Lecture 1 – The Nucleus and Nucleocytoplasmic Transport
K. Wilson. September 27, 2006

Nuclear envelope


Double bilayer (inner and outer bilayers)


Lumenal space continuous with ER

Nuclear lamina

Consists of lamins, which are nuclear-specific intermediate filament proteins

Contain a globular head (small), coiled-coil rod, and globular tail (large)

Exist as stable dimer

Flavors:

A-type lamins exist in differentiated cells only


B-type lamins are required for cell viability


Bind to:

Histones, DNA, inner membrane proteins, nuclear pore complexes (NPCs), transcriptional regulators such as Rb


Required in order to:

Absorb shock, attach chromatin to nuclear envelope, anchor NPCs, replicate DNA in vivo, transcribe mRNA

Lamin binding proteins

Lamin B receptor – loss of which is lethal


LEM domain proteins 

Bind BAF

Link inner nuclear membrane to lamins and to chromatin directly or via a mediator (BAF)

Influence Rb tethering to lamins

Required for HIV integration into chromosomes

SUNS and KASH (nesperin) bind one another at the nuclear envelope lumen, connecting the nucleoskeleton to the cytoskeleton
Nuclear pore complex


150nm by 80nm complexes – these are just immense


8-fold symmetry. 30 ‘nucleoporin’ subunits, each in 8 to 32 fold


Small ions and proteins diffuse

Large molecules must have nuclear localization signal (NLS) to enter and a nuclear export signal (NES) to exit
Unfolding of proteins is unnecessary; you can fit a ribosomal subunit through

Nuclear signaling

Import 

Molecule to be imported must have NLS (a string of basic amino acids [K & R]), or piggyback on a protein which does

NLS must be surface-accessible

Importins bind NLS, shuttle cargo into nucleus. Ran-GTP frees cargo
Export
NES, a hydrophobic rich sequence, required to export ~anything from nucleus. 

Even RNA requires NES and exits via the exportin-mediated pathway (RNA has associated proteins that bind both RNA and have an NES)

Ribosome-associated proteins have both an NLS and an NES since they are produced in the cytoplasm, assembled into ribosomes with rRNA in the nucleus, and then shuttled back out into the cytoplasm.
Importin/exportin recycling
Ran, a GTPase, regulates transport

Ran-GTP

Found in nucleus because RCC1, a GEF, is nuclear


Binds exportins, encouraging cargo binding


Binds importins, encouraging cargo release

Ran-GDP

Found in cytoplasm because Ran-GAP, a GAP, is cytoplasmic


Binds exportins, encouraging cargo release


Binds importins, encouraging cargo binding

Chromatin

Negatively charged DNA and positively charged histones form nucleosomes

Euchromatin (loose, actively transcribed, ‘beads on a string’) and heterochromatin (dark, inactive)
Constitutive heterochromatin is ‘gene-less’, while facultative heterochromatin contains genes that aren’t in use in a given cell type

Most chromosomes occupy a loosely-defined 3D region of the nucleus; certain chromosome pairs are found together commonly

Lecture 2 – Exocytosis I

C. Machamer. September 27, 2006

Vectorial transport via membrane bound vesicles is a common path for eukaryotic secretion. The big players here are the ER and the Golgi
Endoplasmic reticulum
The ER is seen as membrane-bound ‘channels’ present in all eukaryotes. It contains enzymes required for synthesis of membrane lipids and reserve lipids (triglycerides). The internal ER lumen keeps secretory proteins separate from the cytosol, allows for differential processing and folding, and stores Ca++. ‘The ER forms a 3D network (reticulum) in the cytoplasm (endoplasm)’ and can stretch to the periphery of the cell.

The rough ER is studded with ribosomes, and typically consists of flattened arrays of interconnected cisternae. The smooth ER consists of fine tubules; though it lacks ribosomes at its surface, it is continuous with the RER. It is enlarged in cells that produce or process steroid hormones. Both RER and SER deal with lipids and steroids, store ions, and degrade secretory proteins that are misfolded. Only the RER is involved in translocation, glycosylation, and folding of proteins headed for the Golgi, lysosomes, or the plasma membrane.

Translocation into the RER
Signal peptide sequences on polypeptides (usually 10-15 hydrophobic residues) target the polypeptide for co-translational translocation directly into the ER lumen. The signal recognition particle (SRP) recognizes the sequence, halting translation as it brings the ribosome/polypeptide bundle to the ER-bound SRP receptor. This receptor then hands the signal sequence to a translocon such as Sec61, a heterotrimer that forms a channel through which the nascent polypeptide passes. The signal sequence remains in the pore during this process, and is cleaved by a signal peptidase as soon as possible (even co-translationally). Translocation into the ER only happens co-translationally, as shown by assays demonstrating that post-translational addition of ER confers no protease protection upon a protein.
Insertion of integral membrane proteins
The same translocation machinery is used to insert TM proteins into the membrane (for eventual trafficking to, say, the plasma membrane). There are two fundamental insertion methods. In simplified form (assuming N-terminal signal sequence), they are:

1) The signal sequence is not cleaved. In this case, the N-terminus of the protein resides in the cytosol and the C-terminus resides in the lumen.
2) The signal sequence is cleaved after a stop-transfer sequence (another hydrophobic set of residues) enters the translocon. In this case, the stop-transfer sequence will slide out of the translocon as a TM helix, and the N-terminus will point into the lumen.

Note that basic residues will often be found near the signal and stop-transfer sequences; the side of the hydrophobic sequence that is more basic tends to orient itself toward the cytoplasm. Also, the ER lumen is topologically equivalent to the exterior of the cell, so the part of the protein that is in the lumen will likewise end up exterior to the cell (or interior to the Golgi/a lysosome/ an endosome/etc.).
ER protein processing
Glycosylation occurs inside of the ER lumen. Dolichol passes pre-assembled core oligosaccharides to Asn-residues of Asn-x-Thr/Ser sequences of translocated proteins. BiP is an Hsp70 chaperone which, along with protein disulfide isomerases (necessary since the lumen is oxidizing), assists in protein folding and quality control. BiP and PDI have an ER localization signal at ther C-termini – KDEL. This is a retrieval signal (explained later in this lecture).
The Golgi complex
The Golgi is a set of flattened cisternae and vesicles.  The stacks are polarized, and different compartments perform different functions. The cis (to the nucleus) face accepts incoming traffic, and the trans face releases it. It proceeds in this order: cis Golgi network, cis cisternae, medial cisternae, trans cisternae, trans Golgi network, where the ‘networks’ are tubular vesicles which sort proteins and lipids. In the vesicle transport model, proteins pass through the Golgi via a series of membrane fusion steps. In the maturation model, vesicles move cis-to-trans exclusively and ‘mature’. Regardless of which model is used, proteins only need be translocated one time. Specific signals enhance incorporation of proteins into specific transport vesicles. Proteins without signals probably enter the secretory pathway by default. 
(The Golgi sorts proteins and lipids, assembles proteoglycans, synthesizes sphingomyelin and glycosphingolipids, and processes N-linked oligosaccharides, O-linked glycosides, and lysosomal-targeted hydrolases, prohormone processing.)

