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From genes to proteins
Start w/ DNA code, transcribed to RNA code, RNA code is complimentary to strand of DNA that it came from
RNA goes through processes, brought into cytoplasm, translated into proteins by ribosomes
Transcription
· End up with pre mRNA molecule
· Copy of DNA
· Undergoes posttranscriptional modifications
· Only can leave nucleus once modifications have taken place
· At same time mRNA is being transcribed, rRNA and tRNA is being made
· These two are transported out into cytoplasm where they can make protein
· F
· Making complimentary RNA from DNA
· Need certain proteins
· RNA polymerase  makes RNA strand
· Transcription factors  required for RNA polymerase to grab onto DNA
· End product
· RNA  mRNA, tRNA, rRNA
Translation
· Taking code of RNA and converting it to something that can function  protein
· Need ribosome (rRNA) and tRNA
· End w/ polypeptide, or protein

Transcription
RNA polymerase
· Diff ones have diff functions
· Eukaryotic cells
· Process of making mRNA relies on RNA polymerase II
· rRNA made by polymerse I
· One portion of ribosome made by polymerase III
· tRNA made by polymerase III
· Need to figure out where gene starts to transcribe properly
· Promoter site  docking site
· Promoter sequence tells polymerase that this is the beginning of the gene
· Promoter region
· Series of very specialized sequences
· Recognized by transcription factors
· Very variable in length
· TATA
· Very specific transcription factor recognizes this  TBP
· B recognition element
· Common, seen in promoter region of many genes
· Initiator element
· Where transcription starts
· Downstream promoter element
· Part of promoter region
· Transcription factors can also bind here to initiate (w/In actual transcribed region to make sure that RNA polymerase is docking properly)
· Diagram
· +1 is where the transcription starts
· Positive is transcribed, negative is what will not be transcribed
· Transcription factors
· Critical proteins
· Will dictate what genes are turned on and turned off in a cell
· Any diseasae realted to this will cause problems because gene cant be turned on, or gene will be turned on more than it should be
· General transcription factors (basal transcription factors)
· Seek out core elements that are fairly general across all genes that are gonna be transcribed
· Seen in all cell types
· Complexes
· Play integral role in initiating transcription
· TFII  think of initiation complex, starting transcription
· TFII D  complex protein (> 1 protein), important b/c it can really start it all
· Reason for specific transcription factors
· Same DNA across all cells, in muscle cells want genes turned on that we don’t want on in neurons, therefore only make transcription factors that will turn on or off genes in these diff cell types
Pre-initiation complex
· Where we see core transcription factors
· w/out these, will not get transcription
· Tell RNA polymerase where to dock
· Play important role in opening up DNA
· DNA bound to itself in double helix, needs to denature and open so RNA polymerase can start transcription
· Set up
· TFIID comes in and docks on TATA box
· Two more TF proteins (TF2A and TF2B)
· TF2A is stabilizing agent  like a crutch, makes sure proteins stay where they need to stay and are not knocked off, stabilizes the entire complex
· TF2B  what RNA polymerase grabs onto; has sequence of amino acids that interact w/ RNA polymerase
· RNA polymerase 2 comes in and grabs onto TF2B
· Now sitting right in core promoter, part of polymerase sitting right over initiation site
· TFIIF comes along w/ polymerase 2
· TFIIE and TFIIH come in
· TFIIE  plays somewhat important role; helps w/ unwinding of DNA
· TFIIH  critical; acts as enzyme, acts as protein kinase (phosphorylate things, transfer E); this is what drives a lot of the rxns; has two subunits that acts helicases unwinding DNA ahead of it so it can move along
· All of these proteins working together is the pre-initiation complex; need all of these working together in order for transcription to start

Initiation
· Yellow string on diagram at bottom (circled)
· Amino acid sequence tail attached to RNA polymerase
· Called carboxyl terminal domain (CTD)
· Carboxyl-terminal domain (CTD)
· Part of RNA polymerase protein itself
· Has very important functions
· This tail becomes phosphorylated, going to change function of RNA polymerase
· Made up of repeat of 7 amino acids
· Amino acids that can very easily be phosphorylated
· For the most part they are polar, most are uncharged (one is charged), b/c of this can take on phosphate group
· Adding phosphate group changes polarity of tail, allowing it to do things like unwinding DNA, gives ability to use E to do diff processes 
· Phosphorylation on the fifth amino acid (serine)
· As soon as it becomes phosphorylated, pre initiation factor gets going
· TFIID stays on TATA box
· Typically, don’t want just one mRNA transcript made, trying to increase amount of protein so want multiple copies of this to be made
· Keeping gene open for multiple rounds of transcription

