Lecture 1: Chemical Foundations

· life occurs in a watery environment

· biomolecules can be classified as hydrophilic (sugars), hydrophobic (fat), and amphipathic (phospholipids)

· covalent bonds: strong bonds, small distance between atoms

· carbon: most important atom, can form 4 covalent bonds

· ie methane (tetrahedral), formaldehyde

· noncovalent interactions: weaker, larger distance

· common functional groups biomolecules: hydroxyl, acyl, carbony, carboxyl, sulfhydryl, amino, phosphate, pyrophosphate

· common linkages: ester, ether, amide

· polar bonds: O-H, C-O, N-H, P-O b/c of electric dipole moment

· in water, covalent bonds >> noncovalent interactions; c-c bonds are especially strong

· a single noncovalent interaction is unstable at biological temperatures; however, in a biomolecule, it is additive and very stable

· the hydrolysis of ATP phosphoanhydride bond is -7.3 kcal, which is stronger than some covalent bonds but less than C-C bonds
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· Noncovalent interactions: ionic interactions, hydrogen bonds, van dar walls interactions

· Ionic interactions; NaCl has strong interaction, dissolve happily in water because it forms HYDRATION SHELL; for close contact protein-protein, water needs to be excluded

· Ion-channel protein/Tetrameric channel: mediates transport of K+ from inside to outside of cell; transmembrane protein; hydration shell give selectivity of ion K+ channels because potassium ion is bigger than Na+ ion. There are amino acid residues that come in contact with the ion with polar oxygen atoms that are spaced like a hydration shell

· Hydrogen bonds: in liquid water, dynamic network of hydrogen bonds; solubility in water depends on its ability to form hydrogen bonds, ie methanol, methylamine, peptide group, ester group

· Van der waals interactions: weak, result from transient dipoles; occur in all types of molecules; form only when atoms are very close

· Hydrophobic effect: aggregated state of hydrophobic molecules; hydrophobic surface area exposed to water is reduced; water population less ordered, higher entropy, energetically more favorable

· Specificity of association between biological macromolecules is based on multiple noncovalent interactions precisely spatially organized

Building Macromolecules

· Monomers to polymers: amino acids ( polypeptide (peptide bond for protein); nucleotide  ( nucleic acid (phosphodiester bond); monosaccharide ( polysaccharide (glycosidic bond); in each case, when addition of monomer, molecule of water is released; all covalent bonds

· Large structures based on noncovalent bonds: cytoskeleton

· Actin filament, microtubule: Non-covalent bonds are easy to form and undo, thus the polymers are very dynamic

· Lipid membrane: hydrophobic environment in the leaf (inside), hydrogen bonds & ionic interactions at exterior of membrane

· Building blocks: amino acids

· Base + acid = amphoteric

· Alpha carbon atom that makes 4 covalent bonds

· Hydrogen bond

· Carboxy group COO- and amino group NH3+, make up backbone of protein, peptide bond with each other

· R side chain: R group; 20 different amino acids, so 20 different R group; governs what kind of noncovalent interactions the proteins participate in

· Hydrophobic amino acids: R groups with no polar bonds, except for tyrosine and tryptophan; alanine (Ala or A), valine (Val or V), Isoleucine (Ile or I), Leucine (Leu or L), Methionine (Met or M), Phenylalanine (Phe or F), Tyrosine (Tyr or Y), Tryptophan (Trp or W)

· Aromatic rings are free to rotate

· Hydroxyl group of tyrosine can be modified by phosphorylation (altered to phosphate group, highly charged, activates or inactivates protein)

· Hydrophilic amino acids:

· Basic: lysine (Lys or K, moderate), arginine (Arg or R, strong), Histidine (His or H, weak)

· Acidic: Aspartate (Asp or D), Glutamate (Glu or E)

· Polar amino acids with uncharged R groups: Serine (Ser or S), Threonine (Thr or T), Asparagine (Asn or N), Glutamine (Gln or Q)

· “special” amino acids: cysteine (Cys or C, SH linkage and can form covalent interactions w/ other cysteine residues with disulfate bridge, important in conferring 2ndary structure), glycine (Gly or G, small and fits into tight spaces), proline (Pro or P, side chain links also to amino group in backbone, so they kink polypeptide group because of rigid bond, fixed angle)
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· Cysteine: can disulfide bridge, covalent bond in extracellular space ie plasma, oxidizing ambient; in cytoplasm not bonded, so reducing ambient

· Building blocks: sugars, from carbohydrate monomers (some multiple of CH2O)

· Chemical groups: many OH + aldehyde or ketone

· Glucose: terminal aldehyde group, asymmetric hydroxyl groups that form many different stereoisomers

· Large variety of geometries (high specificity of interactions

· Proteins & nucleic acids polymerize in linear chain, but sugars branch

Structure of nucleic acids

· Slide 1: lampbrush chromosome

· Site of RNA synthesis

· Nucleic acids

· DNA: contains all information required to build cells & tissues of an organism

· Information stored in units called genes

· Transcription: process by which information stored in DNA is copied into RNA for eventual use

· 2 kinds of genes: one is a gene that encodes RNA and then encodes protein; another class are noncoding RNAs that do not encode protein, but encode other things, ie ribosomal RNAs

· Translation: process by which that information is used to create a protein of specific amino acid sequence

· Molecular genetic processes and where they occur in the cell

· Nucleus: where chromosomes of DNA is located; transcription, RNA processing, replication, place of DNA virus attack

· Nucleolus: site of synthesis of rRNA

· Cytoplasm: translation (ribosomes, amino acids, tRNAs, translation factors), attacked by RNA virus

· DNA and RNA are linear polymers of monomers called nucleotides; there are 5 different nucleotides

· Purines: adenine, guanine; aromatic ring that involves 9 atoms

· Pyrimidines: cytosine, thymine (DNA), uracil (RNA), aromatic ring that involves 6 atoms

· Phosphodiester linkage links 3’ hydroxyl group to 5’ hydroxyl group: sugar phosphate backbone

· Most RNAs have <100 to 10,000 nucleotides

· Cellular DNA molecules can be 100,000,000 nucleotides long

· 5’ end has free phosphate group (attached to 5’ carbon)

· 3’ end has free hydroxyl group (attached to 3’ carbon)

· Polymer has inherent polarity and is directional

· In DNA, double helix forms through hydrogen bonds between various functional groups of nucleotide bases; ie thymine has keto group and amine group which are polar, and can interact with amine; similarly, guanine has 3 groups than can base pair with cytosine

· In artificial DNA, G-T and C-T base pairs fit within double helix

· G-U base pairs quite commonly exist in double-helical regions of otherwise single-stranded RNA
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· Bending DNA

· DNA is flexible about its long axis because there are no hydrogen bonds parallel to the long axis