Golgi-mediated protein transport
Vesicles move through the Golgi either via a bidirectional flux mechanism (‘vesicular transport model’), or a unidirectional flux mechanism (‘cisternal maturation model’). In the latter, vesicular transport is not required in the Golgi, while in the former, vesicle trafficking is important in the Golgi; one or both may be used. Each vesicular transport step involves budding, targeting, and fusion. 

Budding
GTP-binding proteins (ARF or Sar1) recruit COPs to coat the outer leaflet of an incipient bud. Post-budding, the GTP is hydrolyzed and the coat is recycled. Now you’ve got a vesicle floating around.

Vesicular targeting and fusion

There seems to be some conflation of the machinery used for targeting and fusion.

Specific vesicles only find and fuse with specific membranes.



v-SNAREs (vesicle) seek t-SNARES (targets).

The SNAREs mediate apposition and membrane perturbation/fusion in their parallel, coiled-coil state.

SNAPs and NSF burn ATP to separate (recycle) the SNAREs.

Rab proteins activate SNARE complexes at specific moments; they may be involved in proper targeting via Rab effectors on the target membrane.

Proteins that act as GAPs for Rab may be involved in Rab recycling to the donor compartment.

The microtubule network is not required, but it greatly increases the efficiency of vesicle trafficking in vivo.

Golgi processing and sorting
Furins are Golgi-resident proteases which clip prohormones, activating them. Specific localization signals (which may come in the form of a post-translational modification) cause a resident protein to be retained at the appropriate point in the exocytic pathway. Such signals probably work via retention (blocking further transport of the protein) and retrieval (returning escaped proteins to the proper compartment). Calcium binding is thought to be an important part of protein retention in the ER and Golgi. The KDEL sequence (luminal) targets proteins for retrieval (retrograde transport) to the ER. The KKXX signal (a cytoplasmic tail on membrane-bound proteins) binds to the COP I coat (likewise, for retrograde transport).
Golgi-mediated lipid transport
Phospholipids and cholesterol synthesized in the ER use carrier proteins or diffusion in addition to vesicular transport to arrive at targets. 
Lecture 3 – Exocytosis II & Endocytosis
C. Machamer. September 28, 2006

Trans-Golgi Network Sorting
Lysosome biogenesis
The low pH (4-5) of the lysosomal lumen is maintained by ATPases. The surface of the membrane is probably protected from hydrolytic digestion by highly-glycosylated proteins in the membrane. The hydrolases have several interesting features:

Hydrolases (lysosomal proteins) are targeted to the ER via signal sequence. They are N-glycosylated, then Man-6-phosphate tagged in the pre-Golgi or in a cis-Golgi compartment. GlcNAc-phosphotransferases know to tag Man-6-P onto the hydrolase thanks to a signal patch (not a linear sequence) on the folded protein. This tagged protein is then recognized by one of two (or more) clathrin-clustering transmembrane receptors: CI-MPR (cation-independent mannose-phosphate receptor) and CD-MPR (cation-dependent etc.). These proteins serve to shuttle lysosomal proteins to late endosomes, and they bind only weakly to M6P tags at low pH.


Lysosomal membrane proteins (those probably responsible for preventing autodegradation) do not receive the M6P tag. Instead, their C-terminal cytoplasmic tails display Tyr-containing signals.

Secretion
Constitutive secretion occurs in all cells (collagen, immunoglobulin, albumin are examples of proteins constitutively excreted). Some cells respond to chemical stimuli (secretogogues) to release pre-made granules of secretion products. These granules are thought to form, in part, thanks to self-aggregation in vacuoles due to the reduced pH of the trans Golgi complex. The secretogogue probably works through a second messenger (Ca++) to trigger fusion of the vesicles with the plasma membrane.

Specialized “secretory lysosomes” are involved in cell defense and blood clotting. In polarized epithelial cells, the apical and basolateral membrane faces are chemically distinct, and sorting to one or both surfaces is signal-mediated.
Endocytosis
Phagocytosis
Used to kill pathogens, remove apoptotic and necrotic debris and senescent RBCs. It can be thought of in three steps:

Attachment. Ligands are required on the particle and receptors are required on the cell. This can occur at 4oC w/o energy cost.

Engulfment. The membrane reaches around the target, and membrane fusion to produce the phagosome requires temp>18oC, energy, and actin rearrangement.

Degradation. Lysosomes fuse with the phagosome.

Invaders can be killed via an oxygen-dependent pathway (reactive oxygen radicals) or an oxygen independent pathway (lysozyme, defensins, and other lysosomal enzymes).

Clathrin-dependent endocytosis
Used to uptake small molecules that bind via charge or ligand-receptor processes. Receptors localize at clathrin-coated pits; vesicles are internalized; clathrin is released and recycled; then, vesicles fuse with an endosome. In obscene detail:

Clustering. Cytoplasmic internalization signals (Tyr or ‘di-leucine sequence’) on some plasma-membrane proteins target them for clustering at clathrin traps and eventual internalization. Constitutive receptors are always clustered, whereas induced receptors cluster and internalize only after ligand binding.
Internalization. Clathrin forms a ‘basket’ network of triskelions (three-legged proteins) on the cytoplasmic surface of the plasma membrane. Adapter proteins are required for assembly, as they recognize the cytoplasmic tails of receptors as well as the clathrin triskelions. Adapter proteins (APs) link the clathrin lattice to the membrane bilayer. Different adapters link clathrin to different structures (AP-1 to trans Golgi, AP-2 to plasma membrane, etc.). Dynamin, a G-protein, assists in the fission of the invaginated vesicle.
Uncoating. An Hsp70 protein probably releases clathrin from the vesicles.

Vesicle fusion. Vesicles fuse with one another and/or with endosomes in order to sort incoming vesicles and their contents. As the pH drops, different receptors and ligands dissociate; this is probably an important ligand sorting (and receptor recycling) mechanism. 

Other types of endocytosis
Macropinocytosis is a form of fluid-uptake endocytosis where the new vacuoles are larger than those generated by clathrin-mediated endocytosis. Lamellapodia (membrane ruffles), aided by the actin skeleton, engulf extracellular fluid.

Fluid-phase pinocytosis is a vestigial, non-specific form of fluid internalization.

Potocytosis utilizes caveolin-coated pits to uptake small molecules.
Lecture 4 – Mitochondria & Peroxisomes

R.E. Jensen. September 28, 2006

Mitochondria
Mitochondria are double-bilayered organelles with variable morphology (but distinctive internal ruffles called cristae).  They localize near sites of ATP usage and may be trafficked via microtubule attachment. Mitochondria use oxidative phosphorylation to convert carbohydrates, fatty acids, and amino acids into carbon dioxide. They generate a proton gradient in the intermembrane space and use that gradient to drive the F1/F0 ATPase, producing ATP as a result. Mitochondria are also involved in the biosynthesis of heme, urea, and other chemicals. While the outer membrane contains various pores and is permeable to small molecules, the inner membrane is impermeable to virtually anything but water. Even ATP/ADP require a transport (an antiporter) to exit the mitochondrion.
The mitochondrial matrix contains most of the mitochondrial protein, as well as the 16.6kbp circular DNA in high-copy-number (100). Drugs which are harmful to bacteria may be harmful to mitochondria, which encode their own bacteria-related ribosomes. Mitochondria utilize U-ultrawobble (can pair with anything) and slightly different codons from the cellular code. 

