.  

· These matings can be very useful in elucidating regulatory mechanisms by adding/removing genes.

Lecture 9:  Drugs and Transposition

· Drugs may be bacteriocidal (kill them) or bacteriostatic (stop their growth).  Most antibiotics isolated from bacteria and fungi that try to kill their neighbors. 

· Drug resistance can come from: altering the drug, altering the drug target, changing membrane behavior (pumps), or mutation to a gene that encodes a drug resistant form of the drug target.  Many drug resistant genes on plasmids or in bacterial chromosomes are part of transposons.  
· Drug resistance examples:  Altering drug (neomycin gets phophorylated, chloramphenicol gets acetylated, beta lactamases have their rings broken).  Altering drug target (erythromycin is inhibited by methylating its target, rRNA; vancomycin’s D-ala D-ala target is changed).  Pump (tetracycline is pumped out of the cell, and eukaryotic mdr gene pumps out multiple chemotherapeutic drugs).  Drug resistant enzyme (trimethoprim acts this way).  
· Basically, we need more antibiotics.

· Plasmids provide a way to transfer resistance genes, including antibiotic/heavy metal resistance, abilities to metabolize unusual stuff, and toxins that kill other organisms.

· R factors (plasmids) may have many resistance genes, like R100 with transposons and insertion sequences inside many others and a ton of resistance genes.  In these, the tra genes are responsible for replication and transmission of the plasmid.
· Recombination may occur by general homologous recombination (long, mostly identical), site-specific recombination (short, 100% defined sequence, specific proteins required), transposition (any length, no identity requirements).  

· Transposons are segments of DNA that can move around without any sequence homology in the transposon or flanking regions.  They encode the machinery (transposases) needed to do all of this.  
· A plasmid can insert into a genome by homologous recombination, perhaps via a transposon that is shared with the host.

· Target site duplications are on either side of the transposon.  Transposases excise the transposon, they make a staggered break in the target DNA, insert the transposon and fill in the gaps from the sticky ends.  The target site duplications are direct repeats, for example ATCG ATCG.  
· Transposible elements have: terminal repeats, internal repeat sequences (sometimes), target site duplications, long open reading frames with transposase genes, variable number of copies, ability to activate or inactivate expression of genes near where they insert.  

· An insertion sequence (IS) is the smallest unit of transposition.  It is just a transposase gene flanked by inverted repeats (palindromes) on each side.  A transposon that can actually move a gene for something like drug resistance is just two ISs around a gene.
· Tn10 is a well known example, and has two copies of IS10 flanking a tet resistance gene.  This transposon seems to time its excision to coincide with DNA replication.  Once copied, the methylation patterns signal one transposon to be cut out, while the other stays in.  The double stranded break left behind has no known repair mechanism, so really damages one copy of the daughter DNA.  And, one intact copy remains in the genome.  If it inserts downstream before replication gets there, the new daughter DNA will have two copies of the transposon.  

· Sequences seem to be very commonly shared among bacteria.  Huge amounts of information are acquired by lateral gene transfers.  

· Eukaryotic retrotransposons make a full length RNA copy of their genome, and reverse transcribe it into DNA (w/ reverse transcriptase encoded by the retrotransposon).  The DNA copy is then integrated into the genome with the encoded enzyme integrase.  They may have long terminal repeats (LTRs) or not (non-LTRs).  Retroviruses basically do this but also move from cell to cell and must encode capsid proteins.  

· We have more than half a million copies of the L1 or LINE retrotransposon (a non-LTR).  It is odd in that it lacks integrase, but encodes an endonuclease that nicks target sites in the host chromosome.  It moves by Target Primed Reverse Transcription.

· Another abundant repeat is called SINE, or Alu.  It is transcribed and retrotranspose using L1 proteins, since it doesn’t encode them itself.

· Retrotransposons can be used to engineer genomes.  They can add stuff like in gene therapy, function as gene traps by inserting in a gene and coding for a splice site to truncate the mRNA product of that gene, or identify cancer genes by inserting in a gene and overproduce half of its RNA.  This would cause a dominant negative effect, and cause dysregulation of the pathway, and possibly oncogenesis. 
Lecture 10:  Mechanisms of Microbial Pathogenesis

· Koch’s postulates gave criteria for assigning causality between a microorganism and a disease.  It must be found in all cases, isolated from the host, reproduce the original disease when reintroduced to a host, and be recoverable from the experimental host.
· For microbial virulence factors, the gene should be present in bacteria that cause the disease and absent in avirulent strains (clinical correlation), disrupting the gene should reduce virulence and reintroduction should restore virulence (isogenic strains).  These postulates give a low rate of false positives.

· Classic virulence factors include microbial toxins, and we will discuss one class of them, the AB toxins.  In these toxins, the A domain carries the toxin activity and the separate B domain binds to the host cell.  
· Clostridial toxins (botulinum and tetanii) fall in this category.  Btx (7 different toxins) causes flaccid paralysis by blocking acetylcholine release and NMJ.  Ttx is taken up at the motoneural junction, transported up the motor neuron and enters an inhibitory interneuron where it blocks the release of inhibitory NTs, resulting in spastic paralysis.  Different B subunits, among other things, cause different effects.  Both act at synaptobrevin, SNAP, syntaxin complex for vesicle fusion.

· Cholera toxin acts by a common mechanism in which the toxin adds an ADP-ribosylation to host components.  The toxin has 5 B subunits for every 1 A,  and acts in the small intestine.  It ADP-ribosylates a G-protein that modulates adenylate cylase activity.  It causes it to stay in the GTP bound form, and produce very high cAMP levels.  cAMP activates PKA which increases Cl- and Na+ secretion in addition to blocking Cl- and Na+ absorption.  Hence, diarrhea.  

· Most cholera epidemics had been of the 01 serotype, with a certain O-antigen on the LPS of the Vibrio cholera.  In ’92 a non-01 strain emerged and has caused outbreaks throughout the world, even where it’s endemic and people usually build up antibodies to it.  This new one is 0139.  

· Toxigenic strains of cholera have a 7-10 kbp element including some genes for the toxin.  It looks like a transposon and has repeats at each end.  The non-toxic ones only have 1 copy of the repeat.  The 7-10 kbp sequence is a phage genome called CTXϕ.  
· The phage binds a bacterial pilus (Toxin Co-regulated Pilus).  TCP- strains can’t be infected with the virus that carries the toxicity sequence.  TCP is also necessary for full bacterial virulence.  So TCP is itself a virulence factor, and is required to help the bacteria pick up the phage and thus produce the actual cholera toxin, the main virulence factor.  Signals that cause toxin production also cause phage receptor expression.  What makes strain 01 so virulent is that almost all strains with TCP are serotype 01.

· Invasion assays give you a way to measure how much bacteria (Salmonella, for example) get into a host by applying gentamicin that only kills bacteria outside.  
· Salmonella typhii causes typhoid fever and invades mucosal epithelium of the small intestine.  Study S. typhimurium though, cuz it’s easier.  To spread, the Salmonella must first cross the mucosal barrier, then avoid consumption by macrophages and innate immune effectors.  

· Salmonella enter many types of cells by inducing a huge rearrangement of the actin cytoskeleton.  Identified mutants unable to invade and located the inv genes, specifically for crossing the epithelium.  They were found to cluster at a single locus, called the Salmonella Pathogenicity Island I, or SPI-1.  

· Next, non-disease causing mutants were isolated.  These mutants mapped to a single region as well, called SPI-2.  They lacked the ability to survive intracellularly in macrophage vacuoles.  These genes are induced upon phagocytosis.  
· SPI-1 and SPI-2 genes, especially inv, are components of secretory apparatuses specialized for delivering toxins to the host cell.  This is termed type III secretion, typical of gram (–) virulence.  It looks kind of like a flagellum.  Proteins secreted from this likely form a pore in the host membrane through which more toxins/effectors are injected. 
· Helicobacter pylori can be virulent or avirulent.  CagA gene is found in the pathogenic strain, as part of a pathogenicity island.  It’s part of a secretory system (type IV) different from Salmonella.  In this system, the virulent strain has genes inserted that encode a conjugate pilus for delivering toxins.  Legionella also use a type IV system.
· Pathogenicity islands are inserted into a chromosomal locus, and they are often transposon associated.  The GC content is usually different from the rest of the genome.  Major islands often encode a secretory apparatus.  

