Molecules & Cells III
Nucleus and Nucleocytoplasmic Transport

Nucleolus – dark spot of nucleus where ribosomes are being assembled, usually 1-2/cell

Cajal bodies – regions in the nucleus where transcription proteins are synthesized

Nuclear Lamina – formed by inner membrane and proteins that bind lamin
Nuclear Pore Complexes (NPC) – holes in the inner and outer membranes which are anchored to lamin filaments
· Molecules < 40kDa diffuse freely across nuclear membrane through NPCs

· Allows molecules that have NLS (nuclear localization signal), rich in lysine and arginine

· 8 fold symmetry, very large complexes (60 – 100 MDa)

· ANYTHING can be imported into nucleus if it has NLS, 

· contains clusters of basic residues

· NLS must be accessible to protein surface; NLS or NES can be regulated by hiding accessibility to protein surface
· NES – Nuclear Export Signal, rich in Leucine
· Importins – bind NLS and facilitate import (part of NPC)
· Exportin – protein that binds NES and facilitates export (part of NPC)
· Ran-GTP is a protein that mediates import/export and defines the directionality of the transport (inside v. outside): this lets the molecule “know” where it is with respect to nucleus/cytoplasm (Ran is a GTPase) Know Ran-GTP cycle
Nuclear envelope (NE) – includes two concentric membranes (inner and outer) that separate cytoplasm and nucleus, includes NPC
Lamins – 

· Abundant filament proteins specific to nucleus

· Functional lamin is a stable dimer 

· They are concentrated near nuclear membrane.  

· Functions

· Provide mechanical strength

· Chromatin attachment (when nucleus is moved, chromatin must be attached to it, otherwise it’s like pulling a bowling ball with tissue paper wrapped around it)

· Anchor NPCs and organize their spacing

· Control nuclear shape

· All cells express B-lamins; only differentiated cells express A-lamins

· Laminopathy – heritable syndrome caused by mutation in A-lamin or other nuclear membrane proteins; oddly enough, laminopathies tend to affect only a few tissue types, even though lamins seem vital to functioning of all cell types
Nuclear Membrane Proteins
· Diffuse randomly from ER membrane until they reach nuclear membrane, where they are bound and retained by lamins 

· Examples: Lamin B Receptor (LBR), Emerin, LAP2, MAN1 (bind lamin)
Negatively charged DNA is condensed around positively charged histones to form chromatin
Euchromatin – loosely packed, gene-rich DNA; appears light in EM images

Constitutive heterochromatin – highly compact DNA that lacks genes, typical of centromeric DNA (dark)

Facultative heterochromatin – forms around areas with genes that are not expressed in certain cell type (dark) 

Nucleosomes are the basic packing unit of chromatin

Exocytosis

Proteins destined for plasma membrane start (translated in) in ER

Endoplasmic Reticulum is interconnected network to compartmentalize vesicular transport

Lumen – space within ER, separates secretory from cytoplasmic proteins, store certain ions (Ca++)
Advantage: proteins can move through many compartments while only crossing one membrane

Vectorial: unidirectional transport, like a vector
SER – prominent in cells that produce steroid hormones or those that metabolize steroids (no ribosome)

RER – highly developed, lots of ribosome

· RER Functions: translocation, glycosylation, protein folding for secretory proteins
ER lumen is continuous with outer nuclear membrane

ER can be 50% of total cell membrane, 10% of total cell volume

Isolation: subcellular fractionation 

Microsome – vesicle formed by ER when cell is lysed

Translocation
Translocation: translation of mRNA into RER; signal sequence is cleaved making protein smaller: plasma membrane, secretory proteins, lysosomes

Non translocation proteins: nucleus, mitochondria, peroxisomes

Translocon – 3-4 heterotrimeric protein complexes that allow protein to be threaded into ER lumen 
Translocation is usually co-translational: translation occurs while ribosome attaches to RER
Signal sequence (leader sequence of signal peptide) – signals that protein should be translocated: 1-3 basic residues; 10-15 hydrophobic; cleavage site

Signal sequence is cleaved by signal peptidases 
SRP

· SRP – signal recognition particle: recognize signal sequence of translocating polypeptide

· SRP causes pause or arrest in translation (so initial polypeptide doesn’t fold up which would prevent translocation)

· SRP binds SRP receptor which is specifically embedded in ER membrane; complex is handed off to translocon

· SRP is released once valid RER protein is identified

Translocon must be tightly regulated

Default of translocated protein: secretion

Integral Membrane Proteins

A 2nd hydrophobic sequence (stop-transfer sequence) in the polypeptide often indicates a transmembrane protein

The hydrophobic sequence stops translocation (stop-transfer) and the sequence somehow moves outside the translocon, remaining in the membrane

Glycosylation can occur by attaching oligosaccharides to a growing translocated protein on the lumen side of ER by membrane-bound proteins

Chaperonins are present in the lumen and protein folding occurs co-translationally

Golgi

· Cis face accepts protein traffic; trans face releases proteins
· Subcompartments: 

· cis Gold network (CGN), 

· cis, 
· medial, 
· trans, 
· trans Golgi network (TGN)