Despite the fact that mitochondria encode their own ribosomes and a few proteins, they require hundreds of proteins produced by nuclear genes. Therefore, they require a protein import system. Mitochondria import works as follows:

Presequences are the basic/hydroxylated signals which target many proteins for the mitochondrion (sequence is then cleaved). Hsp70-family chaperones maintain the translated protein in a pre-folded state. The protein is trafficked to the mitochondrial membrane, where the presequence is recognized by the Tom complex, a translocon. A Tim complex (another translocon) permits the protein to enter the matrix, where more chaperones help tug the protein through. A matrix protease helps cleave the presequence, if present. To be complete, there are different Tim complexes for matrix proteins and for membrane proteins.
Peroxisomes
Peroxisomes have a single membrane and highly concentrated proteins inside (sometimes these proteins even crystallize; such natural X-ray crystallographers). Peroxisomes are involved in β-oxidation of long-chain fatty acids, and in oxidase/catalase mediated hydrogen peroxide metabolism. Cytosol-translated proteins are imported into the peroxisome post-translationally. Transport requires ATP, a PTS1 or PTS2 signal on the protein to be imported, a cytoplasmic PTS receptor, and peroxisomal pore.
Lecture 5 – Chaperones, Quality Control, and Turnover

C. Machamer. September 29, 2006

Measuring turnover
Pulse-chase experiments are well-suited to studying degradation pathways: introduce a radioactive aa into the cell (S35-Met or S35-Cys), wash and incubate for a known amount of time with nonradioactive aa’s, then immunoprecipitate the protein of interest and run on a gel. Different times of non-radioactive incubation will give different amounts of signal. This can be used to determine the half-life of the item of interest.
Chaperones
Chaperones bind to the non-native conformations of other proteins and assist it in folding, oligomeric assembly, transport to a subcellular compartment, or degradation (whichever may be appropriate). Chaperones work to prevent aggregation. They do not affect folding rates, and are therefore not ‘folding catalysts’.

There are three major categories of chaperones, also called ‘heat shock proteins’ (HSP):

Hsp70 proteins (BiP in the ER) bind to short segments of unfolded polypeptides, preventing aggregation. 

Hsp60 proteins (GroEL in bacteria, TriC in eukarya) are thought to suck proteins into a large cavity and allow them to refold. In the cytosol, Hsp60 acts after Hsp70 gets first shot.
Hsp90 proteins are required for the maturation of steroid hormone receptors and signaling kinases.

Lipid turnover
Lipids are essentially remodeled, not degraded. 

Glycerophospholipids are remodeled throughout the cell. They can be used to produce second messengers, for example, but can be imported via vesicular transport and degraded in lysosomes if necessary.

Cholesterol cannot be degraded. 

Sphingolipids are centrally processed by lysosomes. Glycolipids’ and sphingolipids’ localization in the outer leaflet of the plasma membrane may partially explain why they may be degraded in the lysosome. 

Protein turnover
Protein turnover in the cell typically occurs via the ubiquitin (Ub)-mediated pathway (selective activation) or via the lysosome (compartmentalization). About 40% of the proteins in a cell are degraded over 24 hours, and degradation appears to be random (there is no obvious ‘age’ tag, though consider polyUb).  The propensity for degradation of any given protein depends upon its gross features (charge, fold, size) and specific motifs (degradation signals).

Ubiquitin-mediated protein turnover (selective degradation)
Proteasomes are proteolytic systems which localize in the cytosol and in the nucleus. The 20S core and two 19S caps come together to form the 26S proteasome. The 26S proteasome degrades polyubiquitylated proteins in an ATP-dependent manner. After a ubiquitinated substrate is brought to the proteasome cap, the cap’s ATPase activity (probably) unfolds the protein and translocates it into the proteolytic cavity. Here, the protein is chopped into 7-8aa polypeptides and released. An isopeptidase in the cap is required to remove (and thereby recycle) the ubiquitin.
Ubiquitin tagging itself is a process involving three ubiquitin ligases. E1 activates the 76aa ubiquitin and conjugates it to an E2 ubiquitin ligase. The E2 is bound to a specific E3 ubiquitin ligase, which itself is bound to the protein to be degraded. The E2 then transfers the ubiquitin to a lysine in the target protein. E1 continues shuttling more ubiquitin to the E2, which adds ubiquitin onto Lys48 of the previously attached ubiquitin of the unfortunate victim-protein.
Motifs determining ubiquitination:
N-end rule: F, L, W,Y, R, K, and H residues at the N-terminus ‘destabilize’ proteins (increase their propensity for becoming selectively degraded). This is rarely used for native cytoplasmic proteins.

PEST sequences: P, E, S, and T sequences, where exposed on the surface of a protein, appear to target for ubiquitination.

Destruction boxes: Cyclins and other regulatory proteins have a consensus sequence which I will not reprint here due to its total lack of aesthetic value.

Calpain (calmodulin-like Ca++-binding domain, papain-like catalytic domain) is a protease which localizes at membranes and is activated by Ca++ binding. It does not destroy proteins but instead performs limited digestion, acting as an inhibitor.
Proteins in the endoplasmic reticulum which are improperly folded face retrograde translocation (not through Sec61), glycosidation, ubiquitination, and eventual proteasome degradation. Calnexin initially recognizes commonly misglycosylated motifs.

The unfolded protein response is a downregulation of protein production and an increase in chaperone production. Probably mediated via a recognition of a dwindling pool of free BiP.
Lysosomal degradation (Compartmentalization)
The M6P tag targets lysosomal proteases to their destination. Endoproteases (often cathepsins) first cleave the protein, then exopeptidases continue with the degradation.
Victims enter the lysosome via phagocytosis (bacteria), endocytosis (food particles and some down-regulated plasma membrane receptors), macroautophagy (mitochondria, ER, cytosol under starvation conditions), and microautophagy (cytoplasmic domains of membrane-spanning domains).
Lecture 6 – Cytoskeleton
Douglas Robinson. September 29, 2006

Cytoskeletal filaments
Microfilaments (actin) support myosin-based motility and contraction. Actin forms a polar, 8nm-wide right-handed helix. Each actin subunit has an ATP binding cleft. Polymerization can occur only once a stable trimer of actin has formed. Nucleation can also be catalyzed by Arp2/3 and formins, which act as branched nucleation sites for actin filament elongation.  Once in the polymer, actin quickly hydrolyzes ATP to ADP. A major difference between the + end and the - end, indeed, is that the + end has actin-ATP while the - end has actin-ADP.
Actin elongation is regulated by critical concentrations, which are different for each end due, in part, to this difference. As long as the concentration of the actin monomer is above 0.15μM, actin will extend towards the plus (barbed) end; for the minus (pointed) end, this value is 0.6μM. Importantly, for monomer concentrations between these critical concentrations, actin will treadmill, extending at the plus end and falling apart at the minus end. The cell can use actin sequestering proteins, though, to maintain concentrations of actin above the upper limit shown here. This, along with seeded nucleation and filament severing proteins, facilitates rapid filament extension on demand.
In addition to serving as scaffolding upon which motor proteins walk, actin also drives cellular locomotion by pushing the cell membrane forwards. Additionally, some vesicular trafficking uses actin filaments.
Microtubules (tubulin dimers) form the mitotic spindle and are used in long-distance transport and signaling. They are rather rigid. Αβ-tubulin, an 8nm long heterodimer, binds GTP and forms polar tubes 25nm wide. Each tube consists of 11-15 protofilaments. Like actin, tubulin must form a nucleation site before elongating into tubules. γTURC is a stable complex of 13 γβ-tubulin subunits, taking on the role of actin’s Arp2/3.  Like microfilaments, microtubules have a fast-growing + end and a slow-growing - end.
Microtubule elongation has a critical concentration (14μM).  Dynamic instability is a hallmark behavior of microtubules. When the microtubule cap is bound to GTP, it facilitates extension. If the cap hydrolyzes GTP to GDP before the addition of another tubulin dimer, the microtubule shrinks rapidly in a catastrophe. This leads to fewer but longer microtubules, and can be regulated by accessory proteins.

