Lecture 1-2

Refer to lecture slides.
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Prokaryotic gene regulation

Negative regulation: RNA polymerase and repressor protein compete for promoter binding

Positive regulation: activator protein recruits RNA polymerase to the promoter to active transcription

Regulatory elements can be found: upstream, downstream of gene, within, distant from transcriptional start site: DNA looping

Bacteriophage lambda

Two proteins repress each other’s synthesis determine the heritable state of bacteriophage lamda, flip-flop device

Trigger: host cell’s response to DNA damage

	Prophage state
	Lytic state

	Lamda repressor occupies operator
	Cro occupies different site in operator

	Blocks synthesis of Cro
	Blocks synthesis of lamda repressor

	Activates own synthesis
	Allow own synthesis

	Most DNA not transcribed
	DNA extensively transcribed – replicated – packaged – released 


Transcriptional Circuits

Positive feedback loop – create cell memory

Feed forward loop – measure the duration of a signal, filer brief signals, only react to prolong ones

Delayed negative feedback loop: Circadian clock

Accumulation of certain gene products switches off the transcription with a delay

Clock resets when light is sensed (degrades Tim)

Synthetic biology

Eg. Creating a simple gene oscillator using a negative feedback circuit

Transcription attenuation
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Eukaryotic transcriptional activation
RNA polymerase II transcribes proteins coding genes

FIVE general transcription factors: TFIID, TFIIB, TFIIF, TFIIE, TFIIH (vs only sigma factor for prok)

Lack operons, need to regulate genes individually

Each gene regulated by many regulatory proteins

DNA packaged into chromatin

Mediator acts as an intermediate between regulatory protein and RNA polymerase

Eukaryotic gene activator proteins

Promote assembly of RNA polymerase and GTFs at startpoint of transcription

By acting directly on components or changing chromatin structure around promoter

Attract, position and modify GTFs, mediator and RNA polymerase II

Eukaryotic transcriptional repression

Refer to handwritten notes
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RNA processing: covalent modification of ends of RNA, removal of intron

          =>transcriptional elongation

Role of RNA polymerase II as an RNA factory: both transcribes DNA into RNA and processes the RNA it produces => phosphorylation of RNA polymerase II tail, C-terminal domain
	Process 
	Function 
	Mechanism 

	5’ Capping
	Allows the cell to access whether the ends of mRNA are present before it exports the RNA sequence from the nucleus and translates it to proteins, distinguish from RNA produced by other polymerase
	Addition of a modified guanine nucleotide to 5’ end: 1. Phosphatase removes a phosphate from 5’ end. 2. Guanyl transferase adds a GMP in reverse linkage. 3. Methyl transferase adds a methyl group to guanosine

Binds to a Cap-Binding-Complex (CBC)

	3’ Polyadenylation
	
	Special sequence AAUAAA is recognized by RNA-binding proteins and enzymes on RNA polymerase. CstF (cleavage stimulation factor) and CPSF (cleavage and polyadenylation specificity factor) bind to RNA molecule, RNA is cleaved, Poly-A polymerase adds approximately 200 adenosine nucleotides, no template required, poly-A tail is bound by poly-A binding proteins

	Alternative Splicing: 
1. Intron sequence ambiguity. 2. Regulated alternative splicing. 

3. Producing different versions of genes catering to needs of cells
	Joins together different portions of protein coding sequences, provides higher eukaryotes with ability to synthesize several different proteins from the same gene. Can be regulated by repressor and activator
	Carried out by spliceosome, the large assembly of RNA and protein molecules. Two sequential phosphoryl-transfer reactions: transesterifications. Sites of proper splicing are bound by exon junction complexes (EJC)


Case: Drosophila sex determination, male both sxl and tra non-functional, female both functional

RNA nuclear export (active transport)

Markers for mature RNA: Cap Binding Complex, Exon Junction Complexes, Poly-A binding proteins, absence of snRNP => travel with mRNA to cytosol

Improperly processed RNA is retained in the nucleus and degraded by exosome

Nuclear receptor protein escorts mRNA from nuclear to cytoplasm through nuclear pore complex

Case: regulation of RNA export in HIV, rev directs export of unspliced RNA from nucleus by interacting with nuclear export receptor 
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mRNA quality control

From mRNA to amino acid => genetic code, codons which consist triplet nucleotide sequences, redundant as more than one codon code for the same amino acid. Each codon specifies either an amino acid or the stop sign.