· DNA binding proteins can bend DNA

· DNA bending is necessary for it to be packed in chromatin

· TATA box-binding protein: transcription of most eukaryotic genes requires TBP binding to their promoters; interacts with sequence of DNA and bends the DNA to pop chain apart and make bases accessible

· DNA can undergo reversible strand separation

· Single-stranded DNA absorbs more UV light than double-stranded DNA; temperature at inflection point of curve is Tm, melting point of double-stranded DNA

· Tm shows percentage of G-C pairs: higher Tm means more G-C base pairs because G-C base pairs stabilize double-stranded DNA

· DNA denaturation and renaturation

· Denaturation of dsDNA: raise temperature, reduce ionic concentration, extremes of pH, add agents that destabilize hydrogen bonds (formamide or urea)

· ssDNA can renature into dsDNA when these conditions are reversed; renaturation will only happen when ssDNA strands have complementary sequence; these experiments are nucleic acid hybridization

· circular DNA molecules occur in prokaryotes and viruses

· supercoiled or relaxed circle; topoisomerase I breaks 1 phosphodiester bond to turn supercoiled into circle

· most RNA is single-stranded, but regions can base-pair to form specific structures thus can take many different shapes

· secondary structure: hairpin, stem-loop (double-helical stem region)

· tertiary structure: pseudoknot: 2 stem loop structures

Transcription and mRNA Formation

· Over view of transcription

· DNA double helix locally denatures and one strand acts as a template for RNA

· Incoming ribonucleotide triphosphates base-pair with bases in the template DNA strand

· RNA polymerase sequentially joins rNTPs from 5’ to 3’ by forming phosphodiester bonds

· Polymerization energetically favored because high-energy bond between alpha and beta phosphates is replaced by lower energy phosphodiester bond

· 3 stages of transcription

· Initiation: polymerase binds to the promoter sequence (denotes start of gene), locally denatures the DNA, and catalyzes the first phosphodiester linkage

· Elongation: polymerase advances 3’ ( 5’ down the template strand, denaturing the DNA and polymerizing the RNA

· Termination: polymerase recognizes a stop site, releases the complete RNA and dissociates from DNA
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· Transcription initiation

· RNA polymerase (big) binds to promoter sequence in duplex DNA; start site near 3’ end, stop site further along; this is called the CLOSED COMPLEX because DNA is not yet denatured

· Eukaryotic RNA polymerases require associated proteins called general transcription factors to find promoters and initiate transcription

· Polymerase melts duplex DNA near transcription start site, forming a transcription bubble that is about 14 base pairs, allows rNTPs to begin RNA synthesis; OPEN complex

· Polymerase catalyzes phoshosphodiester linkage of 2 initial rNTPs

· Transcription elongation

· Polymerase advances 3’ ( 5’ down template strand, melting duplex DNA and adding rNTPs to growing RNA; within bubble there is DNA-RNA hybrid region; nascent RNA, the chain being synthesized, comes off

· Multiple polymerase molecules can transcribe the same template DNA strand at the same time

· Elongation complex is very stable; polymerase does not fall off until it reaches the stop site

· Speed of elongation around 1000 nt/min, so small genes are transcribed in a few minutes but big genes (with big introns) can take hours

· Transcription termination

· At transcription stop site, polymerase releases completed RNA and dissociates from DNA

· Primary transcript: completed RNA molecule (mRNA not directly synthesized from DNA)

· A specific sequence in the template DNA signals the bound RNA polymerase to terminate transcription

· Image 1: E. coli RNA polymerase has 5 subunits; in diagram, DNA bends sharply upon entering the enzyme; inflection site is around the transcription start site, favors local denaturation

· Organization of genes is different in prokaryotes and eukaryotes

· Prokaryotic genome is very compact; genes with a common function are often arranged linearly in operons & transcribed together on a single mRNA; there are very few non-coding gaps of DNA in prokaryotic genomes (no introns, no RNA processing)

· Eukaryotic genome such as in yeast have genes scattered on several chromosomes; that means that coregulation is not achieved simply by physical linkage

· In prokaryotes, mRNAs are directly transcribed from DNA; but in eukaryotes, transcripts must go through several processing steps before becoming mRNAs

· RNA processing

· As the 5’ end of a nascent RNA chain emerges from RNA polymerase, the 5’ cap structure (7-methyl-G) is added to it by several enzymes (5’ to 5’ linkage)

· Polyadenylation: addition of 100 to 250 A residues by poly(A) polymerase on 3’ end of mRNA enzymatically

· Intron excision, exon ligation (first exon will always include 5’ UTR, last exon will always include 3’ UTR)

· mRNAs retain untranslated regions (UTRs) at the 5’ and 3’ ends but they do not encode for proteins; UTRs contain elements that regulate translation of mRNA & recruit ribosome to RNA

· open reading frame: part of the RNA that encodes for the protein

· the same primary transcript can be alternatively spliced in different tissues; liver cells remove exons EIIIB and EIIIA, while fibroblasts retain them; these cell types would then produce different forms of the protein encoded by this gene; alternative splicing increases protein diversity

· in eukaryotes, elements that regulate transcription of a gene can span many kilobases

· RNA polymerase binds to a promoter element

· However, transcripton factors that regulate expression of a gene can bind to regulatory sites that can be tens of kb upstream (opposite to direction of transcription), or downstream of the promoter (very distant and still able to regulate)

· 3 eukaryotic RNA polymerases

· RNA polymerase I: located in nucleolus, transcribes only precursor ribosomal RNA (present in structures that look like prokaryotic operons)

· RNA polymerase II: transcribes mRNAs and four small nuclear RNAs that take part in RNA splicing

· RNA polymerase III: transcribes tRNA, 5S rRNA, and other small stable RNAs including one involved in RNA splicing
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· Image 1: RNA polymerase II: examine in bacteria and yeast 

a) bacterial RNA polymerase II: 5 subunits, β, β’, αI, αII, ω

b) yeast RNA polymerase II: 12 subunits, RPB2, RPB1, 3, 11, 6, & additional enzyme-specific subunits

· largest subunit of RNAP II has a carboxy-terminal domain CTD (not in prokaryotes)

· in mammals, CTD made up of 52 nearly identical repeats of Tyr-Ser-Pro-Thr-Ser-Pro-Ser; these amino acids have hydroxyl groups that can be post-translationally modified into a phosphate group (phosphorylated); because of Proline, the structure is also rigid
· RNA polymerase molecules that initiate transcription have an unphosphorylated CTD

· RNA polymerase molecules that are actively transcribing (elongation) have phosphorylated CTD

· transcription initiation: requires formation of pre-initiation complex

· pre-initiation complex contains many general transcription factors (TFII for factors associated with RNA polymerase II) in addition to RNA polymerase; required for transcription of ALL RNA polymerase-dependent genes 
· first step of transcription initiation: TATA-box binding protein TBP binds to TATA box of DNA