In mitosis, microtubule dynamic instability is used to extend towards the chromosomes from the centrosome, and ‘retry’ via catastrophe until the kinetochores (or anti-parallel microtubules at the central spindle) are finally found.
Intermediate filaments (keratins, lamins, neurofilament proteins) give structural and mechanical integrity to the cell. Coiled-coil dimers form nonpolar 10nm-wide polymers. Motors do not traverse intermediate filaments, and intermediate filaments do not require ATP to assemble.
Cytoskeletal motor proteins
Myosins traverse actin filaments. They all have a catalytic P-loop (for ATP-binding), an actin binding interface, and a converter domain. Because the actin subunits are roughly 8nm long, myosins take steps which are roughly multiples of 8nm. Myosin can be found in dimers, but it can also form hundred-plus-mers with hundreds of heads attached to an actin filament.
The myosin cycle can be thought of as two cycles: an ATPase cycle and a motility cycle. ATP binds to myosin, releasing it from the actin filament. ATP is hydrolyzed to ADP+Pi, both of which remain bound to myosin. In this state, myosin can weakly bind to actin. Once bound, the phosphate is released as the myosin undergoes a conformational shift towards tight binding, thereby taking a step. (This coupling of actin-binding to Pi release prevents needless ATP burning by free myosin. As you can imagine due to the massive physical rearrangement, this is also the slow phase for the ATP cycle.) ADP-myosin is now strongly bound to the actin, and it eventually kicks off the ADP. (This is the slow phase for the motility cycle since it prevents other heads in the ensemble from moving too far ahead.) Now it remains bound to the actin filament until another ATP binds to myosin. 
The timescale for actin release is called the strongly bound state time (ts). The time spent in this state, as a fraction of the total time taken in the entire cycle, gives the duty ratio (ts/tc). A high duty ratio indicates that the myosin heads spend much time bound to the actin filament. Processive ‘walker’ myosins, which are often dimers or monomers, tend to have high duty ratios as they can’t afford to fall off of the actin filament. Low duty ratio myosins, nonprocessive ‘rowers’, tend to be multi-hundred-mers. They can afford to have each head spend less time bound (since they are not likely to fall off of the filament thanks to the other bound heads). Rowers traverse actin ~10x faster than walkers; muscle myosins tend to be rowers.

Most myosins, save myosin VI, walk towards the + end of actin filaments.
Kinesins and dynein
Some kinesins walk towards the + end (Nod) of tubulin microtubules, while others walk towards the - end (Nac). Kinesin is processive, and takes up to 100 8nm steps before fully letting go of a microtubule. As opposed to myosins, ATP binding (not phosphate release) powers the work step of kinesins. Dynein is similar to kinesin, though it is mostly for motility appendages like cilia; it will take smaller steps under higher load (like downshifting in your car).
Lecture 7 – Mechanics of Cell Division
Douglas Robinson. September 29, 2006

A brief history of mitosis
In S-phase (part of interphase), the centrosomes are duplicated. At prophase, centrosomes polarize and microtubule extension begins. By metaphase, the chromosome kinetochores have been captured by microtubules, and the chromosomes are brought into the midplate of the cell by opposing motors. High levels of cyclin-cdk2 are maintained until this alignment has occurred. In anaphase, the cyclin component of cyclin-cdk2 is degraded, allowing separase to release the sister chromatids. In anaphase A, the chromatids separate; in anaphase B, the mitotic spindle continues to push the centrosomes (and, consequently, the attached chromatids) apart. In telophase, the nuclear envelopes reform; concomitantly, cytokinesis is driving the abscission of the cell.
Chromosomes contract in length 50-fold thanks to condensins, antiparallel coiled-coil ATPases which grab two sites on the same DNA strand, and cohesins, which grab two sister chromatids. Cohesin is fully degraded at anaphase.
Three major populations of microtubules involved in mitosis are astral MTs, kinetochore MTs, and interdigitating MTs. Astral MTs connect the centrosomes to the cortex and essentially maintain proper cell geometry. Kinetochore MTs grab the centromere region of the chromatids and eventually will be used to pull apart the sister chromatids from the metaphase plate. Interdigitating MTs originate at the centrosomes and extend towards the opposite chromosome but do not connect to chromatids. Motor proteins (bipolar kinesin, after activation by Aurora A) utilize this scaffolding to do things such as promote anaphase. At telophase, for example, mitotic kinesins (MKLP family) associate with the interdigitating MTs and deliver signals to the nascent contractile ring. Myosin II and actin are important parts of the contractile ring.
The Auroras and the Polo kinases are involved in proper mitosis and cytokinesis progression. The BRCAs are required for cytokinesis, especially for keeping myosin II at the cleavage furrow. All of these oncogenes coordinate motor function during cytokinesis.
Chromosomal damage can lead to anaphase bridges. Dicentric chromosomes, which contain two centromeres, come about due to double-strand DNA breaks followed by improper fusion. Polyphenols from cigarettes can produce free radicals, promoting dsDNA breakage and, therefore, anaphase bridges. Asbestos fibers act as physical barriers to abscission.

Lecture 8 – The Cell Cycle

RE Jensen. October 2, 2006

Some of the most fundamental growth/proliferation control factors include: 

Extracellular factors (such as hormones), which tell cells whether to proliferate, survive, or apoptose.
Physical attachment to the extracellular matrix and neighboring cells (such as via integrin).
The cell cycle is regulated by Cdks (cyclin-dependent kinases), which themselves must be regulated. Cell cycle control is exclusively via post-transcriptional mechanisms in the embryo, though adult somatic cells do modulate transcription to regulate cyclin synthesis and degradation.

Cdk regulation
· Cyclins activate and modulate the target specificity of Cdks; there are four aptly-named cyclin-Cdk complexes: G1-CDK, G1/S-CDK, S-CDK, M-CDK. These cyclin-Cdk complexes phosphorylate various targets, ultimately (1) turning on the machinery for the next phase of the cell cycle or regulating cell cycle events, and (2) turning on the machinery which will degrade the currently-active cyclin.

· SCF (aka CDC34) is a constitutive E2-E3 Ub-ligase which targets only phosphorylated G1/S cyclins and CKIs (see below) for degradation.

· APC (Anaphase promoting complex) is another E2-E3 Ub-ligase which targets M-cyclins and other mitotic regulators, such as the anaphase-blocking securin, for degradation.

· Cyclin-Cdks require activation by a Cdk-activating kinase (CAK).