· Functions

· Sorting proteins, lipids

· Proteoglycan assembly

· Protein modification, 

Common proteins

COP I and II: coating proteins which cover the budding membranes from ER
SNAP: attachment proteins, they help vesicles find the right destination

SNARE: SNAP receptors, once a vesicle finds the right destination, they bind it so they can fuse

Rab proteins activate SNAREs at the right moment
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Cytoskeleton (microtubules) greatly increase efficiency of this whole process in vivo
USMLE: Botulinum A toxin cleaves t-SNAREs found on presynaptic membrane blocking release of acetylcholine and resulting in paralysis

USMLE: Cargo for coagulation factors is defective 

Membrane topology is conserved: outside stays outside, inside stays inside (lumen is topological equivalent of extracellular environment (oxidizing)

Steps of vesicular transport

1. Budding – coats, cargo receptors

2. Targeting 

3. Fusion

Mechanisms for keeping resident enzymes in correct compartment (ER): retention and retrieval
Retention: blocks further transport by locking protein into place

Retrieval: signals return of escaped proteins to appropriate compartments
Exocytosis II & Endocytosis

Coat proteins make up outside of vesicles/Golgi body: COPI, COPII, clathrin
Each Golgi body compartment has its own SNARE type

Clathrin is the protein used to coat vesicles for sorting steps in TGN (trans Golgi network)
Lysosomes

· Degrade: carbohydrates, proteins, lipids, utilize low pH

· Hydrolase: protein that has degradative properties in lysosome

· Hydrolase is N-glycosylated then mannose residues are phosphorylated by GlcNAc-phosphotransferase and other enzymes that recognize a “signal patch” (AA residues that are near each other in native protein but not in linear protein)

· Man-6-P is then recognized by two different transmembrane receptors

· Lysosomes are coated with LAMPs (Lysosomal Associated Membrane Proteins) that protect interior membranes from degradation by catabolic proteins

Regulated Secretory Granule 

· All cells have constitutive secretory pathway (no regulation)

· Basically, granules (vesicles) are filled with regulated proteins and float near the plasma membrane but do not fuse until a signal comes along
· Secretogogues (signals to indicate secretion) include Calcium ions

· This happens in neurons in milliseconds (synapses)
· In mast cells it happens in minutes but results in up to 30 fold increase in plasma membrane

· Many cell types have crosses between lysosomes and secretory granules
USMLE: Gaucher’s disease is most common lysosomal deficiency disease; one lysosomal hydrolase is deficient and as a result there is a build up of glucosylceramide.  Severe cases result in death, and mild cases in spleen and liver defects.
USMLE: I-cell disease (mucolipidosis II) is result of failure to receive Man-6-P marker (deficient GlcNAc phosphotransferase) so hydrolases are secreted outside the cell instead of diverted to lysosomes.  This is bad for the cell and there is a buildup of undigested material.  

Function of endocytosis: nutrition, defense, homeostasis

Phagocytosis

· Macrophages are professional phagocytotes

· Recognition of the particle to be phagocytized causes actin (part of cytoskeleton) to deform plasma membrane immediately around the particle

· The partially engulfed particle becomes a phagosome

· Complete engulfment occurs and the phagosome fuses with lysosome

· Antibodies stuck to antigens assist phagocytosis

Steps of Phagocytosis

1. Attachment

2. Engulfment

3. Degradation

a. Oxygen-dependent and oxygen-independent killing strategies

b. Recycle any materials into cell for use

Subversion of Phagocytosis

1. Escape phagosome

2. Prevent fusion of phagosome w/ lysosome

3. Survive somehow in phagolysosome

Clathrin-dependent Endocytosis 
· ingestion of molecules/small particles that bind to membrane protein receptors

· Binding concentrates the ligand (molecule to be ingested) and thus increases efficiency of endocytosis

· Small endocytosis (compared to phagocytosis)

Steps 

1. Clustering – cytomplasmic tails of receptors are important for clustering and high efficiency 

a. In hypercholesterolemia there is something wrong with receptor tails
b. Some receptors are always clustered (constitutive), some only cluster with a certain signal (induced)

2. Internalization 

a. Complex process that involves ATP hydrolysis, GTP-binding protein (Rabs), receptors, adapters, clathrin, and a protein dynamin
b. Clathrin

i. Forms a triskelion (can assemble into a cage around the vesicle (requiring ATP))

ii. 3 heavy chains and 3 light chains

3. Uncoating – clathrin is removed after a vesicle pinches off from plasma membrane

4. Vesicle fusions and sorting

a. As endosomes go from early to late, there is a decrease in pH from ~6.5 to ~5, which causes many ligands to dissociate and receptors to cluster for recycling

USMLE: Hermansky-Pudlak syndrome can be caused by an adapter or assembly protein mutation that affects the process of endocytosis

Other forms of endocytosis: Macropinocytosis, Fluid-phase pinocytosis 
Potocytosis – caveolae are invaginated pits or vesicles with integral membrane proteins (caveolin) which uptake small molecules such as folate into cells

Caveolin might also be involved in signal transduction

Toxins and enveloped viruses are taken into the cell via endocytosis, where they cause cellular damage
Mitochondria and Peroxisomes
MT can be isolated by subcellular fractionation 

MT are often tethered to cytoskeleton

Mitochondrial Function

· Generate ATP (oxidative phosphorylation, TCA, electron transport)

· Biosynthesis of pyrimidines, amino acids, phospholipids, nucleotides, heme, and urea, lipids
· Heat generation

· Aging?