Nucleotide sequences in mRNA signal where to start protein synthesis

Rate of initiation is a determinant of rate of protein synthesis

	Translation initiation 
	Prokaryotes 
	Eukaryotes 

	Amino acid carried by initiator tRNA
	formylmethionine
	Methionine

	Start codon
	Shine- Dalgarno sequence
	AUG/5’-ACCAUGG-3’

	Assembly 
	Shine-Dalgarno sequence forms base pair with small ribosomal subunit to position the initiating AUG codon in the ribosome – ribosomes readily assemble directly on many start codon on the same mRNA - polycistronic
	Initiator tRNA-met complex is loaded into P site on small ribosomal subunit along with eIF2, small ribosomal subunit binds to 5’end of mRNA, recognized by 5’ cap, eIF4G and eIF4E


Nonsense-mediated mRNA decay – when cell determines that an mRNA molecule has a premature stop codon due to improper splicing

5’ end of mRNA is met by ribosome as it emerges from nuclear pore, EJC are displaced by the moving ribosome. If the ribosome reaches a premature stop codon and stalls, mRNA is rapidly degraded

Nonsense-mediated mRNA decay eliminates aberrant mRNA, prevents a potentially toxic protein from being made.

Bacteria ribosome stalls when translates to the end of an incomplete RNA and does not release RNA. tmRNA translates special 11 amino acid tag added to C-terminus of protein to signal for degradation by proteases

mRNA stability

Short half-lives of mRNA – determined by rate of translation and rate of degradation of poly-A tail by exonuclease – starts as soon as mRNA reaches cytoplasm 

competition between translation and degradation since deadenylase binds 5’ cap

Once reaching a critical length (25 nucleotides), decapping and further degradation of mRNA from 3’ to 5’ take place. 

mRNA sequences carry binding sites for proteins which increase or decrease speed of poly-A tail shortening, decapping, and 3’-5’ degradation

Special endonucleases cleave mRNA internally, shorten poly-A tail and decap at the same time

easy to regulate by blocking the endonuclease binding site in response to extracellular signals

case: ferritin and transferrin receptor expression regulated by iron level

	Iron level
	Low 
	High 

	Ferritin mRNA
	Cytosolic aconitase binds to 5’ UTR and blocks translation, no need for ferritin to bind to iron
	Cytosolic aconitase binds to 3’ UTR and stabilizes mRNA, transferrin receptor made to import iron into cell

	Transferrin receptor mRNA
	Iron binds cytosolic aconitase, ferritin translated to bind extra iron 
	mRNA destabilized without cytosolic aconitase, decreases synthesis of transferrin receptorsto import less iron across the plasma membrane


Cytoplasmic poly-A addition regulates translation

Poly – A tails of specific mRNA are lengthened in the cytosol: oocytes and eggs preparing for fertilization can be stabilized with only 10-30 As on 3’ end, and are not translated. Once fertilization takes place, poly – A is added by cytosolic poly – A polymerase, stimulating translation

snRNA transcripts regulating genes

microRNA are short noncoding nucleotide sequences which bind to specific mRNA sequences through complementary base-pairing.

miRNA assemble with proteins to form RNA-induced silencing complex(RISC).

RISC searches for complementary sequences on mRNA with help by Argonaute protein. Once RISC binds, if base-pairing is extensive, mRNA is cleaved by Argonaute, removing poly-A tail and exposing it to exonucleases. If base-pairing is not extensive, translation is reduced; mRNA is transferred into P-bodies and eventually degraded.

RNA interference is a cell defense mechanism

A defense mechanism in fungi, plants and worms against foreign RNA molecules, especially dsRNA

Dicer complex cleaves dsRNA into small fragments of siRNAs, follow either miRNA pathway to degradation or interacts with Argonaute to form RNA induced transcriptional silencing complex and regulates transcription
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Translational regulation

	
	Prokaryotes
	Eukaryotes

	Translational regulation factors
	RNA binding proteins

Temperature regulation

Riboswitches

Anti-sense RNA
	Initiation efficiency

Nucleotides flanking AUG codon

Regulation of eIFs

Repressor interfering with 5’ cap and 3’ tail

Small RNA (miRNAs)


Initiation efficiency

Nucleotides immediately surrounding AUG codon in eukaryotes, similarity to consensus sequence

Post-translational regulation

Proteins begin to fold while still being synthesized – proteins that fold rapidly are selected by evolution

Covalently modified (glycosylation, phosphorylation, acetylation)

Folded into 3D structure (hydrophobic in core)

Associate with other small molecules or proteins

Chaperones: Hsp60 and Hsp70 – use ATP hydrolysis to provide energy 

	Chaperones
	Hsp60
	Hsp70

	Functions
	Forms isolation chamber for misfolded proteins to refold in a favorable environment
	Acts early in the life of many proteins, binds to a string of about 7 hydrophobic amino acids before protein leaves ribosome


Misfolded proteins are degraded by proteasome (hydrophobic residues act as markers, proteasome competes with chaperones for misfolded proteins), marked by ubiquitin

Ubiquitin modifications have many functions: histone modification, endocytosis, degradation, DNA repair

Two ways of inducing protein degradation: 

1. Activation of EC ubiquitin ligase (phosphorylation, allosteric transition by ligand binding and protein subunit addition). 

2. Activation of degradation signal (phosphorylation, unmasking, creation of destabilizing N-terminus)
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Post-translational regulation

Activity of gene regulatory proteins is regulated in eukaryotic cells through:

Proteins are only synthesized when needed

Ligand binding

Covalent modification

Addition of second subunit (with transcription-activating domain)

Unmasking 

Stimulation of nuclear entry by removal of inhibitory protein

Release from membrane bilayer by regulated proteolysis

Case: regulation of protein kinase (PKA) by cyclic AMP, regulation of transcription

Case: regulation of abscisic acid and signaling in plants

Why are protein interactions importaint?