· In Salmonella, SPI-1 toxins target G-proteins that organize the actin cytoskeleton.  First, SopE,B act as GEFs for a G-protein and activate actin polymerization.  To not kill the host, they later express SptT (a GAP) that returns the G-protein to normal.  The bacterial GAP interacts with its target with a crystal structure remarkably similar to that of endogenous GAPs and their targets (molecular mimicry).  

· In bacterial virulence, the most relevant host to the pathogen’s evolution is probably not humans, but they still work against us.  And, bacteria exploit host signaling pathways.

Lecture 11:  Eukaryotic Gene Expression

· Euks have 3 RNA pols.  I = rRNA, II = mRNA, III = tRNA.  

· Producing a mature mRNA involves initiation/synthesis of RNA by RNA pol II, adding 5’ cap, splicing, cleavage and polyadenylation, and nuclear export.  A transcription unit includes the gene-coding a regulatory sequences needed to do that.

· Capping the 5’ end includes the enzyme adding a GMP via an unusual 5’-5’ linkage and methylation of the 5’ nucleotides.  This happens early in transcription and increases the efficiency of splicing, improves translation, and stabilizes mRNA transcripts. 
· Splicing was discovered by hybridizing DNA with its mRNA and seeing that the mRNA was missing sequences.  The only conserved sequences are at the ends of the introns/exons near splice sites.  These are: exon…AG|GU…intron…AG|GU…exon.  Splice donor = 5’ end of intron.  Splice acceptor = 3’ end.  Other weakly conserved sequences (like a branch site and polypyrimidine tract near the 3’ end of the introns) help proteins and RNAs recognize the splice sites.  
· The splicing mechanism:  [image: image8.png]\
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  It begins when snRNPs (U RNAs and proteins) recognize the splice junctions and carry out two transesterification reactions that splice out the intron in a lariat.  snRNPs and the mRNA together are called the splicosome.  Some mRNA sequences can self-splice.  Others have alternative splicing, possibly due to imperfect splice-site sequences or protein factors.
· Transcription goes past the 3’ end of the final mRNA, then cleaves and polyadenylates just past a AAUAAA sequence.  Polyadenylation protects the transcript.  Some genes, like immunoglobulin genes, can carry multiple polyadenylation sites and use them under different circumstances.  
· Transcription is regulated by many proteins, including general transcription factors (GTFs), co-activators/repressors, and proteins that modify chromatin.  

· Promoter elements:  cis-acting (meaning on the same piece of DNA) sequences necessary for initiating transcription.  There is some basal level of transcription in the absence of regulatory signals.  Promoter elements include the TATA box and/or initiator, which are usually near the start site.

· Regulatory elements:  These are also cis-acting, and include a class called promoter proximal elements which are just upstream of the promoter elements.  They also include enhancers, which can be quite far away; may be upstream, downstream, or in an intron; and will work regardless of their orientation.  Both will form complexes with proteins to affect transcription.
· RNA pol alone can’t initiate transcription.  The additional factors necessary for initiation are GTFs, and are required for most promoters.  They are found in large complexes, one of which binds the TATA box, and others that binds RNA pol to form a holoenzyme (just like sigma bound to prokaryotic RNA pol to form a holoenzyme).  The TATA binding protein (TBP) binds to the minor groove and bends the DNA to help initiate.  Other GTFs then bind to TBP.  One is TFIIH, which is thought to phosphorylate the C-terminus domain of RNA pol and allow it to elongate the transcript, as well as play some role in DNA repair (since it is mutated in xeroderma pigmentosum, a disorder with messed up excision repair).  
· RNA pol is recruited to the promoter in complex with a complex of lots of proteins, including many GTFs.  This complex is called the mediator.  The mediator-RNA pol complex is the holoenzyme.  This binds to the TBP to form the pre-initiation complex.  Once elongation begins, the mediator proteins fall off and bind other RNA pols, but the TBP stays bound to the promoter.  The many proteins involved allow for more regulation.
· Transcription factors (TFs) that bind promoter-proximal elements or enhancers generally have four types of domains: DNA Binding Domains (homeodomains, zinc fingers that stick into the major groove and recognize 3-4 base pairs per domain, and leucine zippers that dimerize due to interactions between leucine repeats), Dimerization Domains (so TFs can dimerize to each other and increase the length of sequences they can recognize), Transcriptional Activation Domains (interact with basal transcription machinery to enhance gene expression; not all TFs have this, so must bind to others called co-activators to have an effect), Interaction Site for regulatory molecules (some TFs are constitutively active, and need to be regulated by other molecules).  
· Chromatin consists of nucleosomes, which are DNA wrapped around histone octamers.  This often acts to block transcription.  The DNA can be further condensed into heterochromatin or more loosely as euchromatin.  Histone binding is not sequence specific.  Histones have tails that protrude and interact with nucleosome DNA as well as other nucelosomes.  These tails are the sites of modification.  
· Nucleosome remodeling complexes move nucleosomes by destabilizing histone-DNA interactions, which ultimately increases access to the DNA template.  This can occur by altering nucleosome structure or just by moving histones.  

· The histone tails are often modified by acetylation or methylation of lysines and phosphorylations of serines.  Acetylated lysines have less positive charge, so don’t interact as well with DNA.  The disrupted interaction allows better access to the DNA.  It also prevents interactions between adjacent nucleosomes.  Acetylation and methylation are recognized by bromo and chromodomains of transcription factors, so this modification also marks regions for transcription.  The enzymes that do all of this are recruited by other regulatory proteins, so these enzymes are co-activators/repressors.  Levels of acetylation depend on relative activities of acetyltransferases and deacetylases.
· It’s not known how TFs activate transcription, but proposed mechanisms include:  Recruitment (they physically contact GTFs and somehow increase transcription), Conformational Change (they bind the pre-initiation complex of mediator-RNA pol-TBP and increase the binding of subsequent GTFs), Covalent Modification (activators bind and activate kinases that modify and activate transcription machinery), Chromatin Remodeling (activators recruit enzymes that modify chromatin structure).
· The production of different hemoglobin subunits in embryos, fetuses and adults is due to activities of different transcription factors.  In addition to promoters, the hemoglobin genes have a locus control region, determining which variation of the subunit gets produced.  Messing this up results in hemoglobinopathies like β-thalassemia, where you accumulate α hemoglobin chains that precipitate and cause hemolytic anemia.  
· MicroRNAs are short RNAs complementary to the 3’ UTR of target mRNAs to which it can bind and inhibit translation.  Others silence genes via chromatin modifications.

Lecture 12:  Chromosomes

· Separation of the genome into chromosomes allows for genetic diversity in gametes.  Due to ~2 recombinations/meiosis on top of this, all gametes are essentially unique.
· Down – trisomy 21.  Kleinfelter – XXY.  Turner – X.  Chronic myelogenous leukemia – translocation between #s 9 and 22 (aka Philadelphia chromosome).

· Chromosomes are only visible by light microscopy during cell division.  They are classified by size, shape, and banding patterns when dyed.  Chromosomes may be characterized, depending on the location of the centromere, as metacentric (middle), submetacentric (toward one end), and acrocentric (with only a tiny satellite on one side).  Large chromosomes tend to be metacentric, and small ones tend to be acrocentric.  The short arm is the p arm, the long arm is the q arm.  
· When describing a karyotype, you must include the total number of chromosomes and the sex chromosomes present.  If there are too many or too few, denote it with a + or – and the number of the extra/missing chromosome.  If there are other abnormalities, it’s usually denoted and includes an indication of which arm (p or q) it’s on and the # corresponding to its position.
· Synapsis is the pairing of homologous chromosomes in prophase I.  As a results of crossing over, each gamete is a mixture of maternal and paternal DNA.  