· Calcium signaling

· Apoptosis

Disease:

· Skeletal muscles, eye, nerves, pancreas (islet cells), other structures requiring lots of energy

· mtDNA repair is limited; accumulated mutations rapidly; also may result from ROS-byproduct of oxidative-phosphorylation

Mitochondrial Structure
1. Outermembrane – Permeable to most small molecules

2. Intermembrane space – a number of enzymes found here (cytochrome c)

3. Intermembrane

a. Impermeable to most molecules, except water, small fatty acids, urea

b. Only membrane in cell w/ cardiolipin (presence in blood is indicative of heart attack)

c. Most enzymes w/ electron transport chain are here

d. ATP/ADP antiporter

e. F1/F0 (ATP synthetase)

4. Matrix

a. Most enzymes and proteins of mt are found here in high concentration

b. mtDNA

i. Differences in genetic code 

ii. Increased wobble effect

iii. Circular, no non-coding sequences

iv. 13 proteins, 22 tRNAs, 2 rRNAs

Import of mt Proteins 

1. Most proteins imported after complete translation; proteins are held in ‘loosely’ folded state by chaperones so they can be imported (must be unfolded to translocate)
2. Recognition of N-terminal presequence (lots of basic residues, no acidic residues, no hydrophobic) by receptor of mt surface

3. Protein is translocated across OM through large pore (translocon) called TOM (Translocase Outer Membrane) complex

4. Protein is translocated across IM through large pore (translocon) called TIM (Translocase Inner Membrane) complex

5. Chaperones helps drive translocation of mt proteins

6. Presequence cleavage

7. Chaperones help proteins fold correctly
Other points for Import of mt Proteins
1. Proton gradient necessary for protein import

2. Post-translational import

Peroxisomes – single-membrane-bound organelle

· Abundance in cells vary widely, with most cells containing hundreds
· Contain oxidase, which synthesizes H2O2, and catalase, which breaks it down

· They perform β-oxidation of long and very long fatty acids

· Also involved in synthesis of ether lipids, bile acids, cholesterol biosynthesis

· Peroxisomes can be assembled de novo, but most come from pre-existing peroxisomes

· All proteins must be imported (most proteins destined for import carry C-terminal signals)

Chaperones, Quality Control, and Turnover
Molecular chaperones prevent incorrect folding (often by binding hydrophobic regions); 
· They increase yield but not rate of folding reactions

· The Hsp (heat-shock proteins) are a family of chaperones

· ATPases

· Bind hydrophobic regions of ~7 AA that are in unfolded protein

· Chaperone binding is reversible and ATP-mediated

· Prion (infectious) diseases result from misfolding and catalysis of increased misfolding: mad cow, 
· Other misfolding disorders: Alzheimer, Parkinson, Lou Gehrig’s, Huntington’s; amyloids form and proteins get tangled up

· Chaperones necessary b/c cytosol is very crowded place

Turnover

· Mostly lyososomal or ubiquitin-mediated

· Two strategies: compartmentalization and selective activation
· Turnover (degradation) is studied by half-life pulse-chase experiments

Lipid Degradation

· Glycerophospholipids: more likely remodeling (which can be done at most membranes in cell) than degradation; this plays an important role in cell signaling

· Sphingolipids: degraded in lysosomes

· Cholesterol: cannot be degraded by cells; excretion and biosynthesis regulated by sterol levels in cell

Protein Degradation Function:
· Dispose damaged proteins

· Metabolic control

· Cell differentiation

· Cell cycle 

26S Proteasome

· Components: 20S core, 19S cap

· Beta units in the middle have proteolytic activity

· Mark proteins for degradation with several ubiquitin polypeptides

· Ubiquitin has E1, E2, E3 enzymes; E3 helps with specificity
· N-end rule: some N-terminal residues make protein more likely to be U-marked (mechanism of regulation)
· Proteins rich with PEST (P, E, S, T), are subject to degradation

· Destruction boxes

· These places are masked when protein is active, revealed when marked for degradation 

Proteasome pathways can be subverted by oncogenes and carcinogenic viruses

Proteasome mechanism:
1. Ubiquitination

2. Binding of ubiquitin-tagged substrate to cap end of 26S

3. Unfolding of substrate

4. Translocation of unfolded substrate into proteolytic cavity

5. Proteolysis generates peptides 7-8 residues in length

6. Release of peptides

· Calpain – another protease-active enzyme of cytosol which is activated by Calcium
· Microautophagy – degradation of cytoplasmic portions of plasma membrane proteins 
· Macroautophagy – part of ER reaches out and swallows whole organelles and takes it to lysosome

ER Quality Control 

· ERAD – ER-associated degradation: defective proteins are identified in ER and sent thru cytosol to lysosome

· Unfolded Protein Response (UPR) – response sent to nucleus when unfolded proteins are accumulating 
· Diseases involving ER quality control system: alpha1-antitypsin – results in emphysema; not enough quality control 
· CF – CFTR protein is degraded by ERAD machinery (too much quality control)

Cytoskeleton
Microfilaments
Function: structural, mechanical, support myosin contraction and motility

Component: actin monomers (globular)
Structure: right/left-handed helix

Size: 8 nm

Energy source: ATP

Microtubules

Function: long distance transport, mitotic spindle

Component: alpha/beta tubulin dimers

Structure: protofilaments form hollow tube, 25 nm diam.