Elongation
· Transcription bubble
· Very small piece of DNA where it is detached (no longer double strand, now single)
· Has been opened up so RNA polymerase can go through
· Part of one of those transcription factor complexes that grabbing onto polymerase to help unwind DNA
· Topoisomerase
· Enzymes that come in and relieve coils
· Make little nicks, allow DNA to uncoil itself and rearrange back into appropriate position
· DNA-RNA hybrid
· Segment where DNA is bound to RNA (blue and red segment in diagram)
· RNA polymerase runs from 3’ to 5’, mRNA made from 5’ to 3’ (mirror image)
· Elongation transcription factors
· TEFb
· Plays one of the roles of phosphorylating tail that plays important role in RNA polymerase
· Doesn’t phosphorylate fifth serene, phosphorylates second serene (ser-2)
· Plays important role in doing two modifications
· Cap (on brand new end) and poly a tail (on other end)
· If phosphates are not put on tail, this does not happen
· If modifications do not happen, mRNA gets degraded inside the cell and never becomes a protein
· ELL and TFIIF
· Associating with RNA polymerase
· As polymerase is going, can get hung up a bit (sticks on DNA when it shouldn’t)
· These two come in and weaken interactions to push it to continue to move
· TFIIS
· Also helps in process of making sure RNA polymerase continues to move
· Has bigger role of proof-reader
· Looks at all nucleotides put into developing mRNA to make sure it is actually complimentary to DNA strand
· Is recognized that it is not a correct match, can fix this and put in appropriate nucleotide

Termination
· Bacterial cells
· We know how this happens
· Very defined sequence in DNA that tells RNA polymerase to stop
· Eukaryotic cells
· Don’t really know yet, haven’t recognized what sequence it is
·  AATAAA sequence
· Recognized that it is commonly near end of gene, RNA polymerase goes well past this
· Don’t really understand how its capable of recognizing this sequence, continuing to go, and then stopping at random location
· mRNA is being made from 5’ to 3’, the 3’ end (brand new end) needs to be processed otherwise mRNA is just going to be digested, so the very tail end is capped with a bunch of adenosines (poly A tail)

mRNA
· Cap is on initiating 5’ end, poly A tail is on terminal 3’ end of mRNA
· Splicing
· When DNA is transcribed, we transcribe both exons and introns (exons encode for something, introns don’t code for anything)
· Splicing chops out these non-coding introns
Processing mRNA
· 5’ caps
· Here we have the methylated cap
· Protects RNA from being broken down by nucleases that can come in and chop up mRNA
· Also plays critical role in taking mRNA out of nucleus and into cytoplasm
· Transporter proteins rely on cap to recognize mRNA that’s ready to come out
· As soon as initiation starts and elongation begins, that cap is being made right away
· If it is not put on right away, enzymes can start to break down mRNA that is being made
· Helps to protect and stabilize mRNA
· GTP
· Same thing as ATP except instead of adenosine we have guanosine 
· RNA triphosphatase grabs onto GTP, flips orientation of GTP, takes off two phosphate groups and adds inverted GTP to mRNA
· Now one of phosphate groups on GMP makes phosphate bridge with mRNA, are basically getting a wraparound complex
· Methyl groups come in and grab onto cap (methylated cap b/c coated in methyl groups)
· Methyltransferase
· Something that transfers methyl groups onto either RNA or DNA
· Tail needs to be properly phosphorylated for cap to happen
· Fifth serene residue helps with initiation, getting RNA polymerase to get going, plays key role in getting those enzymes that need to be there for capping to take place  capping can only happen if we have phosphorylation on tail

· 3’ poly(A) tail
· Poly A polymerase breaks down ATP, uses E and attaches adenosine
· Starts to lose ability to add on more adenosines when you get instability with the structure (not associating with all the proteins it typically would)
· Relies on phosphorylation of serene #2 (cap relies on phosphorylation of serene #5)
· Plays very important role for mRNA breakdown
· If exonuclease is in vicinity and starts chomping on it, it can chomp away at poly A tail and needs to go through 200 to 250 bases before it gets to mRNA transcript itself