· Spermatogenesis begins at puberty and continues thereafter.  Oogenesis pauses at prophase I while females are still fetuses.  At ovulation, an oocyte finishes the first meiotic division, and only finishes meiosis II if fertilization occurs.  The chromosomes in ova and spermatozoa become pronuclei, which fuse in the zygote.  

· With regard to sex determination, think about the fact that differences in development need not be due to different gene content…cells all over the body are very different with the same genes, and other organisms have environmental or social cues for sex determination.  
· Autosomal trisomies and autosomies are almost always lethal, so too many Xs could be a problem in females.  But, early in development one X is chosen for inactivation and remains so for all progeny of that cell.  The inactivated X is seen as a condensed Barr body in the nucleus.  The end results is that females are mosaics, as can be seen in the retinal regions of women heterozygous for X-linked colorblindness.  Individuals with multiple Xs will inactivate all but one.  It’s not known how this happens, but they do know that it starts at an X inactivation center (Xic).  It encodes an RNA (encoded by the XIST gene) that stays in the nucleus and coats the inactive X.  It appears to act only the chromosome that carries it, so in transgenic introductions, the RNA only coats the transgene.  Silencing via DNA methylation and histone acetylation also play a role.  One result of this is that quite a few X chromosome aneuploidies survive.
· The Y chromosome really only functions in male sex determination and spermatogenesis.  They are passed strictly from father to son.  It has pseudoautosomal ends, as does the X chromosome so that the two can undergo synapsis in meiosis. In the male specific part of the Y (MSY) there are lots of palindromes, which promotes rearrangements and can cause infertility.
· Aneuploidy is too many or too few chromosomes as a result of non-disjunction.  In mitosis, this may lead to cancer in a few somatic cells.  In meiosis, it can affect the entire offspring.  Most have a nondisjunction in meiosis I, resulting in a gamete with their parent’s maternal and paternal chromosomes.  Rare nondisjunctions in meiosis II cause a gamete to have 2 identical copies of a parental chromosome.  We don’t know how it happens.  Aneuploidies are highly correlated with maternal age.  This is probably because the first division of meiosis is delayed so long.  

· You can also get structural rearrangements when chromosomes break and rejoin abnormally.  Like aneuploidies, they may be present in some somatic cells as a mosaic, or if it happened in a parent’s germ line, in the whole offspring.  The most common rearrangements are balanced translocations, where the total genetic information isn’t changed.  It occurs by reciprocal translocations between two non-homologous chromosomes.  The other common type is a Robertsonian transformation, where two acrocentric chromosomes lose their satellite ends and join to form one long chromosome.  In both of these cases, the individual will be normal, but will produce unusual gametes.  The 11-22 translocation occurs at a “hot spot” for translocation, and is the only identical one found in unrelated families.  The 9-22 translocation is associated with chronic myelogenous leukemia.  
· Other structural rearrangements include deletions, duplications, inversions, rings, etc.  These often give rise to “contiguous gene syndromes” where a lot of seemingly unrelated things are going wrong in a patient.

· Chromosomal abnormalities may be responsible for a lot of spontaneous abortions.  

Lecture 13:  Mendelian Genetics I

· Genetic disorders probably account for around 40% of childhood mortality and 30-50% of children admitted to hospitals.

· In a pedigree, males are squares and females are circles. 
· An individual with two mutant alleles is a compound heterozygote, whereas an individual with one mutant allele at each of two loci is called a double heterozygote.  
· When calculating probabilities, you can use info on an individual’s parents as well as offspring.  To calculate the probability of an event knowing that certain other things happened that are affected by that event, use Bayes Theorem:
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, or the chance that A occurs given that B has occurred is equal to the chance that B occurs given A is true, times the chance that A is true, divided by the total probability of B occurring knowing nothing about A.  

Ex:  A woman has a carrier mom for a recessive X-linked trait and 3 healthy sons.  What is the chance that she’s a carrier?  The chance that she’s a carrier given that she has had 3 healthy sons is:  The chance that her sons are all healthy if she’s a carrier, times the chance that she’s a carrier, divided by the chance that her sons are all healthy knowing only that the grandma is a carrier (which is the chance that mom is a carrier*the chance that they’re all healthy + the chance that mom isn’t a carrier*the chance that they are).

· Crossing over creates recombinant and parental phenotypes.  Linkage can be used to infer the distance between genes.  1 map unit (aka centimorgan) = 1% recombinant offspring.  
· Use LOD scores to see how likely a hypothesis about linkage is.  [image: image10.png]LOD (log of the odds) =1log,, (likelyhood of data ifloci is linked at distance THETA )
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These likelihoods are just the % of a given phenotype times the number of individuals of that phenotype.  See slides for example.

· Using this, then 1/odds is the chance that your hypothesis is wrong.  Or more simply, if the LOD score is over 3, then it’s evidence of linkage.  

Lecture 14:  Mendelian Genetics II

· ~23,000 genes in the genome.  There is huge variation, with some found in almost every gene locus.  The consequences of this variation may be insignificant, but they can also cause conditional variants and disease variants that may cause a disease or increase susceptibility to it.  

· Genes related to disease may be Mendelian (monogenic), Complex/multifactorial, or Chromosomal.  Complex ones are most common, and Mendelian ones tend to be rare. 

· Mutations are termed dominant if they have a clinical phenotype, even though the homozygote usually has a more severe disease (so it’s really incomplete dominance).  Studying monogenic disorders can lead to the discovery of the molecular mechanism and identify components and their candidate genes for other Mendelian disorders.

· Many Mendelian disorders present in children.  New sequencing technology and other innovations will likely result in identification of many more Mendelian disorders.

· Most genes can become disease-causing as a result of many different mutations, which may have varying severity.  This allelic heterogeneity results in a spectrum of functionality.  Locus heterogeneity is when mutations in several different genes can produce the same phenotype (when they’re involved in the same process).  

· Disorders may show variable expression (varying levels of severity), partial penetrance (the chance that someone with the allele will show the disease), and/or pleiotopy (where a single gene affects seemingly unrelated phenotypes)

· What determines if a mutation is dominant or recessive is the change in protein function resulting from a mutation and the tolerance of that system to changes. 
· Autosomal dominant traits:  they have a vertical pattern of inheritance and affect males and females equally.  New mutations are detected in the first individual to carry them.  They may be due to dominant loss of function mutations where 50% reduction in function effectively shuts a process down.  Or they may be dominant negative, where they interact with the normal ones and reduce activity by over 50%.  They may also increase function or gain a new function.  Ex:  osteogenesis imperfecta, neurofibromatosis, familial hypercholesterolemia.  
· Autosomal recessive traits:  horizontal inheritance patterns, disease found in kids but not parents, more common in consanguineous partnerships.  Characterized by loss or alteration of function, often of enzymes.  Each of us probably carries 5-10 harmful recessives.  Distributions may vary greatly based on race/geography (Tay-Sachs in Jews, CF and PKU in Northern Europeans).  If you get two of the same recessive allele, you are a true homozygote, or homoallelic.  If you get two different defective alleles, you are a genetic compound, or heteroallelic.  Ex:  PKU (mutated Phe hydroxylase), hereditary hemochromatosis (low penetrance).
· Recall X-inactivation and the dosage compensation problem.  If one of the Xs confers an advantage, it may result in a skewed pattern of X-inactivation.  If this happens a female may be as severely affected as a male by an X-linked gene.  Female heterozygotes often eventually display some phenotypic signs of an X-linked disorder.
· Not all X-genes are inactivated, ~10% appear to escape inactivation.  Among these are the pseudoautosomal regions, which are homologous with the ends of the Y chromosome and allow for crossing over.
· X-linked recessive traits:  Mostly in males, with no father to son transmission.  Heterozygous females usually have some mild phenotype.  In 1/3 of males getting a lethal X-linked gene, it came from a new mutation and the mom isn’t a carrier.  Ex: Hemophilia A.
· X-linked dominant traits:  less severe in female heterozygotes than in males.  Ex: incontinenti pigmenti.  