Energy source: GTP

Intermediate

Function: structural mechanical

Component: lamin, keratin, etc.

Structure: coiled-coil dimmers assemble into non-polar polymers

Size: 10 nm diam.

Energy source: none
Minus end = slow growing end = pointed end 
Plus end = fast growing end = barbed end
Centrosome – central body that organizes cellular organelles; centroid of cell

Pair of centrioles

Nucleating sites (gamma-tubulin ring complexes) – starting point for growing microtubules

Dynamic Instability – GTP cap falls of growing microtubule and it starts to fall apart

Taxol – inhibits mitosis via blocking microtubule instability, potent anti-cancer drug
Motor Proteins – Myosins, Kinesins, Dyenins (all use ATP)
Duty ratio – fraction of time in strongly bound state to total cycle time
Low duty ratio – myosin II, fast
High duty ratio – myosin VI and V, slow
Mechanics of Cell Division
Basics

~109 cells in body undergo mitosis at every moment 

Must be high fidelity

Errors result in tetraploidy, which leads to aneuploidy, an early event in tumorigenesis

Cohesins glue sister chromatids together after S-phase; most are destroyed at mitosis, making room for condensins

Condensins help condense DNA during mitosis
Cytokinesis failure synergizes w/ p53 mutations to promote tumors
Mitosis

Metaphase Checkpoint: (1) every chromosome is bound by tubule (attachment); (2) every chromosome is under tension (tension)
Only after these conditions are satisfied will cell continue to anaphase; a group of proteins (spindle checkpoint genes) enforce this
Kinetechore microtubules – bind to kinetochore (attached to centromere) to pull apart chromosomes during mitosis
Aster microtubules – reach out 
Kinesin proteins “walk” towards plus end of microtubule; dynamins walk towards minuse end

Once microtubule reaches kinetochore, kinetochore binds it and holds it to prevent dynamic instability; it is still doing some treadmilling 

Opposing motors (kinesin and dynein) keep kinetochore at same place

When metaphase checkpoint is reached, a catastrophe event is catalyzed and the kinetochore dyneins “walk” the chromosomes to opposite ends of cell
Cytokinesis

Steps:
7. Metaphase

8. Anaphase

9. Contractile ring assembly made of myosin and actin (like a drawstring)

10. Contractility

11. Intercellular bridge

12. Completion 

Contractile ring isn’t always necessary

Human Disease

BRCA1, BRCA2 are checkpoint control genes

P53 is a checkpoint gene

Aurora-A, B, C are overexpressed in tumors
Aurora A is important in bipolar spindle assembly

Aurora B helps regulate cytokinesis, kinetochore attachment

VX-680 is on clinical trial as an Aurora kinase inhibitor and anti-cancer drug

Overall message: 
· Cancer can develop due to failure of mitosis and cytokinesis

· Environment can also inhibit mitosis and cytokinesis function
· Microtubule dynamics and motors coordinate spindle assembly and chromosome separation

· Mitotic spindle delivers cues to actin cytoskeleton and myosin to direct assembly of contractile ring

· Cell cycle regulators coordinate events and sense errors

· Many regulatory genes are oncogenes or tumor suppressor genes
Cigarette smoke – promote formation of free radicals which promotes double stranded breaks (DSBs) 

Asbestos fibers – directly interfere with mitosis and cytokinesis

Cell Cycle
G1 – gap between mitosis and S phase 
· This is where many decisions (regulations) are made

· Monitor nutrients

· ~10 hours or so in this phase

S – synthesis

G2 – gap between S phase and mitosis

· Cell has catch-up time to get big enough

· Dispensable phase in cell cycle

· DNA status and cell size are monitored

Mitosis

G0 – exits proliferation cycle and becomes quiescent 

Interphase: G1, S, or G2

Cell division is physical process

Cell must double in size
Chromosomes must duplicate perfectly once

MTOC must duplicate and build spindle

Cell must divide in half

Cell Cycle Biochemistry

· Cell cycle is driven by protein kinases (Cdk, cyclin-dependent kinases proteins)

· Level of each cyclin fluctuates during cycle

· When active, each cyclin-Cdk complex triggers next step in cycle and machine that inactivates the current Cdk

Embryonic Cell Cycle – first 14 replications are fueled by proteins/RNAs that are already in zygote (no embryonic DNA)

Cyclins are destroyed by proteolysis (ubiquitin) which is triggered by each active Cdk and is required for exit of that state of cycle

CAK – Cdk-activating kinase
CKI – Cdk Inhibitor

Multiple regulations allow for controlled “burst” of kinase activity

Two protein complexes, SCF and APC (anaphase promoting complex), drive cell cycle by degrading specific proteins at specific times; they tag w/ ubiquitin and degrade
APC promotes progression out of Mitosis