Protein interactions lie at the heart of most biological processes

Proteins interact with small molecules, nucleic acid and other proteins

Proteins usually function in large multi-protein complexes composed of static and transient interactions
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Protein sorting

Gated transport (between cytosol and nucleus)

Through nuclear pore complex (NPC) – active transport of macromolecules and free diffusion of small molecules

With help of nuclear localization signal and nuclear export signal, nuclear import receptor and nuclear export receptor, Ran-GDP (Ran-GAP) in cytosol and Ran-GTP (Ran-GEF) in nucleus

Transmembrane transport – transmembrane protein translocators, directly transfer proteins across a membrane from the cytosol to mitochondria, peroxisomes, plastids, ER
Vesicular transport – membrane-enclosed transport vesicles ferry proteins, pinch off and fusing with membrane 

Sorting signals recognized by sorting receptors are needed

	Direction 
	Mechanism 
	Signal 
	Folded? 
	Protein 

	Nucleus -> Cytosol
	Gated transport
	Nucleus export signal
	Yes
	Nucleus export receptor

	Cytosol -> Nucleus
	Gated transport
	Nucleus localization signal
	Yes 
	Nucleus import receptor

	Mitochondria
	Transmembrane 
	Amphipathic alpha helix
	No 
	Protein translocators

	Peroxisomes
	Transmembrane 
	SKL at C-terminus
	Yes 
	Protein translocators
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Protein sorting to the endoplasmic reticulum

ER: lipids and proteins biosynthesis, storage of Ca2+
Signal recognition particle directs ER signal sequence to specific SRP receptor in rough ER membrane, SRP receptor bring the SRP-ribosome complex to translocator, SRP and SRP receptor release, ribosome bind to translocator, polypeptide chain transfers across the lipid bilayer.

Single pass transmembrane proteins: 

	
	Start-transfer signal
	Stop-transfer signal
	Orientation

	Single-pass 1
	On NH2 end, cleaved
	internal
	COOH in cytosol, NH2 in ER lumen

	Single-pass 2
	Internal, not cleaved
	none
	COOH in ER lumen, NH2 in cytosol

	Single-pass 3
	Internal, not cleaved
	none
	COOH in cytosol, NH2 in ER lumen

	Multi-pass
	Internal, not cleaved
	Internal, not cleaved
	Both COOH and NH2 in cytosol


Signal peptidase found on translocator cleaves ER signal sequence (N-terminus start-transfer sequence) in ER lumen

Protein glycosylation: oligosaccharide is added to asparagine amino acids on protein as soon as it is translocated via oligosaccharide transferase found on translocator

N-linked oligosaccharides modification: 3 glucose removed, 1mannose removed
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Intracellular vesicular transport

Protein coats: concentrates specific membrane proteins in a specialized patch, molds the forming vesicle.

Clarthrin-coated vesicles: transport cargo between plasma membrane, endosomes and Golgi

COPI: bud from Golgi to ER

COPII: bud from ER to Golgi

Monomeric GTPase control coat assembly

COPII coat: Sar1-GEF in ER membrane binds to Sar1, causing Sar1 to release GDP and bind GTP (which is in abundance in cyosol), Sar-1 protein exposes an amphipathic helix which inserts into cytoplasmic leaflet on ER membrane to initiate budding.

	
	Inner layer
	Outer layer
	Pinching off and Uncoating 

	COPI
	Beta, gamma, delta, Zelda
	Alpha, beta’, e..
	y-COP binds to Arf-GEP, GTP hydrolysis, Arf-GDP detaches from membrane, coat is released

	COPII
	Sec23/sec24
	Sec13/sec31
	Sec23 has GAP activity stimulated by sec13 and sec31, GTP hydrolysis, Sar1-GDP detaches, coat is released

	Clathrin
	Adapter complexes
	Clathrin (6 subunits)
	Pinching off: dynamin polymerizes, use GTPase to contract and squeeze vesicle off; Uncoating: Hsp70 and auxilin 


Rab proteins guide vesicle targeting

Rab proteins are good molecular markers for identifying membrane type and guiding vesicle transport, they act on both transport vesicles and target membranes.

SNAREs catalyze vesicle fusion with target membrane

vSNARE: found on vesicle membrane

tSNARE: found on target membrane

v and t coil together to form helical domains, need NSF and adapter proteins to disassemble, uses energy from ATP hydrolysis

Premature termination of transcription


RNA adopts a structure that interferes with RNA polymerase


Regulatory proteins can bind to RNA and interfere with attenuation


Prokaryotes, plants and some fungi also use riboswitches to regulate gene expression


Riboswitches: short RNA sequences that change conformation when bound by a small molecule, often located near 5’ end, fold while mRNA is being synthesized