· Genetic heterogeneity (allelic or locus) is one reason why each patient with a disorder has their own form of the disease.  Differences in phenotype may be seen between individuals or families with different defects in the alleles.  Additionally, chance mating between affected individuals can reveal complementation in a trait with locus heterogeneity.
· Things like modifier genes and the environment can obscure the relationship between genotype and phenotype.  An allelic series is when there is a strong correlation between different alleles and different phenotypes.  One example is LMNA (encodes intermediate filaments of the nuclear lamina).  Different mutations cause fatal restrictive dermopathy, Hutchinson-Guilford progeria (premature aging) or Emery-Dreifus muscular dystrophy. 
· Poor correlation means other genes and/or environment play a big role.  Ex: X-linked adrenoleukodystrophy (X-ALD).  

· Digenic phenotypes require homozygous mutant genes at two loci.  

Lecture 15:  The Human Genome

· Genomics is the study of genomes.  The human genome project began in the 80s, and ended up being a competition between Venter (who ran Celera) Collins (who ran the public effort).  Venter used a whole genome shotgun approach, whereas Collins first isolated Bacterial Artificial Chromosomes and then sequenced those.  The public effort was haploid, the private one was diploid.  It was mostly done by 2003.  The public people are now working on HapMap to identify gene variations.
· The three main site for genomics are NCBI, Ensembl, and UCSC Genome Bioinformatics.  They all use the same info, just present it differently.  
· The genome is around 3 billion base pairs.  Of the 5% under conserving selection, only 1.5% are known protein coding regions.  Investigating the remaining 3.5% is a huge area of study, and these conserved non-coding sequences (cNCS) may be regulatory or structural elements.  There are also some ultraconserved regions of unknown significance
· With Giemsa staining, euchromatin (gene rich) stains light and heterochromatin (gene poor) stains dark.  There are gene deserts with very few genes in the genome that seem quite conserved among organisms.  Gene density varies along and among chromosomes.  Those chromosomes with the fewest genes are the ones that can survive with trisomies.

· The average gene is about 30 kb, with about 8-10 exons.  Chromatin immunoprecipitation (ChIP) and genomic methods are identifying short sequences that transcription factors bind to.  

· The genome is full of repetitive elements (~45%), including tandemly arrayed ones (short tandem repeats, aka microsatellites, telomeres, and centromeres) and interspersed ones (SINES and LINES).  LINEs, SINEs, and transposons are interspersed all over the place; they are remnants of insertion events of transposable elements.  See transposons lecture for LINEs and SINEs details.

· Transposable elements move via RNA intermediates (retrotransposition), and promote duplicating regions, exon shuffling, and other rearrangements.  Their insertions can contribute to disease by insertional mutagenesis, non-homologous recombination leading to deletion and duplication, and transcriptional effects.  

· There are also segmental duplications, which are repeats with relatively few copies.  They provide a good place for evolution of new genes.  Copy number variants and SNPs are very common variations.  

· Comparing genomes among organisms can be useful.  You can find last common ancestors.  With mice, for example, 90% of the DNA can be divided into blocks of conserved synteny (genes on a continuous DNA strand) that are present in both organisms though distributed on different chromosomes.  

· Homologs are genes that share a common evolutionary ancestor.  Orthologs are equivalent genes in two different species.  Paralogs are two or more homologous genes in the same species that arose from the same gene family via duplication.
· Use conserved sequences to identify genes and their regulatory elements.  Or, look at closely related organisms (us and chimps) and look at the differences.  They did this and found human accelerated regions (HARs) that may be responsible for the differences like language and cerebral cortex development.

· Variation among humans is limited, partly due to the relative youth of our species.  Common sources of variation include short insertions/deletions, short tandem repeat polymorphisms (microsatellites), SNPs, and copy number variations.  SNPs make up a big portion of human variation, with 3 million differences between individuals.  They are often biallelic variants, with only two types of alleles.  The minor allele frequency (MAF) gives you an idea of how recently one of these arose.  The more common it is, presumably the older it is.  Inversions, like the H2 haplotype, also occur, and this one is even evolutionary beneficial (people with it are more fertile).
· Copy number variations are fairly long sequences that appear one to several times.  Find about 11 CNVs between two people.  They alter expression and can cause disease.
· Meitoic recombination shuffles combinations of SNPs and other sequence variations.  A haplotype is the genotype of a set of markers linked on a segment of the same chromosome.  

· If a new haplotype arises by mutation, it is linked to the other SNPs and markers nearby.  These form a haplotype block.  While they are linked to each other, it’s called linkage disequilibrium.  Over time, recombinations will occur that will eventually make these SNPs and markers assort independently of one another.  This is called linkage equilibrium (they act unlinked).  As time passes, the haplotype block that stays the same gets shorter and shorter as you get recombination events at the ends.  You usually end up with blocks of linkage disequilibrium separated by hot spots for recombination.  For practical purposes, you can use a subset of all the SNPs in a block to identify it, and these are called haplotype tagging SNPs.  

· A transcriptome is the complete mRNA content of a cell or tissue.  Proteomics is the study of all the proteins expressed in a cell/tissue.  The genome can predict many of the proteins, but alternative splicing and processing make a huge variety available.

· Genome structure disposes some regions to rearrangements, which usually lead to disorders.  Depending on the size, they may be single gene disorders, contiguous gene syndromes (multiple adjacent genes), or gross chromosomal problems.

· Each of us has a unique genome and developmental history, so every patient is an individual and should be treated as such.  Sequencing genomes and genomics will be a huge part of medicine in the future.

Lecture 16:  Complex Traits

· These tend to run in families but do not follow simple Mendelian rules.  They have phenotypes that result from interactions of multiple genes and environmental factors.  Genes will not directly cause a disorder, rather increase one’s susceptibility to getting it.  Identifying the genes in people can be good for diagnosis and prevention.
· Even though lots of things make “monogenic” disorders quite complex in their severity and progression as a result of environment and some modifier genes, “complex” traits have no one gene of major effect, no simple inheritance pattern, and a much greater environmental impact.  Unlike most monogenic disorders, complex traits tend to occur later in life, probably because they require so much from environmental factors.  They are also much more common than Mendelian disorders.  This may be due to the fact that alleles are less detrimental and less subject to natural selection, as well as the changes in environment and culture that make once-beneficial alleles harmful.
· Heritability is the fraction of the total phenotype that seems to be explained by genetic factors.  All disease has genetic and individual components.  

· Finding susceptibility alleles can be tough because of each allele’s small contribution, the heterogeneity of causation (1 or 2 genes in some people, but many others in different people), high frequency of variant alleles (due simply to having a common variant affecting a common disease or due to having multiple rare variants), incomplete penetrance, phenocopies (a phenotype that looks like a genetic issue but is really due to environment), mutations that only moderately affect proteins, low resolution of gene scan methods, diagnostic uncertainty, unreliability of animal models.  As a result, finding these genes has been very slow, but with more markers and better techniques the pace should pick up.
· Determining the extent to which a gene contributes can be done with twin studies.  If the expression of a trait is similar in both monozygotic (identical) and dizygotic twins, then it’s probably not much of a genetic effect.  For something with genetic influence, you’d expect the incidence among monozygotic twins to correlate much more.  You can also see how much genes contribute by doing segregation analyses, where you fit an inheritance model to the pattern of the trait in a pedigree.
· Relative risk (λ) is the risk of an affected person’s relative divided by the risk of the general population.  The bigger this is, the bigger the genetic component (though family members’ shared environment may play a confounding role).  