No cyclins around during G1, this allows proteins to bind origins of replication, blocking re-replication

Checkpoints – monitor completion and progression
Restriction point (G1/S transition) – cell monitors signals and decides whether (or not) to inactivate gatekeeper Rb

DNA damage (G1 and G2)

Metaphase checkpoint

After restriction point, cell is committed to replication (like starting down a ski jump run)
Rb represses a bunch of transcription-activating proteins

~30% of human tumors have no functional Rb

Emergency response system: p53
· Short-lived protein

· DNA damage causes p53 to be phosphorylated

· Arrests cell cycle, allowing time for DNA repair

· ~50% of tumors have no functional p53

· Promotes apoptosis

· Mdm2 is activated by p53 but is a negative p53 feedback (it degrades p53)

Key Points

· Cell cycle transitions are triggered by Cdk’s

· Cyclins are synthesized and degraded periodically

· Cyclin-Cdk complexes are regulated by phosphorylation and by CKI proteins

· Active cyclin-Cdk complexes trigger:

· Next step in cell cycle

· Negative self-feedback regulation

· G1/S transition = irreversible commitment to new round of cell division and is highly regulated

Blood

Red cells – provide essential factors to all tissues

Platelets – maintain integrity of delivery infrastructure (clotting)

White Cells – defense against invaders and injury; coordinate healing response

Mobile and dynamic tissue: life-span, renewal of circulation is essential

Stem cells must renewable features

Pluripotent hematopoietic stem cell – a lot cross-talk to let stem cells know when to make more blood

Stem cell plasticity – ability to differentiate into disparate tissues (in vitro)

Eyrthropoietin – hormone stimulates blood cell production
RBC – 8 micron diam., 120 day life-span
· Made in the bone marrow

· Reticulocyte – pro-RBC, retain mt fragments (1% of RBCs in steady-state)
· Nucleus is extruded as RBCs are made (unique to mammals)

· Adopt a biconcave shape which is optimal for their function

· Hereditary spherocytosis – no biconcavity makes it so they can’t fit through capillaries 

· Sickle cell – pain due to hypoxia in cells
Platelets

· 3 micron diam.
· 5-10 days to make

· Replaced every 10 days

· Come from megakaryocytes – Endoreplication: go from 2N to 32N, 64N DNA

· Megakaryocytes extend their “tentacles” (projections) into blood sinuses; bud off platelets into blood stream
· Structure: plate-like; changes shape drastically upon stimulation

· Function: clotting, recruit other platelets to form plugs in vasculature

Myelomononuclear Cells (WBCs) – protect against invaders and injury

· Common progenitor cell: myelocytes

· Neutrophils 

· Phagocytosis experts

· 60% of WBCs

· Have lots of granules with lysosomal enzymes, antibacterial

· Eosinophil

· Very rare, 1%

· Bi-lobed nucleus

· Crystal-like granules

· Anti-helminthic infections; anti-tumor

· Basophil

· Have dense granules

· Carry histamine, serotonin, respond to allergic reaction

· Lymphocyte

· ~10-30%  of WBCs

· Have large nucleus, 10 micron diam.

· Memory lymphocytes can last for years

· Under stimulation, they wake up and divide rapidly

· Monocytes

· Largest cell in blood spear, 23 micron diam.

· Murky cytoplasm, indistinct granules

· Kidney-shaped nucleus

· 5% of WBCs

· Function: leaves circulation and goes to tissue, progenitors of macrophages, osteoclasts, Kupffner cells, endocytose foreign material

· APC – antigen-presenting cells

Cell Growth, Death, and Cancer
Balance between proliferation, growth, and death

Apoptosis

· Cell blebs itself out and sends out apoptotic bodies which is phagocytized by macrophages

· A very clean, orderly way to die

· Important in developing nervous system, developing digits (fingers, toes)

· Important in immune system, (virus-infected cells)

Necrosis – disorganized cell death, cells just lyse their contents into surrounding area
Stages

· Latent Phase – still stuff going on, undermining 

· Condemned – cell is still “rescuable”

· Committed – no reversal

· Execution Phase

Caspases – enzymes that help apoptosis

Pro-enzymes that are cleaved into large and small subunits

Caspases 3, 8 & 9

Extrinsic and intrinsic pathways: these pathways have “cross-talk”
Cytochrome c is released from MT during pre-apoptotic pathways, activates caspases
Principles of Apoptosis were discovered in C. elegans, because they all have the same number of cells

Phospholipid scramble of membrane exposes internal residues which are “foreign” to immune system

There are proteins that promote (killers) and inhibit (protectors) apoptosis

Protectors: Bcl-2 (and family) 

Killers: 

IAP: Inhibitor of Apoptosis Proteins – direct inhibitors of caspases

Too much cAMP can lead to excess cell growth

Autophagy – a cell eats itself to death

Membrane Physiology
Chemiosmotic Cycle

Energy is a function of (VM and Chemical gradient)

Careful that channels don’t leak gradient, loosing potential energy to heat

Nernst Relationship

Inside



Outside

Concentration Ratio (in/out)
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.027

Low Ca


Medium Ca

.00005

Membrane potentials usually do not exceed +/- 120 mV, else the cells would fizzle