· in vivo, TBP is part of TFIID, a complex of TBP and 13 other subunits called TBP-associated factors TAFs

· TFIIA also required in vivo; it forms a complex with TFIID and TATA box

· Recognition of TATA box also bends the DNA

· TBP binding is required for TFIIB to bind; it binds to both DNA and TBP; does not have to be sequence specific because binding is cooperative and TBP can guide it to correct sequence on DNA
· Next, RNA Pol II is recruited to pre-initiation complex with TFIIF (tetramer) with CTD sticking out at the carboxyl end of Pol II

· Transcriptional start site will be downstream from TATA box; distance defined as difference between where TBP and Pol II binds

· TFIIE (tetramer) binds next

· TFIIH (9 subunits)recruitment completes the pre-initiation complex

· TFIIH is a helicase which locally unwinds DNA and allows Pol II to form the open complex

· Another subunit of TFIIH is a kinase that phosphorylates CTD, promoting elongation

· TFIIA: associated to promoter at same time as TFIID

· As elongation starts, all general factors EXCEPT TBP is released

· TBP stays so that another initiation complex can assemble rapidly

Regulation of Prokaryotic Gene Expression

· transcriptional control

· usually the major mechanism for controlling production of the protein encoded by a given gene

· transcription of a gene can be repressed (little or no mRNA is synthesized) or activated (up to 1000x + mRNA is synthesized)

· operons

· about half the genes in E. coli are organized into operons
· operons group genes that are in the same functional pathway

· the lac operon encodes 3 enzymes required for catabolism of lactose; lactose activates lac operon

· the trp operon encodes 5 enzymes required for biosynthesis of tryptophan; lack of tryptophan activates trp operon

· transcription of operons and isolated genes controlled by interplay between RNA polymerase and specific repressor and activator proteins (also exist in eukaryotic cells)

· to initiate transcription, E. coli RNA polymerase must associate with a sigma factor (protein that recognizes promoter sequence), most commonly σ70
· promoter is where σ70 binds, and therefore where RNA polymerase binds; promoters similar to consensus sequence are stronger
· operator sequence is a control element that lac repressor binds when not bound to lactose, and blocks start site; prevents RNA polymerase from moving forward, or by steric hindrance

· transcription is repressed when lactose is absent; when lactose is present, it binds to lac repressor, changing its conformation and releasing it from the operator sequence; transcription is de-repressed; lactose is therefore an inducer
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· Activation (not de-repression) of lac operon transcription

·  low transcription of lactose because of existence of glucose; if glucose levels are low, then activated

· E. coli synthesizes cyclic AMP in response to low glucose levels

· cAMP binds to, and makes active, a transcriptional activator protein called CAP (see image I)
· CAP binds to CAP site when complexed with cAMP
· CAP-cAMP interacts with RNAP and greatly stimulates rate of transcription initiation
· Sigma factors

· Recognize specific DNA sequences as promoters and recruit RNA polymerase

· σ70 is best known, recognizes TTGACA….TATAAT (consensus sequence)
· σ54 recognizes promoters of genes involved in nitrogen metabolism; the consensus sequence is very different; genes with σ54 promoters are also regulated by enhancers 80-160 bp upstream that are activated by NtrC (DNA-binding protein), which in turn is activated by phosphorylation; this is similar to eukaryotic promoters because of longer range interactions

· regulatory sequences in protein-coding genes
· consensus sequence: where the nucleotides usually appear in TATA box positions
· genes that are transcribed at high levels (have strong promoters) have a TATA box starting 35 bp upstream of the starting site; the TATA box functions similarly to an E. coli promoter, positioning RNA polymerase for transcription initiation

· alternatives to the TATA box
· some genes have an initiator element which includes a C at the -1 position and an A at the +1 position; no good consensus sequence has been defined
· some genes initiate transcription at multiple sites within a 20-200 bp region; these genes lack a TATA box or an initiator element, but contain a CG-rich stretch of 20-50 bp (called CpG island) within ~100bp of the start-site region

· promoter-proximal elements
· in this course, the term promoter will be used for the TATA box or other sequences that recruits RNA polymerase to the transcription start site
· promoter-proximal elements: other sequences near the promoter (100-200 bp) can regulate transcription
· promoter-proximal elements can be cell type specific
· ie control elements, detected by linker-scanning overlap mutations; good for a short stretch of DNA analysis; vector RNA can replicate in cultured cells; controlled region for detection, reporter gene is easy to measure, forms nontoxic product, and has no conflict with control region genes
· in eukaryotes, elements that regulate transcription of a gene can span many kilobases
· RNA polymerase binds to a promoter element
· However, transcription factors that regulate expression of a gene can bind to regulatory sites that can be tens of kb upstream (opposite direction of transcription) or downstream of promoter
· Deletion analysis can identify these elements: fragments cloned to vector, then vector fused to reporter genes; a nested series of deleted segments are made (nested deletion, look at reporter gene results)
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Genomics

· hox genes: set up body plans for developing embryos

· Is most DNA “junk”?

· C-value Paradox: genome size does not correlate with biological complexity

· G-value paradox: number of protein-coding genes does not correlate with biological complexity

· Things to consider: cis-regulation, alternative splicing, redundant genes, multi-functional (swiss-army knife proteins), post-translational modifications

· DNA microarrays

· Consists of thousands of individual, gene-specific DNA sequences attached to a glass slide or “gene chip” in a known array

· Can be used to analyze global patterns of gene expression, in particular cell types, at particular stages of development, or in response to specific physiological changes

· Isolate total mRNA, reverse-transcribe to cDNA labeled with fluorescent dye; shows genes expressed (green glucose-driven, red ethanol-driven)

· genomics and evolution

· in evolution, sometimes genes get duplicated, then each copy can diverge and take on slightly different functions; even whole genome duplication are possible

· phylogenomics: take genomes of different organisms and compare

· species-level genomics: compare tiny degrees of variation, ie of Drosophila

· population genomics

· genomic expansion: structural, functional, comparative, evolutionary, nutrigenomics, pharmacogenomics, synthetic genomics
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· enhancers (eukaryotes)

· can be >50 kb away from the genes they regulate

· can be upstream from a promoter, downstream from a promoter, within an intron, or even downstream of the final exon of a gene (end of transcriptional unit)

· are often cell type specific

· image 1 experiment: transfection assay illustrates activity of SV40 enhancer; plasmic 2 has only the β-globin gene, plasmid 1 has both the β-globin gene and the SV40 enhancer; much more β-globin mRNA is synthesized by cells containing plasmic 1

· steps: transfect plasmid 1 or 2 into cultured fibroblasts; isolate RNA and hybridize with labeled β-globin DNA probe; treat with S1 nuclease (does not effect double-stranded DNA) and then denature; perform gel electrophoresis and autoradiography