· Defining a disease well can reduce the heterogeneity of etiology and better your chances of finding a gene associated with it.  You should characterized the clinical phenotype, age at onset, severity, and family history.  You may be able to further decrease heterogeneity by focusing on a specific population.  

· In linkage analysis, you look for markers that co-segregate with the phenotype more often than chance would allow.  This marker identifies a likely location for the susceptibility gene.  It must be syntenic (on the same chromosome) as the gene and close enough to reduce the frequency of recombination between them.  The significance of linkage is measured by a LOD score, with LOD > 3 being convincing.  To do a linkage analysis, you need a transmission model (gene location, allele frequency, penetrance, etc) to explain inheritance.  It can get complicated for complex traits, and doesn’t work well with lots of genes.  
· Once you identify a gene, you can determine the system involved and genes for other components of that system become good candidate genes.  

· Association studies compare allele frequencies between affected individuals and a very carefully selected control group.  This method is more sensitive, but requires a lot of markers.  Positive associations may indicate that a gene causes the phenotype, a marker is in linkage disequilibrium with the gene causing the phenotype, or it may be unrelated to the disease (stratification).  To prevent this last case, the study is usually replicated or confirmed by a test like TDT (transmission disequilibrium test).  A TDT test looks at how often an allele is transmitted from unaffected parents to an affected offspring.  If it’s causing the disease, it should be transmitted much more frequently than not.
· If you identify a susceptibility gene in a model organism, you can look for orthologs in us.  If you can even narrow it down to a region of the genome with a marker, you can also use the genome sequence to look at known/predicted genes in that region as well as to look for mutants there.  Based on the biology of the disease, you might be able to narrow down the list of possibilities.  

· Ex:  Age-related macular degeneration:  Loss of central vision with retinal deposits (Drusen).  Identified complement factor H to be a causative variant.  
· Ex:  Type II Diabetes (DM2):  Stems from hyperglycemia due to impaired insulin secretion, insulin resistance, and extra hepatic glucose production.  Can lead to ocular, renal and cardiovascular problems.  It’s already very common and is increasingly so.  There is evidence for a genetic component from twin studies and relative risk.  In 2007, studies identified multiple new genes that may each be weakly involved.  
· Each person has their own personal phenotype, and physicians should focus increasingly on prevention.  Need to be wary of genetic profiling though, because there could be many unfavorable medical and social consequences. 

Lecture 17:  The Genetics of Hyperlipidemia, an Example of a Complex Trait

· There is an association between atherosclerosis and myocardial infarction and stroke.  Because they require so much blood, the heart and brain are more vulnerable to these things.  If flow is decreased due to atherosclerotic plaques, you get compensatory angiogenesis, but if bloodflow is acutely stopped you get stroke in the brain or localized muscle death and lethal arrythmias in the heart.  

· The levels of circulating cholesterol as LDL may be a determining factor in the accumulation of plaques.  Family hypercholesterolemia is genetic and autosomal dominant.  Homozygotes have it much worse.  

· Correlation coefficients give the strength of the relationship between two factors.  Twin studies may be used to see how much of a gene’s effects are genetic or environmental.  

· They looked at cholesterol levels in people of different ages, and found that there’s a slow increase in levels over time (except when you’re very old males, because most with high cholesterol don’t survive).  This was corrected for in the patients of different ages.
· They chose to study survivors of MI (heart attacks), but preferentially selected younger people, since their conditions are more likely due to strong genetic factors as opposed to general aging and accumulation of environmental stuff.  So, they looked at their cholesterol ranges, and found them to be much higher than they would be if they were average people.  The ratio of observed/expected number of people in a cholesterol range increased at higher ranges.  They also found a high frequency of hyperlipidemia in survivors.  This basically showed a strong correlation between cholesterol and MI.
· When they looked at cholesterol levels in the survivors’ relatives, they saw a bimodal curve (with two peaks), suggesting autosomal dominant inheritance.  They too had higher cholesterol than control groups.  

· They were able to go from coronary heart disease, and see that families with long histories of that also tended to have arterial deposits in adults, and hypercholesterolemia even in the kids.  

· The mechanism was figured out by using the homozygotes, who had very bad cholesterol.  They were found not to alter the expression of HMGcoA reductase (the enzyme for the rate-limiting step of cholesterol biosynthesis) when grown in the presence/absence of serum w/ LDL.  When they added cholesterol that could diffuse into the cells directly, the homozygotes responded.  They discovered that the mutation was in the LDL receptor; hepatic uptake via the receptor is one of the major ways for clearing cholesterol from the serum.  
· To treat, they can use competitive inhibitors of HMGcoA reductase (statin drugs) to limit cholesterol biosynthesis.  They also use resins that bind to bile acids and prevent them from being recycled.  Making new bile acids uses cholesterol, so subsequently excreting them effectively drains cholesterol from the body.  This leads to a 30% decrease in cholesterol levels and incidence of MI.  

Lecture 18:  Non-Mendelian Inheritance:

· Anticipation is when certain dominant or X-linked phenotypes increase in severity over successive generations.  People had dismissed it as biased ascertainment, but now we know it can be due to progressive shortening of telomeres or progressive lengthening of variable length nucleotide repeats.  As these repeats get longer and start to show a phenotype, they’re called pre-mutations.  The greater the copy number gets, the more severe the phenotype.  These are associated with some progressive neurodegenerative disorders as well as myotonic dystrophy.

· Mosaicism is when an individual has two or more cell lines that differ in genotype.  Somatic mosaicism may give patchy skin conditions or asymmetry in various ways.  Germline mosaicism can cause a phenotypically normal parent to have multiple kids with some autosomal dominant disorder.  INSERT PEDIGREE.  It’s unlikely to get a new mutation twice, so if you can rule out variable expressivity and partial penetrance, it can be explained my mosaicism.

· Mitochondrian chromosomes are circular and encode ~13 proteins and some RNAs.  It has more sequence variation than nuclear DNA (since it encodes fewer things), and most mitochondrial proteins are encoded in the nucleus.  Mitochondrial inheritance is matroclinal (through females).  

· You can have multiple chromosomes per mitochondrion, and tons of mitochondria per cell.  So, a cell may be homoplasmic if all of its mitochondrial genomes are the same, or it may be heteroplasmic if it has a mix of various mutants and/or normal genomes.  For heteroplasmic cells, the severity of a phenotype can depend on the fraction of mutant sequences.

· Mitochondrial disease often disturbs oxidative phosphorylation, and it tends to have a lot of variable expressivity.  They are commonly pleiotropic, seeming to affect unrelated organs/tissues.  Examples include Leber’s hereditary optic neuropathy (lose vision at middle age), myoclonic epilepsy, deafness, and type II diabetes.  Mitochondrial disease resulting from mutated nuclear genes tends to be inherited in a Mendelian pattern.

· Mitochondrial DNA mutations appear to play a role in aging and progressive diseases.  It’s tough to genetic counsel for mitochondria stuff because of heteroplasmy and variable expressivity, etc.  

· Epigenetics refers to heritable changes in DNA that aren’t encoded in the DNA sequence.   It includes imprinting, DNA methylation, and histone modification.  These must be labile/reversible, but also stable enough to be passed on through generations.

· DNA methylation adds a CH3 to cytosines in the CpG sequence, and it is associated with silencing genes.  Promoter sequences are often CpG rich.  The downside of regulating expression this way is that the 5-methylcytosines spontaneously deaminate into thymine.  It is maintained by methyltransferase.

· Histone modification can occur by methylation or acetylation.  Methylation is associated with silencing, acetylation is associated with increased expression.  The enzymes that alter it are histone methyltransferases, acetyltransferases and deacetylases.

· RNAs also effect gene expression.