· Cdk inhibitors (CKIs) such as p27 or p21 bind to cyclin-Cdks, rendering them inactive as kinases.
· Cdk activity can be suppressed by inhibitory kinases such as Wee1. This suppression can be reversed by phosphatases such as Cdc25. This is a particularly useful regulation method: it allows for the accumulation of cyclin-Cdks which may rapidly be de-suppressed, thereby acting as an all-or-nothing switch turning on, say, mitosis.

Cell cycle (24 hours)
G1 (10 hours)
Size, DNA integrity monitored. Cells respond to extracellular factors at this point and take these into account when deciding what to do next: enter S-phase, enter G0 (quiescence), or apoptose. The G1-S transition is called the restriction point because of this important decision. If cells decide to enter S-phase, they essentially cannot turn back. 
The beginning of G1 is devoid of cyclin-Cdk activity due to CKI presence, APC activity, and the inhibition of cyclin transcription. G1 cyclins, which are not inhibited by APC or by the p27 CKI, begin to build up and will trigger entry to S unless signals are sent to block cell-cycle progression. Thus, the G1-S restriction point is transcription-dependent in somatic cells.
S-phase (7.5 hours)

Replication begins at origins of replication. The origin recognition complex (ORC) binds to these sites and loads the DNA replication (and replication inhibition) machinery during G1. To begin S-phase, S-Cdk phosphorylates ORC and Cdc6 (a replication inhibitor). This causes SCF to target Cdc6 for destruction, allowing replication to begin at each site. (When the cell returns to G1, ORC will become dephosphorylated, capable of binding to newly synthesized Cdc6.)
G2 (3.5 hours)

Decisions are made here; cold temperature, microtubule problems, DNA damage, or incomplete replication could lead to a delay before entering mitosis.

Mitosis (1 hour)

See the previous lecture for details of mitosis. Germane to this discussion is the fact that the sister chromatids are held together at the metaphase plate by cohesins. Separase cleaves a cohesin subunit and allows the cells to progress to anaphase, but it cannot do this normally since it is blocked by securin. APC targets securin for degradation, allowing separase to cleave the cohesins.
Checkpoints
There are four major checkpoints: One responds to signaling, two check for DNA damage, and the fourth checks for proper chromosome attachment to the spindles during metaphase.

Signaling – The Restriction Point is discussed above. E2F (a transcription factor) promotes growth while Rb blocks E2F. Growth signals lead to Rb phosphorylation and, consequently, release from E2F.

DNA damage – Cells with DNA damage halt at late G1 or late G2. 
In late G1, Mdm2 promotes progression to S by targeting p53 for degradation. However, DNA damage causes p53 to become phosphorylated. In this state, Mdm2 cannot bind p53, which promotes transcription of the CKI p21 (and itself).

In late G2, cell cycle halting is accomplished by inactivation of Cdc25 until damage is repaired. 
Chromosome attachment – The Metaphase Checkpoint is used to ensure that each chromosome has been successfully encountered by microtubule spindle. Once this occurs, anaphase may begin.
Lecture 9 – Signal Transduction in Cell Regulation

P. Devreotes. October 2, 2006

Growth vs. proliferation: ‘Growth factor’ is used loosely. Mitogens promote cell proliferation, whereas true growth factors promote cell growth. Of course, cells often both grow and divide, too.
Various extracellular stimuli trigger cellular response, including light, chemicals, mechanical force, and temperature. Chemical signaling can be further broken down into direct (integrin-mediated), endocrine (via vasculature), paracrine (sensed by nearby cell), and autocrine (secreted and sensed by the same cell).
Signal transduction systems involve ligand reception, information transfer (often conformational change), amplification and networking, and adaptation and desensitization.

Common themes in signal transduction
	Receptor class:
	Details:

	Ion channel
	Allows ion flow in order to change membrane potential

	G-protein coupled receptors
Examples: rhodopsin, olfactory receptors, gustatory receptors
	Acts as GEF for heterotrimeric G-proteins, turning on G-protein signaling. GPCRs are 7TM helical membrane-spanning proteins. The G-proteins themselves are either ‘large G-proteins’ or ‘GTPase switches’. The large proteins contain α subunits with GTPase activity, as well as a βγ subunit. The small proteins have just one subunit, which itself has GTPase activity.

	Tyrosine kinase linked

Examples: EPO receptor, HGH receptor, Interleukin receptor, EGFR, PDGFR
	Growth factor receptors: Contain two identical 1TM subunits which dimerize upon ligand binding. Autophosphorylation recruits adapter proteins. Alterations in RTK pathways often found in cancer.

Cytokine receptors, integrin receptors: Dimerization recruits adapters, including a subunit with kinase activity.

Antigen receptors: Dimerization may induce tyrosine phosphatase activity instead of kinase activity.

	Receptor enzyme

Example: guanylyl cyclase
	Carries out enzymatic activity directly on substrate of interest.

	Cytoplasmic receptor

Example: soluble gyanylyl cyclases, steroid receptors
	Any number of functions. Ligand passes directly through membrane. These are ‘chimeric’ – the ligand binding domain is fused to a transcription factor.


Second messengers, sometimes called effectors, propagate the signal. Usually they are produced by enzymes downstream of the receptor in the signaling pathway, but sometimes the receptor itself (‘receptor enzyme’) produces them directly. cAMP, cGMP, IP3, DAG, calcium, and PIP3 are important secondary messengers.

Know how G-proteins, such as Ras, function. A membrane-bound receptor acts as a GEF, turning on Ras. Ras will naturally deactivate itself, but this can be accelerated by a GAP.

Phosphorylation is another important signaling mechanism. Generally, kinases add phosphates to proteins and phosphatases remove phosphates. The MAP kinase pathway involves Ras, and is an example of a phosphorylation cascade. It is written specifically for the EGFR pathway, and then in general form, below: 

EGFR ( Grb2/SOS ( Ras ( Raf ( Mek ( Erk ( transcription factors

Receptor ( Adapters ( Ras ( Mapkkk ( Mapkk ( Mapk ( transcription factors

The same essential pattern also holds for the PI3K pathway, ultimately turning on the ‘mTOR complex’. Insulin and cell nutrient levels can influence this pathway.
Often, adapters are needed to link a receptor to a pathway. In the MAP kinase pathway shown above, Grb2 and SOS are needed to link tyrosine kinase receptor activation with the activation of Ras. ‘Scaffolds maintain specific groups of proteins within pathways.’
In real cells, factors found in serum are required to pass the restriction checkpoint in G1. Serum deprivation results in the rapid degradation of cyclins and Cdk. Mitogenic signals regulate early and late response genes. Early genes, like myc, fos, and jun, are transcribed within 15 minutes of receiving a signal. The late response genes require the myc, fos, and jun protein products (as well as cyclin-Cdk) in order to be transcribed.
Lecture 10 – Blood

Chi V Dang. October 2, 2006

Blood is mobile and oft-replaced. It can be fractionated into a cellular component and a liquid component, plasma. Serum is plasma without its clotting factors. 
Hematopoiesis
The pluripotent stem cell resides in the marrow and differentiates into cardiomyocytes, endothelial cells, neural cells, hepatocytes, and blood cells. Its offspring progress through committed progenitor stage (where they become irreversibly differentiated), and then enter maturity.
Regulation of hematopoiesis involves stromal-cell-associated factors and glycoprotein growth factors, especially colony stimulating factors (CSFs). For example, kidney cells can sense a low O2-carrying-capacity; in response, they produce the red cell growth factor erythropoietin. 