· most eukaryotic genes are regulated by multiple transcriptional control elements

· distinction between promoter-proximal elements and enhancers is unclear; a spectrum of different elements can regulate genes from different distances

· many yeast genes have a regulatory element called UAS (upstream activating sequence) that works like an enhancer; in yeast the TATA box is about 90 bp upstream from the start site

· activators and repressors of transcription

· transcriptional control elements like enhancers are binding sites for regulatory proteins (transcriptional factors)

· these proteins can be identified by biochemical techniques: DNase I footprinting, Electrophoretic mobility shift assay EMSA (or gel shift)

· DNase I footprinting experiment: reveal specific binding sites for DNA binding proteins
· Logic:  if a protein is bound to a specific DNA sequence, then it can protect that sequence from nuclease digestion
· DNA is end-labelled at 5’ end and partially digested with a nuclease that cuts randomly; a low concentration will chomp randomly within the sequence, then spread on gel from 100-1; when DNA binding is stuck on DNA, at certain positions of DNA, the nuclease will not cut; the blindspot not cut is the FOOTPRINT

· EMSA or gel shift assay: used to detect DNA binding proteins during biochemical purification; if a DNA molecule migrates at a certain base in a gel, a protein bound to it will move slowly, so its spot on the gel will shift; gives assay for DNA purification

· Better than footprinting for quantitative analysis of DNA-binding proteins, but doesn’t provide the specific DNA-binding sequence

· Logic: a segment of DNA bound to a protein will migrate slower in a gel than the DNA alone

· Co-transfection assay: in cultured cells are used to evaluate whether a protein encoded by a known gene is a transcription factor

Transcription factors

· transcription factors: proteins that stimulate or repress transcription for specific sets of genes, bind to promoter-proximal elements and enhancers in eukaryotic DNA

· transcription factors are modular proteins containing a single DNA binding domain and one or more activation domains (for activators) or repression domains (for repressors)

· purification of transcription factors

· map the binding site (by footprinting experiments using nuclear extracts)

· synthesize a DNA sequence containing multiple copies of the binding site and couple it to beads

· incubate nuclear extract with the beads, wash, then elute proteins with increasing salt concentration; use EMSA to detect which factions have the DNA binding protein

· test to see whether protein can stimulate transcription

· image II: SP1 is a transcription factor that binds a segment of SV40 virus DNA and was purified; SP1 can greatly stimulate transcription from SV40 promoter, but has no effect on another viral promoter
· co-transfection assay: most commonly used to evaluate potential transcription factors; these assays can identify repressors as well as activators

· co-transfection assay production: one plasmid/lk has genes that produce a transcription factor; a second has a binding site and a reporter gene; now put both into cell
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· transcriptional activators

· activators are modular proteins that have distinct functional domains: DNA binding domain, activation domain, which interacts with other proteins to stimulate transcription

· example: image 1, reporter-gene construct: UAS is an enhancer element that=binds a transcriptional activator called GAL4

· deletion analysis of the GAL4 protein showed that the DNA-binding function could be separated from the transcriptional activation function

· modular structure of different transcriptional activators: domain-swapping experiments also prove the modular nature of these proteins; if a DNA-binding site from one transcriptional activator is fused with the activation domain of another, a functional protein results

· transcriptional repressors

· functional converse of activators

· most are modular proteins with a DNA-binding domain and a repression domain

· like activation domains, repression domains function by interacting with other proteins

· control regions often contain binding sites for multiple transcriptional activators and repressors

· ie image 2: EGR-1 control region has WT1 repressor binding sites, SRF/TCF activator binding sites, and AP1 activator binding sites

· types of DNA binding domains

· zinc-finger motifs: C4 zinc finger; found in ~50 human transcription factors of the nuclear receptor family; these proteins generally contain only 2 such units but bind as homodimers (composed as 2 identical polypeptides); these have twofold rotational symmetry and bind to consensus DNA sequences that are inverted repeats
· C2H2 zinc-finger protein, monomeric

· Leucine-zipper: consensus has a leucine residue at every seventh position; bind DNA as dimers, often heterodimers; related proteins have a different repeated hydrophobic amino acid

· Basic zipper bZip is term for larger family of proteins

· Basic helix-loop-helix bHLH: similar to basic zipper except a nonhelical loop separates two α-helical regions; different bHLH proteins can form heterodimers

· how can the finite set of transcription factors generate enough regulatory diversity? Increasing regulatory diversity

· heterodimers: in some heterodimeric transcription factors, each monomer has different DNA-binding specificity; combinatorial possibilities increase diversity (3 monomers can make 6 dimers, 4 can make 10, etc)

· inhibitory factors: can block DNA binding by some bZip and bHLH monomers

· cooperative binding of unrelated transcription factors to near by sites (stimulating or blocking binding); ie image 3 AP1 (lucine zipper) and NFAT that bind cooperatively
· activation domains

· less sequence consensus than for DNA-binding domains

· many activation domains have a high percentage of one or two particular amino acids (Asp, Glu, Gln, Pro, Ser, Thr)

· acidic activation domains (those with Asp or Glu) are active when bound to a protein co-activator

· eg 1: CREB must be phosphorylated to bind its co-activator CBP, which changes its conformation and makes an active transcription factor

· eg 2: RARγ (retinoic acid receptor) has to bind retinoic acid to be in an active conformation
· image 4: cooperative binding of multiple activators to nearby sites in an enhancer forms a multiprotein complex called enhanceosome, whose assembly often requires small proteins that bind to the minor groove and sharply bend the DNA

· on the β-interferon enhancer

· IRF-3 and IRF-7 are monomeric transcription factors; cJun/ATF-2 and p50/p65 are dimeric transcription factors; these all bind highly cooperatively; HMGI binds the minor groove of DNA regardless of sequence, thus bending the molecule and allowing the transcription factors to interact

Post-transcriptional steps of gene expression

· overview of eukaryotic mRNA processing: once primary transcript produced, Cap added at 5’ end; cleavage at Poly(A) site at 3’; poly(A) polymerase PAP polyadenylates 3’ end with 100-250 A; RNA splicing removes introns and ligates exons

· addition of the 5’ cap structure

· 7-methylguanosine is added to the 5’ end of the nascent mRNA when it is 25-30 nt long (during synthesis)

· This is catalyzed by a dimeric capping enzyme, that associates with the CTD of RNA Pol II; one subunit removes the γ-phosphate from the 5’ end of the RNA, and the other transfers GMP from GTP (substrate) to the 5’ diphosphate of the nascent transcript (thus triphosphate linkage from 5’ and cap)