· Environmental factors may affect epigenetics.  For example, mice eating methyl donors show increased methylation.  Possibly similar in humans.  

· Imprinting is the modification of expression in gametes/zygotes that leads to preferential expression of alleles depending on which parent they came from (parent of origin effect).  Probably 1-2% of genes are imprinted.  They found that two male or two female nuclei transplanted into a zygote make it unviable.  

· Imprinting explains the Prader Willi and Angelman Syndrome paradox.  The same deletion on chromosome 15 causes PW if it’s inherited from the father, but Angelman if it’s inherited from the mother.  This is because one gene there is imprinted (silenced) in the father and another is imprinted in the mother, so by deleting that whole region, you lose the function of different genes depending on who got the deletion.

· Imprinting is only in mammals.  Loss of imprinting may result in a malignant transformation, activating both copies of the gene.  Imprinting can also be tissue-specific.  During gametogenesis, imprinting patterns are erased and re-established based on the sex of the parent.

· Uniparental disomy is when both members of a chromosome pair come from one parent.  This has important effects on imprinted genes.  If it is two copies of the same chromosome it’s called isodisomy, but if it’s both homologs from one parents it’s called heterodisomy.  Isodisomy results in homozygosity for all genes on that chromosome, and it can expose rare recessives.  Isodisomy occurs by chromosome loss followed by duplication of the remaining homolog.  Heterodisomy occurs with a trisomic zygote that losses a chromosome.  

Lecture 19:  Population Genetics

· The Hardy-Weinberg equations are really only useful for autosomal recessive genes.  If something is X-linked, the frequency in males should reflect the frequency in the population.  If it’s dominant, the frequency of affected people (assuming they’re heterozygotes) should be twice the frequency of the allele.  
· The frequency of mutations with no effect on fitness will vary randomly, but can become fixed in a small population.  Dominant deleterious mutations tend to disappear quickly.  Recessive deleterious mutations tend to stick around at low levels, because there is only selection against them when they are prevalent enough to make a decent number of homozygotes.  

· Inbreeding produces lots of homozygosity, and can lead to a general loss of vigor.  Plant seed is often sold as a cross between two strains due to high heterozygosity that produces hybrid vigor.  Inbreeding tends to cull out deleterious recessive alleles, and it was quite normal throughout much of human history.  Each person carries around 10 deleterious recessive alleles.  

· The coefficient of inbreeding, F, gives the probability that (at a given locus) a person has two alleles that are identical because of descent from a single ancestral allele (due to consanguinity).  For parents that are heterozygous and carry 4 different alleles (one parent is a/b the other is c/d), if two of their children reproduce, the F for the grandchild is ¼.  For first cousins, it would be 1/16.  
· There’s a lot of genetic variability in the gene pool.  They can selectively breed for one extreme of a trait for generations and still have a lot of variability.  

· Continuous phenotypic variation can by explained by the presence of multiple discrete loci that contribute to a phenotype, in addition to a little environmental variation.

· The benefits of a large scale genetic screening depend on how many different genes are involved in a disease (CF is good cuz it’s mutations in 1 gene) and how many mutant versions there are.  The benefits may also be limited by the appearance of new mutations.  Females carry 2/3 of X chromosomes, so for an X-recessive like Duchenne muscular dystrophy that is at steady state in a population, if 1/3 of those Xs disappear with the males that die, an equal number must arise by mutation.  So even if you stop all of the females with it from reproducing, that many mutations will arise again.  Most genetic screening things are presently targeting hemoglobinopathies that confer resistance to malaria.
· Thalassemia and sickle cell both do this.  G6P dehydrogenase deficiency and absence of the RBC surface “Duffy” antigen also act this way.  CCR5 chemokine receptor has immune system functions, but confers resistance to HIV (more so in homozygotes).  Cystic Fibrosis associated alleles decrease fluid production and may have enhanced survival among heterozygotes facing diarrheal diseases.  
· Pharmacogenetics is the genetic basis of the variable responses to drugs.  The differences in response can be to the enzymes and processes involved with drug delivery, metabolism, and/or excretion.  Isoniazid, an anti-TB drug, is inactivated by acetylation.  Some people have high acetylating activity, while in other people it’s very low, so appropriate dosages are very different.  
· People lacking genes for ester hydrolysis (cholinesterases) can experience prolonged paralysis during anesthesia with drugs like succinylcholine (cholinesterases normally inactivate these).

· Liver cytochrome P450 enzymes add –OH groups to hydrophobic things to help excrete them.  A defect in this can lead to normal doses of drugs (like antidepressants) being toxic.
· G6PD deficiency can lead to hemolytic anemia with some drugs.  A mutated ryanodine receptor in muscle cells can cause malignant (life-threatening) hyperthermia with the administration of inhalation anesthetics.  Variations on the beta-1 adrenergic receptors have different responses to beta blocker drugs.  

· Pharmacogenetics is important because a lot of good drugs are taken off the market due to serious reactions in small groups of people, and also because drugs might benefit some subgroups more than others. 
· ABO blood groups:  A has a N-acetyl-galactosamine, B has a D-galactose, and O has nothing attached to the end of glycolipids and glycoprotein chains.  O is due to a frameshift that inactivates the enzyme that adds the sugars. 

· Rh factor:  much like ABO blood groups.  It is the reason behind hemolytic disease of the newborn (HDN).  During a mother’s pregnancy, if she is Rh- and the child is Rh+, when the placenta breaks away there is a mixing of maternal and fetal blood.  If they are ABO incompatible, the mom will just kill off the fetal blood cells quickly.  But if the mom is ABO compatible and exposed to the Rh+ antigen, she’ll make antibodies to it.  Then if she has another Rh+ kid, she’ll transfer her antibodies to it through the placenta and cause hemolysis in the fetus.  They get around this by giving the mom an infusion of Rh+ antibodies right after delivery to destroy the fetal Rh+ cells before the mom can build up her own antibodies to it.  

· Age related macular degeneration has been associated with the complement factor H gene, among others.  It was done with genetic linking tests.  
· The biggest contribution of molecular genetics to society is probably forensics and DNA fingerprinting.  Used to solve 30,000 cold cases and exonerate a lot of people. 

Lecture 20:  The Genetic Basis of Human Cancer:

· Cancer obviously can have a big genetic component, it’s affected by many genes that ultimately have similar, general effects on cell growth. 

· Excessive growth isn’t in itself harmful; you can have lots of benign tumors.  It’s especially bad when malignant, spreading into vessels and elsewhere throughout the body.

· Sacromas are derived from fibroblasts.  Adenocarcinomas from epithelial tissues.

· Tumors are just swellings and may be due to increased cell proliferation (neoplastic) or not.  Neoplastic tumors may be benign or malignant (in which case they invade and are called cancers).  Neoplastic cells have trouble with cell cycle control and/or apoptosis.  If the cell birth:death > 1, you get problems.

· Cancers are thought to arise from waves of clonal expansion.  You get 1 mutation that confers a small growth advantage and takes over a cell population, then another gene gets mutated and does the same thing.  This cycle continues ‘til you get full blown cancer.  It normally takes ~10-20 sequential mutations to get a malignant cancer.  More mutations occur in male gametes because spermatocytes undergo many more divisions than ova.  

· The basis for the two hit hypothesis came from studies of familial cancers.  They found that in familial cancers there’s a much higher incidence than in the general population, you general have more tumors that show up earlier, and only a small portion of cells are cancerous.  The idea is that you need to mutate both copies of a gene in these cases, so you need two mutation events, or hits.  It can be a mutation, then loss of heterozygosity or just two random mutations.  This hypothesis applies for all tumor suppressor (recessive) genes.  The logic is that in familial cancers, you inherit one mutant copy and just need one more mutation in any one of your cells to get the cancer.  Ex: retinoblastoma.