Diseases that arise from the lack of blood cells include aplastic anemia and myelodysplastic syndrome. Mutations in the stem cell or in committed progenitor cells can give rise to leukemias and lymphomas.

Blood cell lineages
These include erythrocytes, platelets, lymphocytes, and myelomononuclear cells. Myelomononuclear cells include granulocytes (neutrophils, eosinophils, and basophils), as well as monocytes/macrophages.

Erythrocytes (RBCs)
RBCs carry oxygen to tissues. Anucleate biconcave cells, rich in hemoglobin and sparse in organelles. They spend all of their time in the vasculature, especially in capillaries. The cytoskeleton of RBCs gives them resilience against the deformation that they suffer in the capillaries. Normally, 1% of RBCs in circulation are reticulocytes, so named due to the staining of their residual polyribosomes. More reticulocytes are produced in response to blood loss. Anemia (‘want of blood’) can result from deficient RBC production or from excessive RBC destruction, especially due to malformation of the RBC skeleton.

Size: 8μm


Development time: 7 days


Lifespan: 120 days


Stimulant: Erythropoietin

Platelets
Platelets sense vessel collagen during injury and form a platelet plug. They then activate the intrinsic clotting cascade, and ultimately they help to repair the damage and retract the clot. They are anucleate fragments of cytoplasm and membrane containing two populations of granules: one with ADP, sereotonin, fibrinogen, and thrombospondin, and another with PDGF. Platelets develop from the bone-marrow-contained megakaryocytes, which extend thin processes into local blood sinuses. These processes pinch off to form platelets. A long microtubule maintains platelet shape. 1/3 of all platelets are stored in the spleen to aid in the acute post-injury phase. Thrombopoietin is normally bound to the platelets, but when the platelets become disabled it dissociates. Thrombopoietin then triggers megakaryocytic precursors to produce more megakaryocytes. Immune thrombocytopenia is a disease in which the immune system destroys platelets.

Size: 3μm


Development time: 5 days


Lifespan: 10 days


Stimulant: Thrombopoietin

Myelomononuclear cells
Though they circulate in the blood stream, their main role is typically in the tissues.

Neutrophils
Primarily, neutrophils clear and neutralize bacterial pathogens. They have a characteristic oxidative burst after phagocytizing bacteria, killing both the neutrophil and the invader. They contain secreted specific granules, with lactoferrin, complement receptors, and adhesion-molecule/chemoattractant receptors. They also contain non-secreted azurophilic granules, containing lysosomal enzymes, myeloperoxidase, defensins (cationic antibacterial proteins), and collagenase. Neutrophils rely on their large glycogen stores instead of mitochondrial ox-phos. 

Size: 13μm

Distinguishing feature: multi-lobed nucleus. 60% of WBCs

Development time: 7 days


Lifespan: 8 hours in the blood stream, and then 24 hours in the tissues
Eosinophils
Eosinophils probably fight helminthic infections (worms). They have a bilobed nucleus and specific granules rich in basic proteins.
Size: 14μm

Distinguishing feature: 1-3% of WBCs

Development time: 7 days

Lifespan: 10 days

Basophils
Basophils are the least abundant granulocytes. They play a large role in allergic reactions, since they bind IgE. They then release their granules, which are rich in serotonin and histamine. In tissue, their counterpart cells are mast cells.
Size: 14μm

Distinguishing feature: ‘obliterated’ nucleus <1% of WBCs


Development time: 7 days


Lifespan: hours

Monocytes and macrophages
Monocytes enter the tissue within 1 day and differentiate into tissue-specific macrophages. Upon encountering a threat, resident macrophages become activated. They (1) phagocytize cellular debris and pathogens, and (2) orchestrate the immune and inflammatory responses (in part, by presenting antigens to lymphocytes). They can secrete cytokines, which aid in influencing the activity of other wound-healing cells.
Size: 20μm

Distinguishing feature: large, kidney-shaped nucleus. 5% of WBCs


Development time: 3 days


Lifespan: months

Lymphocytes
We will deal with these in immunology.

Lecture 11 – Cell Growth, Death, and Cancer

P. Devreotes. October 3, 2006

Necrosis is accidental cell death from traumatic injury. Autophagy is self-digestion in order to conserve resources during cell starvation. Apoptosis is programmed cellular self-destruction. It is characterized by, among many biochemical changes, cell shrinkage and ordered self-destruction via blebbing. Apoptosis does not induce the inflammatory response, and is critical in embryonic development, tissue homeostasis, developing self-tolerance, eliminating inter-digital webbing, destroying virus-infected cells, etc.
The apoptotic progression roughly looks so: (1) Insult occurs, triggering the latent phase. The cell is condemned, but can be rescued by survival factors. No apparent changes. (2) The cell becomes committed to apoptosis. No apparent changes. (3) Ultimately, the cell enters the execution phase, and executes apoptosis. The blebs are recognized by phagocytes; phosphatidylserine (PS) becomes exposed on the outer leaflet, acting as one of the signals attracting phagocytes.
The proteolytic cascade
Key players in apoptosis include caspases, adapters, inhibitor of apoptosis proteins (IAPs), and IAP inhibitors. Caspases function in two major apoptosis activation pathways: extrinsic and intrinsic. Despite this distinction, the pathways are networked; for example, a mitochondrial pathway in the intrinsic pathway (outlined below) is probably used to amplify the extrinsic pathway, too.
Caspases are cysteine proteases which cleave at aspartic acid residues, disassembling the proteins inside of an apoptotic cell. They are synthesized as procaspases, and activated by cleavage. Initiator caspases self-cleave when their prodomains bind to the right proteins, while effector caspases are activated by the initiators and generally lack prodomains. Caspase 9 is an initiator with caspase recruitment domains (CARDs). Caspase 8 is an initiator with death effector domains (DEDs). Caspase 3 is an effector. The adapter proteins which activate the initiator caspases contain like domains (CARDs to activate caspase 9, DEDs to activate caspase 8).
Activation
In extrinsic activation, a ligand may bind to a death receptor (e.g. Fas or Tnfα). The Fas receptor, when ligand-bound, has a functional DED cytoplasmic tail that triggers the proteolytic cascade via caspase 8. In intrinsic activation, DNA damage that cannot be repaired may trigger the cascade. Cytochrome C can associate with Apaf, a CARD adapter, and activate caspase 9.
The cascade
The now-active initiator caspases cleave effector procaspases (such as caspase 3, which lacks a DED or a CARD). Effector caspases cleave many cytoskeletal proteins and regulatory proteins. There is even a caspase-activated DNAse (CAD) which cleaves DNA into nucleosome-sized fragments after the destruction of its inhibitor by a caspase.

Regulation of the proteolytic cascade
Bcl-2 proteins
There are pro-apoptotic and anti-apoptotic proteins within the Bcl-2 family. Their characteristic, regardless, is the presence of a Bcl-2 homology (BH) domain. Bcl-2, for example, can block cytochrome C release from the mitochondrion (anti-apoptotic). Bcl-XL is involved in the formation of pores in the mitochondrion (pro-apoptotic).