· Separate enzymes then transfer methyl groups to the N7 position of the guanine

· RNA binding domains

· Many were discovered in hnRNPs (heavy nuclear ribonucleoproteins , proteins that associate with pre-mRNAs

· RNA recognition motif (RRM): the most common RNA binding domain; 80 amino acids, folds into 4-stranded β sheet flanked by 2 α-helices; contains RNP1 and RNP2 motifs that contact the phosphates of RNA

· RGG box: contains 5 Arg-Gly-Gly repeats interspersed with aromatic amino acids (Phe, Tyr, Trp); structure unknown

· KH motif: 45 residues, similar structure to RRM domain, but RNA binds by interacting with a hydrophobic surface formed by the α helices and one β strand
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Key Concepts of lecture 10

· DNA-binding domains have common structural motifs, ie C2H2 and C4 zinc fingers, homeodomain, bHLH, bZip; all these have one or more α-helices that interact w/ the major groove of DNA at the binding site

· Regulatory regions of most genes contain binding sites for multiple transcription factors; level of transcription varies depending on particular combination of transcription factors expressed and activated in a particular cell at a particular time

· Combinatorial complexity in transcriptional control results from alternative combinations of monomers that form heterodimeric transcription factors, and from cooperative binding of transcription factors to control sites

· Activation and repression domains exhibit a variety of sequences and structures

· These domains interact w/ other proteins called co-activators or co-repressors

· Cooperative binding of multiple activators to nearby sites in an enhancer forms a multiprotein complex called an enhanceosome, whose assembly often requires small proteins that bind to the minor groove and sharply bend the DNA

cleavage and polyadenylation

· tightly coupled processes that occur in several steps 

· histone mRNAs are an exception in that they are not polyadenylated; all other mRNAs are

· 3 important sites in pre-mRNA for cleavage and polyadenylation: 

· Poly(A) site: site where poly(A) tail will be added after cleavage, ~15 nucleotides downstream (3’) to

· Poly (A) signal AAUAAA

· Another Poly(A) signal rich in G/U towards 3’

· Proteins that associate with these sequences:

· CPSF = cleavage and polyadenylation specificity factor; RNA binding protein, recognizes AAUAAA sequence

· CStF = cleavage stimulatory factor; recognizes G/U rich sequence

· The 2 proteins like to bind to each other, putting a kink in the RNA

· CFI, CFII = cleavage factors I and II; endonuclease activity; cleave RNA at poly(A) site; thus G/U signal is cut off so not present in the mRNA made, but poly(A) signal is included

· During the protein attachments, enzyme PAP = poly(A) polymerase is recruited

· PAP only binds when all cleavage factors are involved

· Poly(A) polymerase binds before cleavage, and link the 2 processes

· cleavage factors I and II cut the RNA; G/U degraded; a new 3’ OH group is generated

· slow polyadenylation: G/U released, as well as CStF, CFI, CFII; CPSF stays, bound to poly(A) polymerase
· poly(A) polymerase breaks down ATP and adds AMP residues to RNA chain; uses energy of ATP and pyrophosphate

· addition of the first 12 A residues occurs slowly

· binding of PABPII (poly(A) binding protein) to poly(A) via its RRM (RNA recognition motif) domain speeds up the process

· rapid polyadenylation: PABPII signals PAP to stop adding A residues after 200-250, but the mechanism is unknown

RNA splicing

· image 1: EM imaging provides direct evidence for RNA splicing
· a segment of DNA was denatured and hybridized into RNA expressed in affected cells

· DNA-RNA hybrids were investigated in EM

· Thick part is DNA-RNA hybrid

· In eukaryotic virus, the mRNA is not coded with DNA

· several key residues near spliced sites are required for splicing, but most of the intron sequence is unnecessary for splicing to occur

· first nucleotides of an intron are always GU, and the last nucleotides (3’ end) are always AG

· pyrimidine-rich regions of ~15b (C/U)

· branch point: A

· branch point to 3’ splice site is 20-50 b

· most of intron sequence is unnecessary for splicing to occur

· splicing occurs via two consecutive transesterification reactions

· difference between ribose and deoxyribose: ribose has 2’ OH hydroxy group

· first transesterification: 2’ hydroxyl group of branch point attacks the first phosphate of the beginning of intron (5’); the hydroxyl group of 3’ has become free

· second transesterification: newly free 3’ hydroxyl at end of exon attacks the 5’ phosphate at the site of 3’ splice site; leaving the excised lariat intron (with tail that is distance between branch point and splice site) 

· splicing is catalyzed by small nuclear ribonucleoprotein particles called snRNPs

· base-pairing between pre-mRNA, U1 snRNA, and U2 snRNA is essential for splicing

· snRNPs have a small RNA as a component and also a bunch of proteins

· U1 snRNA: short RNA of less than 100 nucleotides; at 5’ end, it has a sequence complimentary to sequence at 5’ splice site; this RNA can base pair with pre-mRNA

· U2 snRNA: series of nucleotides that can base pair at branch point, but never with the branch point A

· Experiments done in yeast where mutation was made in an intron nucleotide disrupted base pairing with U1 SnRNA; the gene didn’t get spliced; compensatory mutation in U1 restores splicing when C was changed to U

· U1 snRNP binds to sequences of 5’ splice site

· U2 bind to sequences around branch point, not at A

· 3 other snRNPs, U4, U6, U5, associate and form spliceosome

· Spliceosome: composed of ~70 proteins, some associated with snRNPs, others not

· Protein U2AF has 2 subunits, one (U2AF65) binds to the pyrimidine-rich region near the 3’ end of introns and to the U2 snRNP; the other subunit (U2AF35) binds the AG at the 3’ end of the 5’ introns; thus U2AF promotes interaction of the U2 snRNP with the branch point

· Assembly of spliceosome mechanically bring the 2 ends of the intron into close juxtaposition

· Release of U1 and U4 makes spliceosome catalytically active

· First transesterification requires U2 and U6

· Second transesterification joins the 5’ and 3’ exons by a standard 3’, 5’ phosphodiester bond

· Debranching enzyme debranches lariat intron into linear intron RNA, then  degraded into monomers

· the CTD (carboxy terminal domain) of RNA pol II is unfolded and very long in comparison with the globular part; it associates with splicing and polyadenylation factors, thus linking these processes with transcription

· interaction of SR (Ser-Arg rich) proteins with exonic splicing enhancers ESE help define ends of exons (true splice sites); they interact on particular sites in exons, with each other, and also cooperatively bind to small subunit of U2AF and subcomponents of U1 snRNP
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· key concepts of lecture 11

· association of pre-mRNA processing factors with the CTD of RNA Pol II stimulates transcriptional elongation; this ensures that a pre-mRNA is not synthesized until RNA processing factors are in place