GHK Equation – 

Calculates membrane potential considering inside/outside concentrations and permeability to certain ions: a kind of weighted Nernst equation.  Thus K, to which the membrane is more permeable has more weight in determining the resting membrane potential

Written for monovalent ions; the more general expression is too complex for our use

Acidification of Lysosome

To establish such a pH gradient, K+ must be pumped out so cells do not fizzle

CFTR plays a role in acidification of lysosome

ClC – Cloride channel
CF – subject to infection through lungs
Ion and Solute Pumps

Pumps (primary active) – use energy to drive solutes across membranes; generate gradients; transport is uphill

Carriers (secondary active or passive) – 
Channels – holes that open and let ions/solutes flow through (passive)

Pumps

Very specific

Much slower than channels or carrier

Need energy, such as light, ATP, redox or other electrochemical potential

Pumps consume 25-40% of energy of cell

Ion gradients 

· Themselves are another form of energy

· Ion gradients drive other energy-dependent processes:

· Signal transduction

· Mechanical: proton-drive flagellar rotation

· Chemical: ATP synthesis

· Chemiosmotic and osmotic regulation
F1F0 ATP synthase

· Fully reversible in vitro
· Found in inner membrane of mitochondria

· Driven by redox gradient

· Open-loose-tight hypothesis (Binding Change Mechanism)
· Three catalytic sites: open, loose, and tight
· Energy used to promote release of ATP at one site and promote binding of ADP and Pi at another site

· F1 sector

· Water-soluble

· Catalyses ATP-hydrolysis

· Hexamer subunit

· F0 sector

· Embedded in membrane
· Passively conducts protons

Leigh syndrome – problem with mitochondrial proteins which can be Mendelian or maternally inherited

V1 V0 – ATPase (Vacuole)

Found everywhere in endomembrane compartments 

In some cell types, it is found in plasma membrane and pumps protons out of cell 

Function


Acidification 


Create electrochemical H gradient

Differences from F0F1
V1 V0 are not reversible

V1 alone has no ATP hydrolysis activity; V0 alone has no H transport activity

V1V0 assembly is regulated by presence/absence of chemicals

Different isoforms expressed in different tissues; if you have a mutation in an isoform that is only expressed in certain tissues, you will have problems
P-ATPases
General

· Reaction cycle alternates between E1 and E2
· Formation of covalent beta-aspartyl phosphate intermediate from ATP

Example: SR Ca2+ - ATPase

· Keq for hydrolysis of ATP and phosphoenzyme intermediate is close to 1

· Difference in affinity for Ca between E1 and E2 is 1,000

· E1~P intermediate forms, a conformational change is induced to E2, which releases Ca into lumen

· H+ is taken back as a counterion: countertransport
Menkes and Wilson Disease: genetic problem with Cu-ATPase

Hailey Hailey Disease: Ca-ATPase problem

Ouabain is used to treat failing hearts, inhibits sodium pumps

Omeprazole is used to treat stomach ulcers

ABC-Transporters
Domains organization


Two membrane-bound domains


Two ATP binding domains


One receptor

Unconventional pumps

CFTR is a Cl channel: transport is downhill

MDR1: transports structurally unrelated drugs; slow constitutive ATPase activity

Involved in Disease

MDR1 is overexpressed in cancer cells; 

CFTR – CF

Summary

Pumps use energy from ATP to drive ions or solutes uphill, establish concentration gradient

Gradients are used by carriers or channels for many purposes

Structures of many pumps are known; energy transduction between ATPase site and membrane can take place over long range

Energy from ATP hydrolysis is used to convert ion/solute binding site from high to low affinity

Carrier Function and Secondary Transport

Transporters

Channels and pores

Phophotransferase Systems

Active Transporters (pumps)

Porters – MFS: Major Facilitator Superfamily 

Carrier = facilitator = porter

Common biochemical mechanisms

Uniport = facilitated diffusion (GLUT1); single molecule transport

Antiport = exchange of counter-transport (OxlT)

Symport = Co-transport: two molecules go in same direction (LacY)

Experiments in Sugar Transport
Structure
· Topology of OxlT 

· Polytopic – many different alpha-helices (spanning membrane)

· (+) charges are found on inner side; followed rather strictly

· Occasional charge inside membrane: indicates catalytic purpose; or mutation with compensatory mutation nearby

· Single polypeptides

3D Structures of MFS Transporters

Some helices are for stabilization (scaffolding, hold things together)

Two views of alternating accessibility

Rocker switch 

Gated pore

Circulation of Na in Mammalian cells
Ion Channels and Excitable Membranes

Ion channels act as signaling devices

Rapid and large changes in membrane potentials which triggers downstream events

Signal events mediated by ion channels

Chemical ( electrical

Electrical ( electrical

Electrical ( chemical

Spontaneous electrical signals (pacemaker)

Electrical recordings: intracellular microelectrode (w/out destroying cell)

Action Potential

· Stereotypical size and shape for each cell type

· Refractory period (absolute and relative)

· Propagation

· All or none response

Voltage clamp technique

Keeps voltage across membrane constant

Inside-out or outside-in configurations
Gating is function of probability – stochastic 