Inhibitor of apoptosis proteins (IAPs)
Some of these proteins block procaspase cleavage, and others inhibit active caspases. The mitochondrially released Smac/DIABLO is an inhibitor of IAPs, allowing apoptosis to occur despite the presence of IAPs.
Signal transduction, growth control, and cancer
Growth factor pathways
The growth factor pathway is re-emphasized here (EGF ( EGFR ( Ras ( Raf ( Mek ( Erk ( Elk-1). 25% of all human cancers involve Ras mutations. Alternatively, fusion of an extracellular dimerization domain to a transmembrane growth factor receptor can lead to a similar constitutively-on phenotype.

PI 3-Kinase / PTEN pathways
The PI3K-PTEN pathway ultimately produces PIP3. PIP3 is a growth signal (by activating mTor and modifying the cell cycle machinery) and an anti-apoptotic signal (by phosphorylating Bcl-2). PI3K is an oncogene, as it produces PIP3. PTEN is a tumor suppressor, as it degrades PIP3. 50% of all human cancers involve this pathway.

P53
P53 is a tumor suppressor which can arrest the cell cycle or induce apopotosis. Mdm2 is an E3-Ub-ligase that targets p53 for destruction. Excess mitogenic signaling leads to the inhibition of Mdm2 by p19ARF. If p19 fails to inhibit Mdm2, or if Mdm2 over-antagonizes p53, or if p53 loses function, tumor suppressor activity can be lost.
Lecture 12 – Overview of Membrane Physiology

Peter Maloney. October 3, 2006

The chemiosmotic cycle involves converting chemical bond energy into chemical and electrical gradients which themselves can be used to drive some tertiary event. Pumps push ions up their gradient, while ion channels manipulate this gradient to modulate membrane potential. The relationship between ionic concentration gradients and the membrane potential is treated by the Nernst equation (equilibrium) and the GHK equation (steady-state). The relationship between equilibrium and steady state is like that between enzyme-mediated catalysis and combustion: enzyme catalysis results in a back-and-forth of products and reactants and is infinitely maintainable, whereas fire requires constant influx of oxygen and hydrocarbon to continue creating the same output.
There are two flavors of pumps: ion-motive pumps, which take part in chemiosmotic cycles, and ABC transporters, which generally don’t.
Ion-motive pumps
The chemiosmotic cycle described above is necessary for osmotic work, chemical work, and even mechanical work in the cell. Proton circuits are the most commonly found in biology, while sodium circuits are key to mammals. There are three superfamilies of ATP-driven pumps:


F0F1

H+ pumps

E1E2

Na+/K+ pumps

ABC

Cl- pumps

Of K+, Na+, Cl-, and Ca++, K+ is the only one which has a higher concentration inside of the cell vs outside.
Nernst
Nernst Fact: If your membrane is impermeable to ions, the potential is zero (regardless of any ionic imbalance across the membrane).
Nernst Strength: The Nernst potential is an equilibrium potential: if you let just one type of ion pass through a membrane, the Nernst potential tells you what the equilibrium potential across that membrane will be. 
Nernst Weakness: If you let two ionic species pass through a membrane, their Nernst potentials tell you where the maximum and the minimum equilibrium potential could be, but it can’t tell you where it actually will be. (GHK can do that.)
For ionic, +1 charged species X:

EX = -(RT/zF) ln([X]in/[X]out)

or 
EX = -(60mV) log([X]in/[X]out)
Nernst Principles
1) Just a few ions can generate a relevant electric potential.
2) Generally, internal and external concentrations are not affected by the movement of the few ions that cross a membrane to generate an electric potential.

3) For pumping, it is important to remember that electric potential builds up much faster than a concentration gradient (consider the usefulness of antiporting another similarly charged ion or to symporting an oppositely charged ion.)
Nernst Examples
There are two basic questions to ask here: how many ions leave to establish a potential, and does this flux change the concentration?  In the textbook example (150mM K+ inside, 1.5mM K+ outside, 0.1μm radius vesicle).
For the first question, the solution is:

# of K+ moved = [# of K+ moved per cm2] x [Surface area of vesicle in cm2]

We must use Q = CV and unit conversions to get [# of K+ moved per cm2]. Ultimately, we can see that for a 0.1μm vesicle under the conditions specified, only 912 K+ had to leave to generate that potential. This quickly leads to the answer to the second question: only about 1 in 400 K+ ions (or fewer in bigger vesicles) had to flow out of the cell, so [K+] is essential constant.

Kinetically, the ion channels are slow to open and slow to close, while ionic transport through an open channel is rapid (107 ions/sec). Thus, the regulated activity of ion channels sets the moment-to-moment value of the membrane potential. Single-channel kinetics behave more or less like a square wave.
GHK
GHK allows you to find the steady-state, not equilibrium, membrane potential thanks to balanced flux of multiple, different ionic species. The net current must be zero (though gross current can exist), and no divalent species must be involved (for our purposes). Permeability involves the number of channels for a given ion and the rate at which the ion moves through those channels. Permeability is represented as a simple coefficient in the GHK equation. Note that GHK is oriented such that internal positive ion concentrations are in the numerator, while internal negative ion concentrations are in the denominator. (This comes from z=+1 in the full form of the GHK equation.)
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Case History I: the lysosomal pH gradient (pH 5.0)
V-F0F1 generates the pH gradient, but it’s electrogenic. It builds up [H+] without balancing [Cl-]. The electric resistance would kick in way before a concentration gradient could be made. Plus, the system is buffered. There are only two ways the H+ gradient could be generated without electronic resistance: either a channel must be letting Na+ or similar out of the lysosome, or a channel such as CFTR must be letting Cl- or similar in.

Case History II: fluid transport with an ABC transporter
ABC transporters have two nucleotide binding domains and two transmembrane clusters. MDR and CFTR are examples of ABCs. RING4, a transporter for antigen presentation (TAP), transports peptides into the ER for MHC display.
Lecture 13 – Ion and Solute Pumps
Rajini Rao. Octobert 4, 2006

Primary active transport uses chemical or electromagnetic energy to generate a transmembrane gradient. The hydrolytic domain of an ATP-utilizing pump can be 100Ǻ from the membrane surface, but it’s still tightly coupled to unidirectional ion transport. Translocation by pumps is highly specific and relatively slow. 
In contrast to the previous lecture, this lists four major ATPase families:

F-type (protons), V-type (like F-type), P-type (cations), and ABC (ions, drugs, lipids, sugars).

F-type: F1F0-ATP synthase
The ox-phos chain and the photosynthetic chain end up driving H+ up a gradient. In humans, the F1F0-ATPase makes use of this gradient (in the mitochondrial lumen) to produce ATP in the matrix. F0 is the intermembrane subunit and conducts protons. F1 is the matrix subunit and catalyzes ATP hydrolysis (or synthesis, if you couple it with F0). There are three catalytic sites in F1: tight, loose, and open. How does this work? The membrane subunit is caused to rotate, consequently driving the γ subunit to spin the catalytic sites. A rigid rod deforms the subunits (effecting the tight, loose, and open states). ADP and Pi are converted to ADP in the tightly bound state, and then the rotation of the subunits causes this tight state to become an open state, freeing ATP.
V-type:
V-type (vacuolar) ATPases acidify mammalian lysosomes, Golgi, clathrin-coated vesicles, endosomes, and secretory vesicles. There are three main differences between F0F1 and the V-ATPases:


Vacuolar ATPase burns ATP exclusively (it does not run backwards).