· self-splicing group II introns form structures resembling the spliceosome

· they bring 5’ and 3’ end in close juxtaposition

· group II introns are now only present in mitochondria and chloroplast genes, but they may be the evolutionary predecessors of other introns

· more sequence necessary for group II intron, much more sensitive to mutation

· transcription and RNA processing are restricted to discrete physical sites within nuclei; splicing and polyadenylation occur at the same time, image 1

Regulation of splicing of specific pre-mRNAs

· sex determination pathway in Drosophila

· alternative splicing controls sex determination in drosophila

· sxl gene alternatively spliced in females and in males; in females, 3’ end of exon 2 and 5’ end of exon 4 are fused; in males, longer transcript is made

· exon 3 contains a stop codon; thus females make a longer protein which is functional

· sxl protein in females is an RNA-binding protein which regulates alternative splicing; sxl binds to 3’ end of transformer protein tra

· tra is alternatively spliced, in females is shorter and make the functional protein

· transformer protein promotes splicing of another downstream gene, dsx for 3-4 in females; 

· control of sex-lethal expression:

· sxl is under transcriptional control; it is expressed only in females in early embryogenesis

· later in development, the female-specific promoter is repressed and a different Sxl promoter is activated that is on in both sexes

· however, sxl pre-mRNA is alternatively spliced dependent upon presence of Sxl protein

· how does sxl protein regulate splicing:

· sxl binds to a sequence near the 3’ end of the intron between exons 2 and 3 and blocks the association between U2AF and the U2 snRNP (thus Sxl represses a particular splice site)

· U1 snRNP binds properly to the 3’ end of exon 2, but assembles into a spliceosome with U2 snRNP bound to the branch point at the 3’ end of the intron between exons 3 and 4; thus exon 2 gets spiced to exon 4 and exon 3 goes out as part of a larger intron

· The sex-determination cascade:

· Sxl regulates tra pre-mRNA splicing by the same mechanism

· Tra regulates splicing of dsx pre-mRNA: only females have Tra; it forms a complex with Rbp1 and Tra2, directs splicing of exon 3 to exon 4, and promotes cleavage and polyadenylation at an alternative poly(A) site at the 3’ end of exon 4

· Males have no tra; exon 4 is skipped, exon 3 is spliced to exon 5, polyadenylation occurs downstream of exon 6

· Different forms of dsx!!, a transcriptional repressor, are produced in male and female embryos

· Tra/Rbp1/Tra2 activate a particular splice site by binding to exon 4 and recruiting U2AF and U2 snRNP to the 3’ end of the intron between exons 3 and 4; thus splicing regulators can work as activators as well as repressors

· extensive alternative splicing leads to production of many isoforms of Slo protein in nervous system that can respond to different sound frequencies (in drosophila)

· RNA editing can also result in the production of alternative protein isoforms: ie liver and intestine ApoB proteins; changes are made to nucleotide composition of RNA after it’s been transcribed (CAA at exon 26 to UAA, stop codon)

Nucleocytoplasmic export of RNA

· nuclear pore complex: sites of nucleocytoplasmic transport; resemble baskets; highly ordered structure

· basket has pore, through which molecules pass

· cytoplasmic filaments: stick into cytoplasm

· huge: 125 megadaltons or 30x bigger than ribosome

· composed of ~50(yeast) to ~100(vertebrates) different proteins

· molecules up to ~60 kDA can freely diffuse through the NPC; bigger molecules and multimolecular complexes (RNPs) must be actively transported

· protein import through the NPC (mechanism relevant to RNA export)

· all nuclear proteins are synthesized in the cytoplasm and imported through NPCs

· these proteins contain a nuclear localization signal NLS

· ie addition of an NLS to a cytoplasmic protein pyruvate kinase targets it to the nucleus

· ie digitonin, a mild detergen, disrupts the plasma membrane so that cytosolic proteins leak out; cells permeabilized with digitonin can no longer import an NLS containing protein into the nuclei, but they can if a cytosolic lysate is added

· four required proteins for nuclear import

· Ran: binds to guanine nucleotides, a monomeric G protein that exists in two conformations, one when bound to GTP (guanosine triphosphate) and a different one when bound to GDP

· Importin α and β: a heterondimeric nuclear-import receptor; importin α binds to NLS, importin β binds to FG-nucleoporins

· Nuclear transport factor 2 (NTF2): binds to Ran-GDP and the FG repeats of FG-nucleoporins; returns Ran to the nucleus
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· mechanism for nuclear import of NLS-containing cargo protein

· cargo protein binds to importin and forms cargo complex

· importin goes to nuclear pore, Ran GDP also brought to nucleoporin

· when Ran GDP goes to nucleoplasm, nuclear protein GEF (guanine exchange factor) hydrolyses GTP to make GDP and transfers the high energy phosphate to the Ran

· this changes conformation so that Ran GDP cannot bind to NTF2

· importin releases cargo; importin binds to Ran GTP; importin can drag Ran GTP to FG nucleoporins

· GAP protein in cytoplasm hydrolyzes GTP to convert Ran GTP to Ran GDP, which recycles

· This allows transport to be directional and coupled to metabolic energy

· nuclear export uses a very similar mechanism

· cargo complex is bound to Ran GTP, passes through NPC, GAP acts on Ran GTP, entire complex gets dissociated

· Ran GDP interacts with exportin 1 and recycled in nucleoplasm, where it’s hydrolyzed with GEF

· some RNAs are exported through associating8 with Ran

· exportin t functions to export tRNAs; it binds fully processed tRNAs and Ran-GTP and passes through NPCs; the complex dissociates in the cytosol when it interacts with Ran-GAP

· export of ribosomal subunits requires Ran

· some specific mRNAs that associate with particular hnRNP proteins (HIV Rev for example) can be exported through association with Ran

· most mRNAs are exported in a Ran-independent process using an mRNA exporter

· mRNA exporter

· consists of two subunits

· both have related structure to NTF2

· they form a domain that interacts with FG repeats in FG-nucleoporins (similar to NTF2)

· the large subunit contains RNA-binding domains that bind RNA cooperatively with specific mRNP proteins
· there are RNA binding proteins that associate with the cap of fully processed mRNA; these proteins in turn can help to get mRNA exporter bound to RNA cargo; since mRNA exporter can bind to FG repeats, it can walk through the nuclear pore; mRNA always exported at a 5’ to 3’ direction
· other proteins assist in mRNA export

· SR proteins: stimulate binding of the mRNA exporter to processed mRNAs

· Exon-junction complex EJC proteins: bind to regions of mRNA about 20 bases 5’ of splice sites; at least one such protein binds the mRNA exporter; quality control, only added to splice site after splicing has taken place
· Nuclear cap-binding complex: mRNAs are exported such that the 5’ end goes out first; nuclear cap binding proteins are believed to function in targeting mRNPs to the NPC