· If you fuse a normal cell and a tumor cell, you usually get another normal cell because the activity of a functional tumor suppressor cell tends to subdue the growth.  But you can have cases of dominant (oncogene) mutations that cause the fusion cell to be cancerous.  

· P53 is mutated in a huge number of cancers.  It affects both the cell cycle controls and apoptosis.  Mutated p53 leads to decreased cell cycle inhibition (aka more proliferation) and decreased apoptosis.

· Inherited mutated tumor suppressors have patterns like autosomal dominants, because if you get one you’ll almost certainly mutate the other copy at some point somewhere in your body.  

· Oncogenes normally stimulate growth.  They can be activated by or brought to the cell by DNA tumor viruses.  Many of these make protein products that inactivate the p53 and RB proteins, which is like getting 4 “hits” all at once.  Oncogenes may be endogenous and activated by things like translocation.  Ex:  Chronic myelogenous leukemia is caused by a 9-22 translocation (called the Philadelphia chromosome).  This causes the abl gene to be expressed and activates its tyrosine kinase ability, which induces cell growth.  

· Geelvec is an ATP analog drug that blocks the kinase activity of the abl protein.  It’s very effective.  Iressa acts similarly, but doesn’t work quite as well.

· We want to identify more genes involved with cancer, with the ultimate goal of finding more therapies.  Many steps (normal to small adenoma to large adenoma to cancer to metastasis) and the necessary genes are understood in colon cancers, for example.

· FAP is familial colon cancer with polyps.  HNPCC is familial colon cancer without polyps. 

· The APC pathway:  APC blocks transcription of growth promoting genes.  Non-functional APC will lead to transcription, but so will mutation of other transcription factors involved.  Β-catenin mutations can activate transcription of these genes, despite the presence of APC.

· DNA repair machinery normally limits mutation, but if it gets messed up, you get more mutations and a greater chance of developing cancer.

Lecture 21:  Virus Multiplication

· Viral diseases are the most prevalent infections in people, and they have a tremendous range in severity.  They are also very useful experimentally.  

· Viruses are basically just clusters of genes that can replicate in cells, but they can direct the synthesis of a protective shell to help them transfer their genetic info from cell to cell.  They may do so by encoding proteins that do this (often proteins not made by the host – RT, integrase, etc), or by encoding for regulatory molecules to affect expression of viral and cellular genes.  The extracellular form of a virus (which is itself metabolically inert) is called a virion.

· Viruses are obligate, intracellular parasites, and they have genomes very limited in complexity (though still subject to mutation and selection).

· The protein shell is called a capsid, and may be helical or icosahedral, as well as enveloped or not with a modified host membrane.  The complex of viral nuclei acids and capsid is called “nucleocapsid.”

· Capsids are built from many copies of simple subunits.  A helix can be described by its pitch (distance per turn), which is determined by (units per turn x rise per unit).  An icosahedron has 20 triangular faces and 12 vertices with 2, 3, and 5 fold symmetry.  They are very economical, needing a very small subunit to enclose a decent volume.

· Viruses are classified based on type of genome (+ RNA genome = mRNA), symmetry of capsid, envelope, and presence/absence of specific enzymes.

· You can quantify viruses by visually counting them or by adding a dilute solution to a plate of bacteria and seeing how many plaques (lysed cells) are produced.  

· One step growth is when virus replication occurs at the same time for all the cells.  The stages in a one step growth curve are eclipse (no infectious particles inside our outside cells cuz the viruses are busy replicating), intracellular accumulation period (progeny virions present inside cells, but not outside), and the rise period when viruses appear in the extracellular fluid.  For enveloped viruses, there is virtually no intracellular accumulation period, because to be active they need the membrane they get when they leave the cell.  

· In attachment, viral proteins bind to cell surface receptors, whose specificity largely determines the viral host/tissue range.  Ex:  HIV’s gp120 binds CD4.  

· To penetrate the cell and uncoat their genome, viruses undergo endocytosis, channel formation, or direct fusion.  In endocytosis, they are taken into clathrin coated vesicles and trafficked to low pH endosomes, where conformational changes activate fusion proteins in the viral envelope.  In flu viruses, hemagluttanin changes to link the viral and endosome membranes and promote fusion.  Non-enveloped viruses may have proteins in the capsid that create channels in the endosome through which they deliver their genome.  In channel formation, the capsid proteins do this at the cell surface.  In direct fusion, the viral envelope and cell membrane fuse due to fusion proteins.  
· SV40 is a model DNA virus, with a double stranded circular genome.  Its expression occurs in two phases.  In early phase, a protein called T antigen is expressed.  It causes the host cell to enter S phase (by binding Rb, which is usually repressing S-phase genes) and activate replication machinery.  It also causes SV40 replication, with the help of its helicase activity.  It activates late phase mRNA synthesis and represses early phase (its own) expression.  It also binds p53 and prevents apoptosis.  Ultimately, the cell is lysed.
· In the late phase of SV40 gene expression, VP1, 2, and 3 (capsid proteins) are abundantly synthesized.  They finally assemble into virions, which occurs 2-3 days after infection.  This temporal regulation increases viral efficiency.  

· Poliovirus is a model + RNA virus, with a single stranded genome.  Upon entry, the genome can immediately be translated.  It’s a giant monocistronic mRNA that produces a large polyprotein, so all genes are expressed at the same time.  Proteases encoded in parts of the polyprotein cleave it into individual viral proteins.  These include replicase, an RNA-dependent RNA pol and capsid proteins. The genome is copied into a – strand, which is then copied into more + strands that will either make proteins or go into capsids.  One protease cleaves a translational initiation factor, which disrupts the translation of capped messages.  But, viral RNA has an IRES that allows non-capped translation.  So it prevents cellular proteins from being produced, and only makes viral proteins.  

· - RNA viruses need to carry an RNA-dependent RNA pol to get them started in the host cell.  Double stranded RNA viruses need their own special transcriptases and polymerases to make mRNAs and copy their genomes. 
· Retroviruses carry 2 identical copies of their single stranded + RNA genome.  They carry and encode reverse transcriptase, and they also carry a tRNA from the previous host that acts to prime the synthesis of the reverse-transcribed DNA.  The DNA is then integrated into the chromosome.  
· Many animal viruses are enveloped, and the envelopes contain glycoproteins that mediate attachment and penetration of the virus.  These glycoproteins can be effective antibody targets.  Their intracellular domains often either directly interact with the nucleocapsid or interact with it indirectly via a “matrix” protein.  The matrix proteins are thought to recruit nucleocapsids to the modified regions of the host cell membrane.  
· The viral envelopes form when the nucleocapsid buds through the host membrane.  It does this at regions of the host membrane modified to contain viral glycoproteins and exclude host cell proteins.  

Lecture 22:  Mechanisms of Viral Variation
· Rapid viral evolution can change a virus’s host range, tropism (tissue range), virulence, immunogenicity, and ability to evade vaccination or pharmacological therapies.  They get genetic diversity through mutation and recombination, with myxoviruses (flu) and retroviruses having the most diversity.  
· Viral RNA polymerases lack editing functions and really increase mutation rates.  So variable that you can really only look at the “swarm,” or average of individual virus’s genomes since they’re all so different.  An isolate is the viral sample you get from one patient.  A strain is a group of closely related viruses.  A genome is only common to 1 virus particle.  To work with these, you can make them into cDNA which will replicate with fewer errors.  

· Viruses with lethal mutations can be rescued by coinfecting with a wild type virus and using their functional genes/machinery.  
· Antibodies may recognize viral surface proteins, internal contents of broken virions, or other viral products.  IgG (serum), IgM (pentamer), and IgA (dimer in sercretions) can neutralize viruses, reducing their ability to reproduce.  

· Antibody neutralization may be reversible if there is low affinity binding.  Usually this means only 1 binding site is bound, and this form usually interferes with attachment, so requires saturation of the surface molecules it binds to.