Only two states: open and closed

Conductance is finite and is property of channel

Events of Action Potential

1. At rest, leak K channels open

2. As membrane depolarizes, leak channels close and Na channel open

3. Threshold is when Na current balances leak K current

4. Beyond threshold, Na current overwhelms leak K current and EM rapidly approaches ENa 
5. Na channels inactivate, delayed K channels open and membrane repolarizes to EK
6. Leak channels open, delayed K channels close: membrane returns to resting potential

Muscles
Myosin – 1 peptide, 550 kDa, 1 hexamer has two myosin heads

Cocked-myosin will not release P until it encounters actin

Rigor mortis – paucity of ATP; myosin and actins are bound

143 A – distance between myosin heads in filament

CK452 – promotes tight binding of myosin-actin bridges in cardiac muscle

Titin – bungee cord that imparts elasticity; energy can be stored 

Desmin – helps hold myosin groups together

Dystrophin anchors actin to plasma membrane

How was mechanism of muscle contraction elucidated?
X-ray diffraction: gave important numbers like actin repeating units (36 A and 143 A)

Force-velocity relationship: rate of heat release is proportional to speed of shortening

Inverse relationship between force and velocity

T-tubules are tubular invaginations of skeletal muscle plasma membrane

T-tubules come into very close contact with sarcoplasmic reticulum (forms triad)

Troponin
3 subunits

Tropomyosin – covers binding sites, effectively removing actin from system

Ca++ moves tropomyosin off of binding sites

Timing

After Ca++ release, free Ca++ is rapidly pumped back into ER/SR lumen
Ca++ dissociates slowly from troponin

Contraction continues until troponin releases Ca++

Cardiac Muscle Contraction

· Action potential initiates in pacemaker cells (SA node), spreads rapidly via gap junctions between cells

· Plasma membrane DHP receptors (Ca channels) open, Ca enters and triggers Ca-activated Ca release by RyR in SR

· Ca binds troponin C, displacing tropomyosin

· Free Ca levels rise slower and remain high longer in cardiac cells as compared to skeletal muscle cells: more sustained contraction

Regulation of Smooth Muscles

· Hormones (child labor)

· Neural

· Mechanical

Fenn Effect – Heat liberated from shortening muscle is proportional to amount of work being done: more work = more heat generated
Cell Adhesion and ECM
Epithelium: direct cell-cell (cell adhesion) contact (function: form barrier)
Connective tissue: cells embedded in ECM (function: provide mechanical strength)

Cell Adhesion

Homophilic – adhesion between cells of same type

Heterophilic – adhesion between cells of different type

Classes of cell adhesion receptors (~100 total types)

1. Cadherins (~25)
a. Homophilic 

b. Cytoskeleton association via adapter proteins

2. IgCAMs 
a. Homophilic and heterophilic

b. Contain immunoglobulin modules in EC portion of molecule

c. No cytoskeleton association

3. Selectins (3)
a. Heterophilic interactions between blood cells and other cell types

b. Bind to sugar residues
c. No cytoskeleton association

4. Integrins (~24)
a. Mediate cell-ECM adhesion and heterophilic adhesion

b. Alpha-beta heterodimers

c. Cytoskeleton association

Each tissue/cell has unique adhesive properties contributing to specific function

Specificity of cell adhesion is achieved when each cell type expresses unique set of cell adhesion receptors

Cadherin and integrins form anchor junctions with following properties:

· Clustered transmembrane adhesion receptors

· Intracellular adapter proteins

· Examples: adheren junction, desmosome, hemidesmosome

· Provide strong adhesion

· High avidity but low affinity: lots of receptors contribute a little to make a strong bond

· Association with cytoskeleton

Regulation, Example: Leukocyte and ICAM-1 gene express in vascular endothelial cells
· Transcription (mRNA expression) and post-translation (storage in granules)

· State of dispersion or clustering (avidity)

· State of activation: inflammation integrin is activated into high affinity state by conformational change

Signal Transduction: bidirectional

· Inside-out (causes activation of integrin via external ligand-binding) 

· Outside-in: ligand-binding initiated signal pathway, promoting cell growth

· Ras-MAPK pathway is activated

· Neither growth factors nor integrin binding is enough alone (anchorage dependence)

ECM Marcomolecules

Fibronectin

~20 alternatively spliced isoforms

Present in ECM and blood serum

Laminin
Binds collagen, heparin

Present in basal lamina

Functions of adhesive glycoproteins: instruct cells on

· Cell proliferation

· Survival

· Differentiation

· Migration

Collagen: >20 different kinds

· Form strong, tightly packed rod-like superhelices

· Some of most abundant proteins in human body

· Stronger than steel per thickness

1. Fibrillar

2. Sheet-forming

3. Fibril-associated (connective tissues)

4. Anchoring filaments (skin)

Fibrillar Collagens

Secreted by fibroblasts or osteoclasts

Elastin – polymer made up of tropoelastin (monomer protein)

· Amorphous and highly cross-linked

· Has a structural function: elasticity

Elastic fiber: fibrillin 

· Glycoprotein which forms sheath (scaffold) around amorphous elastin

· Linear array of repeat modules

GAG (glycosaminoglycan) 