· Poly(A) binding protein(s): the poly(A) tail is required for export (non polyadenylated messages don’t get exported)
· After export, nuclear mRNPs dissociate from the mRNA and cytoplasmic factors involved in translation are recruited

· some ribosomes associate with the mRNA while it is still being exported, therefore the 5’ end must be exported first because direction of translation is 5’ to 3’
· pre-mRNAs are excluded from the export system

· only fully spliced mature mRNAs get exported; mechanisms of this restriction are not fully understood

· HIV has to defeat this restriction; it makes a single 9-kb primary transcript that when unspliced is its genome; this has to be exported to the cytoplasm to associate with viral proteins
· HIV virus encodes Rev protein that binds to RRE sequence on the 9kb and 4kb RNAs; Rev contains a NES that interacts with exportin-1 and thus with a GTP; this facilitates nuclear export

Translation

· The genetic code

· The genetic code is comma-less (no interruptions between codons), overlapping (it can be read in three possible frames), and degenerate (more than one codon can encode the same amino acid)

· The AUG codon for methionine is the usual start codon

· Three codons (UAA, UAG, and UGA) function as stop codons

· overall view of protein synthesis

· direction of protein synthesis (movement of ribosome) is from 5’ to 3’ (start codon AUG toward 5’, stop codon toward 3’)

· tRNAs are intermediates that recognize the codons and are linked to a particular amino acid

· P site interacts with tRNA with growing peptidal chain

· A site associates with tRNA with next amino acid associated with it

· Amino acid transferred to growing peptide chain

· three types of functional RNAs are involved in protein synthesis
 
· messenger RNA: carries the genetic information from DNA in the form of codons

· transfer RNA: deciphers the codons in mRNA; each type of amino acid has one or more tRNAs which bind it and which can carry it into a growing polypeptide chain; tRNA has a three-nucleotide anticodon that can base pair with a codon in mRNA

· ribosomal RNA: associates with proteins to form ribosomes; one of the rRNAs catalyzes the formation of a peptide bond between the N of the amino group of the incoming amino acid and the carboxy-terminal C on the growing polypeptide chain

· translation requires tRNAs and amino acyl-tRNA synthetases: links amino acids to tRNAs

· catalyze formation of high-energy ester bond between 3’ hydroxyl of tRNA with 5’ carboxyl group of amino acid

· many amino acids have >1 tRNA, and many tRNAs can pair with >1 codon
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· tRNAs fold into 4 base-paired stems and 3 loops; the amino acid is linked to the 3’ A in the acceptor stem

· the anticodon loop on one end, acceptor stem on other where amino acid is linked

· modified nucleotides: D = dihydrouridine, I = inosine, T = ribothymidine; Phi = pseudouridine; m = methyl group (post transcriptional modification/RNA editing)
· inosine, derived from adenosine, can base pair with more than 1 nucleotide, like in anticodon loop

· the third base of the codon is the wobble base; nonstandard base pairs can form at third base, explaining the nonstandard codons

· tRNAs and translation

· decoding the nucleotide sequence in mRNA into the amino acid sequence of proteins (translation) requires tRNAs and aminoacyl-tRNA synthetases

· all tRNAs have similar 3-D structure that includes an acceptor arm for attachment of a specific amino acid and a stem-loop with a 3-base anticodon at the opposite end

· because of non-standard base-pairing (other than A-U and G-C), a tRNA may base-pair with more than one mRNA codon; similarly, a particular codon may base-pair with more than one tRNA that carry the same amino acid

· each aminoacyl-tRNA synthetase recognizes a single amino acid and covalently links it to the appropriate tRNA with a high energy bond

· ribosomes

· ribosomes consist of a large and small subunit, each containing one major rRNA molecule and numerous different proteins. The large subunit contains one (in prokaryotes) or two (in eukaryotes) additional small rRNAs

Eukaryotic translation

· initiation: assembly of a ribosome complexed with an mRNA and an initiator tRNA charged with methionine (start codon)

· elongation: stepwise addition of amino acids to the polypeptide chain

· termination: release of the completed polypeptide and of the ribosome at stop codon, disassembly of the ribosome

Initiation

· assembly of the pre-initiation complex

· recruitment of the charged tRNA to methiomine (first amino acid residue of protein)

· involves other protein factors: eIF1A (eukaryotic initiation factor), eIF2 when bound to GTP, and eIF3; all part of the preinitiation complex, which is also complexed with 40S and initiator tRNA

· protein synthesis can be negatively regulated by phosphorylation of eIF2

· initiation complex

· recruitment of mRNA needs eIF4 (cap-binding complex, essential for recruiting mRNA to initiation complex)

· initiation complex uses ATP energy and the helicase activity of eIF1A to scan the mRNA (5’ untranslated region) until the initiation codon is found (usually the first AUG)

· conversion of eIF2-GTP to eIF2-GDP stops scanning

· the initiator factors eIF1A, eIF3, eIF4 complex, eIF2•GDP + Pi leave the complex

· recruitment of the large ribosomal subunit completes the initiation phase; this recruits 60S subunit-eIF6, eIF5•GTP, which released energy and leaves as eIF6 and eIF5•GDP + Pi
· finally the full-sized 80S ribosome is assembled at the translational start site

· cap-independent translation

· some cellular mRNAs contain an internal ribosome entry site IRES distant from the 5’ end; translation of these mRNAs is eIF4E-independent; the IRES may fold into a structure that can interact directly with the ribosome

· many viral mRNAs lack a cap structure and translation is initiated at IRES elements

Translation Elongation

· the aminoacyl-tRNA moves through three sites on the ribosome

· P site: peptidyl-tRNA

· A site: aminoacyl-tRNA

· E site: exit

· The initiator tRNA associates with P site of ribosome; a series of charged tRNAs sequentially donate their amino acid to the growing peptide chain

·  One of the charged tRNAs associate to A site

· Elongation factors: eEF1α•GTP bound to the charged aminoacyl tRNA get associated to A site

· GTP hydrolysis of eEF1α•GTP, ribosome conformational change (amino acid 1 and 2 are brought close together, thus peptidal bond can be formed), eEF1α•GDP + Pi leaves

· Peptidyltransferase reaction: catalyzed by the large ribosomal RNA, a peptide bond forms

· Ribosome translocation: the ribosome uses energy from GTP from EF2•GTP to move along the mRNA a distance of one codon; EF2•GDP + Pi leaves; empty tRNA associated with E site, peptidal tRNA associated with P site, A site empty

· repetition of this cycle adds one amino acid at a time to the polypeptide

Termination of Translation

· when stop codon on mRNA, no tRNA is recruited to the A site

· eRF1 has a similar shape and is recruited instead, in complex with eRF3•GTP; RF = release factor

· eRF3•GTP acts with eRF1 to promote cleavage of the polypeptide chain; eRF1 + eRF3•GDP + Pi leaves