· RNA splicing
· Exon
· Coding section of DNA
· Sections are pieced together
· Intron
· Junk, noncoding
· Need to get rid of this
· Introns are chopped out
· Most of the content is intron
· It allows us to have the ability to put he DNA code together in a variety of different ways
· If we didn’t have introns, and just had straight code that was going to make protein, then one gene would make one protein (no variability by combining exons differently)
· Alternative splicing
· One gene, one original mRNA transcript generates many diff proteins that have many diff functions
· Recognition
· Specific codes tell us where an intron begins and where it ends
· SnRNPs
· Small nuclear ribonuclear proteins
· We know about 13 or 14 that exist
· Identified as protein denoted w/ a letter U (see this, think splicing)
· All have diff functions; U1, U2, U4, U6 are key in splicing mRNA
· All proteins come together w/ transcript in unique conformation to cause splicing to happen  spliceosome 
· U1
· Recognizes GGU site, goes right to 5’ splice site and grabs on
· U2
· Recognizes the branch point (where it flips over on itself), comes in & grabs on
· Grabs on w/ help of other protein called U2AF  work together to figure out where branching point is
· U4, U5, U6
· All come in together
· U4 & U6 buddies, hanging onto each other beforehand
· When U4 and U6 make contact w/ U2, U4 is kicked out (U4 doesn’t play much of a role, mainly just helps U6 get to U2)
· Also displaces U1 (U1 was grabbed onto the 5’ splice site)
· U4 & U6 displaces U1, grabs onto 5’ splice site, displaces U4, makes interaction w/ U2
· Now we have U6, U5, U2  allow conformation of mRNA to fold over on itself
· U6
· Very important role  ability to cleave RNA (can cut it)
· Has catalytic activity, so it is called a ribozyme
· Most enzymes are protein, but there are a few exceptions where we have protein RNA complexes that can do this
· This is one of those exceptions
· Once in conformation w/ U2 and U5
· Cleaves 5’ cleavage site, now we have exon that is free floating & intron
· Not truly free floating b/c U2 & U5 are hanging onto it (not just going to float away in nucleus)
· U6 takes end of intron and tucks it into branch point
· Don’t want it to grab back onto exon
· Allows exon 1 and exon 2 to come together after we have a second cleavage at the second splice site
· U6 does the cutting, U5 holds the two exons in close proximity so that one they are cut, they can come together
· Sequences making up splice sites allow two exons to come together and form a bond
· Alternative splicing
· Based on where diff splicing proteins grab on, we can get diff proteins being made
· Diff exons get ligated together, resulting in totally diff proteins that can have totally diff functions
· It is possible to get rid of exons too, not only introns
· Only have cap and poly-A tail on ends of original transcript, so anything cut out from the middle is not protected and will be broken down

Coordinating events
· Splice variants can play a very important role in disease
· Where tail is phosphorylated will drive capping, poly-A tail, and recruitment of spliceosome (U proteins)
· Dynamic process, all these things are happening at the same time

RRNA & TRNA
· rRNA
· very important role in nucleolus
· site of ribosome formation (rRNAs are coming together to make ribosomes)
· 80 to 85% of all RNA made goes toward making ribosomes
· 4 ribosomal subunits (5S, 5.8S, 28S, 18S)
· We have clusters for genes b/c we don’t just want one section of the genome that is responsible for it
· If only on one section and this section were damaged, no more ribosomes and death would ensue 
· Synthesis
· Nontranscribed spacer
· Nothing is being made at this section
· Processing
· 95% of rRNA will have alterations done to it
· SnoRNPs make these alterations
· Change from uridine to pseudouridine
· Flipped 120 degrees
· Very rarely see uridine in rRNA sequence, all have been converted to pseudouridine
· Addition of methyl groups onto uridine

· tRNA
· Every tRNA is going to have a three nucleotide sequence associated to it that is responsible for bringing one amino acid into the ribosome complex

Encoding genetic information
Codon
· Nucleotide triplet
· Codes for one amino acid
Degenerate code
· Redundant code, multiple codes code for the same amino acid
Punctuation
· Stop
Redundancy
· Proof-reading mechanisms can miss errors, meaning there could be the incorporation of an incorrect nucleotide
· Redundancy reduces risk of dire consequences if error is made
Mutations 
· Synonymous mutation
· A base is substituted but results in the correct amino acid anyway
· Non-synonymous
· One base change results in different sequence of amino acids upon translation
· Nonsense
· Change in one base results in premature insertion of stop codon
· While protein should be continued being made, the protein stops being transcribed
· Depending on where stop codon is, could change function of protein or make it completely non-functional 
· Severity of consequence resulting from mutation depends on which amino acid is made (polarity, hydrophobic or hydrophilic properties)

Translation
Amino acid activation
· tRNAs need to be charged ad an amino acid needs to be added to it
· Amino acids are covalently linked to tRNAs
· Aminoacetyl is the enzyme that does the covalent bonding
· Believed to have one of these for every amino acid (we have 20 so 20 diff of these)
· Each of the enzymes has specific binding affinity for one amino acid
· Have 2 components  one binds amino acid, one binds tRNA molecule to cause the linkage b/w them
· E needs to be provided to amino acid (charging the amino acid) for this to happen
· Charging the amino acid
· Molecule of ATP brought to enzyme
· Enzyme activates amino acid by transferring aminoacyl AMP group to amino acid
· This releases two phosphates, cleaved further to make individual phosphates which can be released back into the cell
· Once we have charged amino acid, tRNA molecule specific to this amino acid (codon sequence specific) is brought into enzyme & we have covalent bond form b/w amino acid & tRNA
· Once this happens, ANP molecule is released along w/ tRNA that now has attached amino acid