· Linear polysaccharide with disaccharide repeats

· Often covalently link to core proteins to form proteoglycans

· Funtion: compressive strength; space filler; regulate growth factors

· Hyaluronan 

· Synthesizes at plasma membrane; co-secretion

· Not covalently linked
Epithelium

General features of epithelium

· Cells are contiguous

· Connected by cell junctions

· Avascular

· Basal lamina

· Cells are usually polarized

· Function:

· Selective barrier

· Protection

· Metabolic functions

· Rapid rate of renewal

· Terminal cells do not differentiate

· 80-90% of cancers are from epithelial tissue: carcinoma
· This is because they are most rapidly dividing

· Also b/c they are most exposed to mutagens: chemical or physical damage
Specialization of Epithelia Function

· Protection w/ keratinized cells

· Cilia help move things that are extracellular and are supported by microtubules, driven by microtubule-based motors

· Absorption: microvilli are supported by actin filament bundles

· Secretion granules (goblet ( mucus, pancreas ( digestive enzymes)

· Transepithelial transport: kidneys transport salt, water across epithelium

Plasma membrane has distinct biochemical polarity: apical and basolateral
This allows to vectorial transport

Direct sorting: only apical transmembrane proteins are sent to apical membrane and vice versa

Indirect sorting: transmembrane proteins are sent to all surfaces, but only apical proteins are stable on the apical side and vice versa

Movement of transmembrane proteins is precluded by tight junctions

Basal membrane

· Components: collagen IV, laminin, perlecan
· Functions:

· Structure: attachment of epithelial sheet to underlying connective tissue

· Barrier between epithelia and underlying connective tissue (malignant tumors secret MMPs to eat away at basal membrane)

· Selective gilter

· Growth factor reservoir
Tight Junctions – sealing 
· Localized on apical side of epithelial cells

· Prevent flow of transmembrane proteins

· Creates separate environments between apical extracellular environment and basal: gasket

· Formed by transmembrane proteins occludin and claudin (span membrane 4 times)

· Occludin and claudin attach to actin cytoskeleton via adapter molecules
Gap Junctions – communicating 

· Gap junctions are leak-proof channels that allow diffusion of molecules < 1200 Da to pass through

· Selectivity is primarily by size

· Gap junctions can open and close reversibly, which is regulated by pH, Calcium concentration, transjunctional membrane potential, etc. (cells stop communicating to damaged cells)

· Functional unit is connexon (polymer of connexin subunits)

· Gap junctions are abundant in but not confined to epithelial cells

Anchoring Junctions – adhering 

· Important for cell-to-cell adhesion and adhesion with basal membrane (maintains integrity of epithelia)

· E-cadherin is a major protein, the down-regulation of which is linked with cancer:

· E-cadherin is bound to cytoskeleton via β-catenin, which promotes cell proliferation

· Too much free β-catenin can contribute to cancerous conditions

· Dissasembly of anchoring junctions (caused by reduced levels of E-cadherin) can lead to metastases

Connective Tissues, Cartilage, and Bone

Connective tissues is one of four major tissue types

· Structure and support

· Derives from mesoderm

· Properties determined by ECM

· Cartilage and bone are specialized connective tissue

CT Functions: mechanical support, defense, communication

Loose CT: many cells, sparse collagen (gut epithelia)

· Holds organs in epithelia in place

· Mucous membrane

Dense CT: few cells, lots of collagen (tendons, ligaments)

Elastic CT: elastic fibers (skin, lungs)

Cartilage: hydrated proteoglycan aggregated

Bone: rigid, calcification

Resident cells – derive from mesenchyme

· Mesenchymal stem cells, multipotent

· Large capacity for self-renewal and proliferation

· Fibroblast – secrete collagen

· Adipocytes (white fat) – lipid droplet of triacylglycerol
· Brown fat (heat reserve)

· Chondroblasts, chondrocytes, osteoblasts, and osteocytes

Immigrant cells – derive from bone marrow (including mast cells)

Mast cells – secrete histamine, causes blood to leak plasma, similar to basophils

Cartilage

· Chondroblasts (less differentiated) give rise to chondrocytes

· Collagen II (90% of EC protein secretion)

· GAG, Hyaluronan

· No blood vessels

· Perichondrium – surrounds developing cartilage (chondroblasts remain here)

· Types of cartilage:
· Hyaline – joints, most abundant (articular)
· Elastic – ear, trachea

· Fibrocartilage – tensile strength, intervertebral discs, where tendons or ligaments connect to bones
· Cartilage provides preliminary skeleton

· Disease: Osteoarthritis, achondroplasia

Bone

· Compact: sheet arrangement (lamellar)

· Cancellous: meshwork arrangement (woven)
· Inorganic calcium phosphate embedded in and around collagen fibers (compressive strength, rigidity)
· Organic component: collagen fibrils (tensile strength)

Osteoblasts ( osteocytes

Osteocytes communicate with each other via gap junctions

Bone formation

Intramembranous ossification: replace loose connective tissue


Sutures and fontenelles – where bone plates come together

Endochondral ossification: growth of long bones


Cartilage is replaced by bone

Signaling: stress transduced into electrical signal

Osteogenesis imperfecta – collagen mutation ( fragile bones

Osteoporosis – decrease in bone mass (imbalance between bone formation and resorption)