· the 2 ribosomal subunits fall apart, tRNAs recycled

· upon dissembly of the ribosome at termination, the large subunit 60S associates with eukaryotic initiation factor 6 eIF6, and the small subunit 40S associates with eIF3

Increasing rates of translation

· the elongation rate is relatively constant, and a typical protein molecule takes 30-60 sec to synthesize

· simultaneous translation from the same mRNA by multiple ribosomes (polysomes, complex of mRNAs with several ribosomes attached) increases the rate of protein synthesis

· efficient recycling of ribosomal subunits and re-initiation also increases the rate of protein synthesis

· model for protein synthesis on circular polysomes:

· when mRNA is translated, they circularize with interaction between eIF4G on 5’ site and PABPI (poly(A) binding protein I) on 3’ poly(A) tail; this increases the rate of new initiation

Cytoplasmic mechanisms of post-transcriptional control

· microRNAs miRNAs

· first discovered in C. elegans
· miRNAs are formed by processing of a 70-nt precursor RNA that forms a hairpin with a few base mismatches in the stem; a ribonuclease called Dicer produces mature miRNAs from these precursors

· miRNAs do not base pair precisely with their target RNAs and they usually repress translation

· RNA interference: short interfering RNA siRNA and micro RNA

· dsRNA get processed by Dicer into 21-23 nt dsRNA molecules with 2-base single-stranded 3’ ends

· these are further processed into an RNA-induced silencing complex (RISC) which contains only one strand of the siRNA

· RISC binds to and degrades RNAs that are precisely complementary to the siRNA strand it contains

· RISC binds to, does not degrade, but translationally represses, RNAs that are imprecisely complementary to the miRNA it contains
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· microRNAs

· hundreds of different miRNAs, seemed to correlate with complexity of organism

· formed by processing of a 70-nt precursor RNA that forms a hairpin with a few base mismatches in the stem; a ribonuclease called Dicer cuts it up and produces mature miRNAs from these precursors

· miRNA do not base pair precisely with their target RNAs and they usually repress translation

· RNA interference

· First discovered as an artificially-induced experimental phenomenon

· Antisense RNA complementary to RNA sequence to rid of is introduced; idea is that antisense RNA would hybridize to mRNA, making it double-stranded and translation machine would not recognize it

· Inject double-stranded RNA containing both sense and antisense strand; this works a lot better because double-stranded RNA induces degradation of all the RNA that contains a sequence that matches either strand of that RNA ( RNA interference

· Short interfering RNA siRNA and miRNA

· dsRNA also get processed by Dicer into 21-23 nt dsRNA molecules with 2-base single-stranded 3’ ends
· thes are further processed into an RNA-induced silencing complex RISC which contains only one strand of the siRNA (short interfering RNA)

· RISC binds to and degrades RNAs that are precisely complementary to the siRNA strand it contains

· RISC binds to, does not degrade, but translationally represses, RNAs that are imprecisely complementary to the miRNA it contains

· why did RNA interference evolve?

· Perhaps a protection against RNA viruses: these viruses generate dsRNA intermediates when they replicate

· Perhaps a safeguard against excessive movement of transposons

· Transposons: short segment of DNA that can move around in the genome (ie topoisomerase that allows it to replicate and leave one site and go to another site on the genome); they drive mutation and evolution

· When they move, they can randomly insert near promoters, and their own genes can get activated

· Since they insert randomly, both sense and antisense RNA can get transcribed from them; if these hybridize with each other the RNA system is activated (dsRNA produced, then can be broken down)
Translational control of specific mRNAs through 3’ UTR regulatory elements 
· cytoplasmic polyadenylation of mRNAs regulated
· in unfertilized egg, many mRNAs are stored with short poly(A) tails and are translationally silent until the egg is fertilized

· thus regulation at the poly(A) tail, requires U-rich sequence element CPE (cytoplasmic polyadenylation element) in addition to the AAUAAA nuclear poly(A) signal; CPEB (CPE binding protein) binds to CPE

· CPEB is expressed during oogenesis when the RNA needs to be silent; CPEB also interacts with protein Maskin

· Maskin binds to eIF4E

· The mRNA is translationally dormant because Maskin not only binds to eIF4E but it binds to the same site on eIF4E that would bind to another member of the eIF4 family essential for active cap binding complex formation

· Thus maskin blocks assembly of eIF4 complex, thus blocking association of these messages with the ribosome

· After egg fertilization, these mRNAs are activated by cytoplasmic polyadenylation CPEB is phosphorylated and does not bind to Maskin anymore
· This allows cytoplasmic forms of CPSF and PAP to bind, and allowing eIF4E to associate with eIF4G, and addition of A residues to mRNA recruited to ribosome as eIF4 complex is assembled

· RNAs can also be regulated in the cytoplasm at the level of their stability

· Stability of mRNA influenced by the sequences in their 3’ UTR

· Most mRNAs have long half-lives of many hours

· Some mRNAs have short half-lives of <30 min; these mRNAs contain multiple AU-rich elements in their 3’ UTR

· The AU-rich element binding proteins recruit a deadenylating enzyme (to remove poly(A) tail) and the exosome to degrade these mRNAs

· Regulated degradation is a mechanism used to silence expression of certain genes

· Eg: regulation of IRE-BP (iron response element binding protein)

· IRE-BP regulates translation of ferritin mRNA (protein that binds up excess iron) by interacting with stem-loop elements in its 5’UTR (IRE, iron response elements) and blocking ribosome scanning

· In conditions of high iron, IRE-BP are not bound, IRE-BP is not produced, ferritin is translated
· In conditions of low iron, IRE-BP is activated, binds to stem-loop structures, now eIF4A cannot carry out scanning function because it can’t unwind these stem loops, leading to no translation initiation

· IRE-BP has another function of regulating degradation of TfR mRNA (transferring receptor is required for iron uptake) by interacting with AU-rich regions in the 3’ UTR; when high iron, AU-rich regions in the stem loops lead to deadenylation of mRNA, recruitment of exosome, & degradation of mRNA; when low iron, IRE-BP binds to stem loops and block AU-rich regions, thus little degradation of mRNA

· nonsense-mediated decay

· causes degradation of partially-spliced or unspliced mRNAs

· in properly spliced mRNAs, the stop codons is almost always in the last exon

· this system identifies mRNAs with stop codons upstream of the last splice junction

· exon-junction complex proteins are involved in NMD, as they are added at the splice junctions; in yeast they may recruit a deadenylase

· exon-junction complex proteins are dislodged by the first ribosome to translate the mRNA, so if a stop codon occurs before the last exon is reached, they remain attached; then they are targeted for degradation
· in mammalian cells there is evidence that this “pioneer” round of translation occurs in the nucleus