· It may also be stable (non-reversible) in which case the antibody binds multiple sites on the virus.  One antibody is enough, since these may alter the capsid to prevent the delivery of the viral genome.  

· Vaccination is the only known way to prevent viral diseases.  You can give whole virus vaccines, in which pathogenicity is eliminated by chemically killing/inactivating the virus or isolating an attenuated live virus.  Killed vaccines are usually injected, elicit IgG responses only to surface molecules, and require boosters.  Attenuated vaccines can be given orally, get IgG and IgA responses to surface or internal viral particles, are cheaper, but can occasionally revert to pathogenic forms.  
· In addition to whole virus vaccines, you can give component vaccines of just viral proteins from cloned genes.

· Retroviruses enter cells by receptor-mediated endocytosis.  They encode RT as well as integrase, and when the genome is integrated it’s called a provirus.  Retroviral genomes are flanked by long terminal repeats.  Their life cycles are non-cytolytic.  

· Genetic variability in retroviruses comes from the infidelity of RT, recombination between the two copies of the viral genome in the virion, RNA polymerase infidelity and RNA polymerase continuing past the termination sites in the viral RNA.  
· They measured rates of mutation in retroviruses by putting part of a retroviral genome (that doesn’t have the genes to replicate on its own) with a mutated antibiotic resistance gene into a helper cell.  The helper cell just functioned to pass this genome on for only one generation.  Then they looked for infected cells that were revertants for the antibiotic resistance gene.  Same idea as the Ames test.  Found a 10-4 mutation rate per nucleotide per replication.  

· Reverse transcriptase misincorporates frequently and is not that processive, so it can jump and create deletions.  If RNA polymerase reads through a termination site and picks up a neighboring oncogene, the non-processivity of RT can lead it to jump back and forth between the two copies of the genome in the virion and deliver an oncogene into the next host.  
· HIV-1 and 2 are lentiviruses, with infection frequently associated with CNS lesions and neoplasias (cancer).  CD4 is the primary receptor, though chemokine receptors like CXCR4 or CCR5 may be required as co-receptors.  gp120 is the viral glycoprotein that mediates attachment.  DNA from any two HIV isolates are very different, with greatest variation in the env gene that encodes gp120 since this is where neutralizing antibodies would bind.  
· Gp120 evades antibodies by having CD4 interactions mediated by the protein backbone, not side chains.  Also, and more importantly, the V3 loop that contacts chemokine receptors is hidden within gp120 until it binds CD4.  Upon binding, a conformational change reveals the chemokine receptor binding site.  So normally, this binding site is shielded from neutralizing antibodies. 

· HIV mutates so fast that in 1 day, all the possible point mutations occur thousands of times.  This leads to resistance developing rapidly to drugs like the RT inhibitor AZT and retroviral protease inhibitors as well.  
· Myxoviruses cause the flu, and they are single stranded – RNA viruses with segmented genomes (usually 1 protein per segment).  Their segments can reassort in mixed infections, giving a lot of variability.  They use an RNA-dependent RNA pol, which is pretty error-prone.  Their antigenic variability is what leads to epidemics.  
· Their surface proteins include hemagglutinin (HA) and neuraminidase (NA).  HA is the glycoprotein for binding cell receptors (specifically ones with N-acetyl neuraminic acid).  NA splits these from the ends of carbohydrate chains so the virions don’t attach to each other.  

· Type A influenza is most clinically important, more so than B or C.  They are all very common in birds, though not often pathogenic in them.  They’re classified into subtypes based on the versions of HA and NA they carry, as determined by cross-reactivity (“inhibition”) tests.  

· Every once in a while you get a new HA or NA antigen and a new subtype unrelated to any others.  These big changes are called antigenic shifts.  Each recorded one has resulted in a pandemic (1918, 1957, and 1968).  When this occurs, the new one usually outcompetes the old one so that there’s usually only one subtype in the human population at a time.  Antigenic shift is a consequence of reassortment of RNA segments, for instance when someone is infected with the current prevalent subtype and a different animal flu virus.  That’s how we get things like H5N1, the avian flu virus.  
· Minor mutations that accumulate and just decrease susceptibility of a subtype are called antigenic drift.  

· Vaccination is our best defense, but it’s usually short lived and mucosal response is not that great.  So it’s tough to get a new vaccine soon after a new subtype appears.
Lecture 23:  Virus-Host Interactions
· Host range refers to a virus’s species and tissue (tropism) specificity.  The capacity to produce disease is referred to as virulence.  Even very virulent viruses often cause unapparent infections most of the time.  Ex:  2% of polio infections cause the disease.

· Viruses enter cells, propagate locally, and enter the bloodstream in a primary viremia.  They’ll go to some tissues and further replicate and enter the bloodstream in greater quantities in a secondary viremia, then finally they’ll go to their target tissues.

· Infections may be cytocidal/acute (flu/rhinoviruses), persistent (produce virions without affecting host cell; hepatitis, HIV) or latent (no viral products produced but may be transiently activated; HIV, herpes).  Slow virus infections are like latent ones, but with higher levels of virus when it’s activated.

· Polio is transmitted by the oral-fecal route.  It starts as a minor illness, but then 1/100 infections invades the CNS.  PVR (polio virus receptor) is necessary, but not sufficient for poliovirus infection.  It still depends on other receptors, which give it tissues specificity.  For example, it replicates in mouse muscle, then spreads via nerves to CNS.

· Basically, viruses use existing cellular pathways.  Ex: CD4 is necessary, but not sufficient, for HIV infection.  Co-receptors like CXCR4 in T-cells and CCR5 in macrophages are essential.  When both bind, there’s a conformational change that allows the HIV virion to fuse with the host.  CD4 alone only allows it to attach, not penetrate.  A CCR5 deletion confers HIV resistance.  

· Cellular defenses against viruses include intrinsic responses and immune defenses.  Intrinsic responses include necrosis, apoptosis, and autophagy (organelles and cell components put in vacuoles and degraded).  Many viruses trigger apoptosis to help them spread, while others that form persistent infections may block apoptosis via p53, etc.  Autophagy can digest virions, so some viruses block that too.

· Innate immune responses to viral infections are mostly mediated by type I interferons.  They detect the presence of viruses (not even infection necessarily) and cause nearby cells to adopt an antiviral state.  They’ll activate a PKR kinase that blocks translation temporarily and also a 2’-5’ oligo(A) synthetase that acts with an RNase to degrade viral RNA.  Viral genes try to counteract this response.

· Viruses activate cellular signal transduction pathways, like the NFkB pathway that is part of innate immunity.  But, activating this pathway is also essential for some viruses like HIV to replicate in lymphocytes.  

· Acute/cytocidal viruses subvert normal cellular function.  Polio, for example, shuts down mRNA synthesis by cleaving TATA Binding Protein, and also inhibits translation by cleaving the complex responsible for cap-recognition in cap-dependent initiation.  Together these lead to cytolysis. 
· Persistent infections like Hepatitis and HIV can be due to poor immune responses, infecting immune cells themselves, or immune evasion by the viruses.  Hosts may prevent a cytolytic virus from acting that way by inhibiting apoptosis (as in the case of sindbus virus) and force it to be persistent. 

· Latent viral infections have no viral proteins.  It’s undetectable in the cell, and the viral genome may be sitting quietly either intra or extrachromosomally.  HIV may be latent in bone marrow stem cells, then when they differentiate and make new TFs, it’ll activate the viral DNA.  These may act as a reservoir of viruses that will be activated whenever drug therapy is stopped.  Activation may also be caused by other immune/environmental stimuli.  

· HSV (a DNA virus) infections are very common.  During infection, viral particles migrate up neurons to ganglia, where they remain latent.  LAT RNAs are present in latent cells.  This RNA or its protein product may play a role in protecting these neurons from apoptosis.  When fewer cells have the LAT RNA, you see an increase in viral activation.  It’s all correlation though (usually with stressful events), and we don’t know the mechanism.  
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