Initiation
· First of three stages of translation
· Ribosome finds mRNA, grabs onto initiation codon in mRNA, assembles entire ribosome around it
· A bit different b/w prokaryotes and eukaryotes
· Three steps
· Step 1
· eIF (eukaryotic initiation factor  just IF is bacterial) come in and grab onto a variety of diff areas w/in 40S subunit
· Step 2
· at P site we already have tRNA molecule bound w/ met already waiting for mRNA
· Step 3
· eIF4E
· Initiation factor that is going to bind to methyl cap on 5’ end
· Helps bring mRNA to 40S subunit, help it grab on and have initiation begin
· eIF4A
· Moves along mRNA transcript looking for areas where mRNA may have folded on itself and formed double stranded RNA
· Acts as an iron, ironing any kinks making sure it will be read cleanly through ribosome
· eIF4G
· Keeps mRNA in circular formation
· Step 4
· 43S means it has all initiation factors and initiation transfer RNA attached to it
· Once RNA is brought into small ribosome it binds to small subunit and small subunit starts to scan along RNA looking for start codon (AUG)
· Step 5
· Transfer RNA found in P site makes H bonds w/ mRNA, securing it in place
· Once we have binding of tRNA to its sequence on the mRNA, hydrolysis of GTP happens
· Initiation factor #2 was attached to tRNA and bound to GTP molecule, as soon as proper binding happens GTP becomes hydrolyzed
· Hydrolysis releases initiation factors & allows large subunit of ribosome to attach to small subunit
· Structure of the ribosome
· A (aminoacyl) site
· Where all new transfer RNAs come into
· P (peptidyl) site
· Where initiation transfer RNA was sitting
· E (exit) site
· Where it is released from the ribosome
· mRNA sits in narrow groove that winds around neck of small subunits, sequentially passing through A, P, E sites
· Tunnel comes off A site, growing polypeptide chain passes through here

Elongation
· Movement of ribosome along mRNA w/ amino acids being added to growing polypeptide
· This is the growing of polypeptide chain; sequentially adding amino acids to chain
· Fast  add 10 amino acids / second
· Next tRNA in line needs to become charged (proper amino acid bound to it) & needs to associate w/ elongation factor (eEF1  bound to GTP E source & corresponding amino acid)
· Several tRNAs can pop in & out of A site, but only tRNA w/ appropriate codon sequence can bind to site & allow elongation to take place
· Once we have appropriate tRNA, we have H bonding & hydrolysis of GTP, once E is released causes all of the elongation factors to be released
· Amino acid attached to tRNA in A site performs nucleophilic attack on carbonyl group of amino acid in P site
· This, w/ help of peptidyl transfer enzyme, catalyzes formation of peptide bond b/w these 2 amino acids
· Once peptide bond is formed, amino acid attached to P site is released, stays attached to amino acid in A site
· Translocation
· tRNA w/ dipeptide (2 amino acids sitting in A site) slides from A site to P site of ribosome
· does not lose bond to mRNA that it is attached to, simply moves over by one codon in direction of 5’ to 3’ of mRNA
· empty tRNA (that no longer has methionine attached to it) gets bumped from P to E & is released from ribosome
· these movements require E, brought into system by elongation factor #2 (bound to GTP)
· GTP is hydrolyzed, releasing E
· New tRNA brought into A site, 2 amino acids sitting in P site linked to by peptide bond to amino acid sitting in A site
· Now have tripeptide in A site, tRNA sitting empty in P site, nothing in E site
Termination
· Upon arrival at stop codon, completion of the polypeptide synthesis takes place
· Stop codon
· Series of 3 nucleotides, no tRNA has complimentary sequence for this (UUA, UAG, UGA)
· tRNAs coming into A site cannot bond, so cannot come in
· Release factor
· recognize stop codons, work together to tell ribosome to release peptide that it has been growing
· E needed for hydrolysis of ester bond comes from eRF3
· Causes release of release factor & release of tRNA from P site
· No tRNA left in ribosome, ribosome takes cue that things are done and starts to disassemble all subunits

Polyribosomes
· As one ribosome starts chugging along mRNA transcript, another ribosome grabs onto initiation site & follow right behind (train of ribosomes moving along RNA from 5’ to 3’)
· mRNA sequence w/ multiple ribosomes simultaneously transcribing is called polyribosome 