V1 alone does not hydrolyze ATP.


V0 alone does not transport H+.

Thus, assembly control of the V-type ATPases can help control vacuole acidification. Strikingly, V1 dissociates from V0 in the absence of glucose. Other acidification control methods include regulating Cl- channels, utilizing different V-type isoforms, and controlling the number of pumps per cm2.
P-type ATPases:
P-type ATPases generate the primary ion gradient across the plasma membrane necessary for channel function and ion-coupled transport. These are the reason that the K+-leak channels can leave cells resting at -70mV or so in neurons. The enzymes are characterized by changing from the E1 to the E2 conformation during the pumping process. β-aspartyl phosphate is a common intermediate in P-type ATPase reactions. The analog of β-aspartyl phosphate, vanadate, inhibits P-type ATPases.
The Ca++ pump works as follows: in the cytoplasm, two Ca++ ions bind the E1 conformation, which promptly binds an ATP and forms the phosphate intermediate. This, in turn, causes the enzyme to massively change conformation to E2. E2 has two unique features: first, its Ca++ binding site is oriented towards the lumen rather than towards the cytoplasm; second, it has 1/1000th the binding affinity for Ca++ that E1 has. The Ca++ ions are released into the lumen, while H+ exits through the P-type ATPase as it reverts to E1.
ABC transporters:
Each is specific for a single substrate, but there are tons of transporters. In addition to what was said about them in the previous lecture, some ABC transporters have an R (regulatory) domain. Their ATP binding domains have (1) ‘Walker A’ P-loops which contact the γ-phosphate group of ATP, and (2) a ‘Walker B’ aspartate which binds Mg+2.

ABC transporters can be used as pumps, driving charge separation via the hydrolysis of ATP. However, they can also be gated channels allowing ions to flow down their concentration gradients (CFTR). Sometimes they even regulate other channels; SUR probably directly contacts an ATP-sensitive K+ channel to regulate insulin release in β-cells.

Pumps, carriers, pores:
Pumps resemble carriers in that they often show occlusion – the transported particle, at one point or another during translocation, has access to neither side of the membrane. Channels, on the other hand, typically allow access to both sides of the membrane simultaneously.

Lecture 14 – Carriers, Facilitators, and Secondary Transport

Peter Maloney. October 5, 2006

Transporter classes
1 – Pores and channels

2 – Bacterial phosphotransferases

3 – Active transporters

4 – Porters aka facilitators aka carriers. 40% are in Major Facilitator Superfamily (MFS).

This lecture focuses on the fourth class.

Carriers move substrates along an electrochemical gradient without making or breaking covalent bonds. They ‘catalyze a series of readily reversible reactions.’ Note that they may move substrates “uphill” if coupled to the downhill transport of a cosubstrate or a countersubstrate. 

Carriers catalyze uniport, antiport, and symport. Uniport is, thermodynamically, a channel-like behavior of lone-substrate moving down its concentration gradient. Antiport (exchange) involves the exchange of one substrate for the other, while symport (cotransport) moves both in the same direction.

The glucose transporters (GLUT1) are historically relevant. Remember that:

Rate of glucose entry V = Vmax*So * (Km + S​o)-1. The carrier-substrate kinetic picture looks like:

S+ Cout ( SCout ( SCin ( S+Cin ( Cout

For antiport this simplifies, since Cin doesn’t have to jump back to Cout without a substrate. For symport, adding another stage (S​1S2C) is sufficient to understand kinetics.
Structures
Carriers are composed of single-polypeptides (usually monomers, but also homodimers and homotrimers). OxlT, an example of the monomeric major facilitator superfamily (MFS), is representative of other carriers in that it has 12 membrane-spanning α-helices. The cytoplasmic surface tends to be basic. Charged in-membrane residues tend to have catalytic function.
Carriers are not now thought to be mobile; instead, they act as mobile barriers. Again, they appear to alternate which face of the membrane has access to the interior of the cavity.

This lecture ends with a discussion of sodium circulation in mammalian cells. A Na-K ATPase sets up a higher concentration of Na outside the cell than inside. Digitalis can inhibit this (thereby increasing both Ca++ concentration and the contraction force in the heart). Furosemide inhibits a Na,K/2Cl symporter in the kidneys, causing increased secretion of salt and water. Prilosec inhibits an H-K ATPase in the gastric mucosa, reducing stomach acidity.

Lecture 15 – Muscle

Douglas Robinson. October 5, 2006

Skeletal, cardiac, smooth.
Sarcomere Morphology (Esp. skeletal muscle)
Fasiculi are bundles of muscle cells which usually reach from tendon to tendon. Muscle cells are also known as fibers. The fibers themselves are composed of myofibrils. The myofibrils are composed of sarcomeres, which ultimately attach to the plasma membrane at adherens junctions. The sarcomeres are composed of actin thin filaments and myosin thick filaments. The Z lines demarcate the ends of the sarcomeres; desmin anchors here. The light I band consists of non-overlapping actin, and shrinks upon contraction. The nebulin coiled-coil wraps around actin and may serve as a ‘molecular ruler’. The dark A (‘anisotropic’) band consists of myosin (and may overlap actin). The M line in the A band contains no myosin heads. More serial sarcomeres give a faster contraction. More parallel sarcomeres give a more forceful contraction.

[An image showing the I band, A band, H zone, M line, Z line, sarcomere, titin, and thin and thick filaments was removed]

Connections
Muscle fibers are ‘cross-linked’ by the IF desmin which binds at the Z-lines of sarcomeres. Dystrophin links the actin filaments of muscles with the extracellular matrix (often lamin).
Skeletal

Overview

Voluntary control via CNS.

Striated appearance due to alignment of sarcomeres.


Tendons attach muscle to bones. Ligaments attach bones to bones.


Flexors antagonize extensors.


Ability to generate high frequency and amplitude of contraction is desirable.
Action
Each muscle fiber is contacted by a single motor neuron; this neuron may contact thousands of fibers. The neuron + muscle fibers it innervates are collectively the motor unit. The innervation occurs at neuromuscular junctions, or motor endplates. An action potential causes the influx of Ca++ into the presynaptic neuron, which then triggers SNAREs to release acetylcholine (ACh). ACh triggers the opening of nonselective cation channels in the postsynaptic muscle fiber. This depolarizes the muscle and initiates the muscle action potential. Voltage sensitive Na+ channels open, propagating the potential.

T-tubules are invaginations in the plasma membrane which allow greater access of the interior of the (very long, remember?) muscle fibers, allowing lateral action potential propagation. In this way, muscle cell activation is made more synchronous. The T-tubules are placed close to the sarcoplasmic reticulum (SR) (called terminal cisternae just next to the T-tubules). At this junction, due to the voltage, DHP receptors in the T-tubule membrane mechanically interact with ryanodine receptors in the SR and trigger Ca++ release.

Control
Myosin binding sites on actin are blocked by tropomyosin until Ca++ binds to troponin; Ca++-troponin cause tropomyosin to expose the actin surface. One action potential causes a muscle to twitch. Repeated signaling causes oscillating-but-high Ca++ concentrations, keeping the muscle exerting force (tetanus). Ultimately, the Ca++-ATPase drives Ca++ back into the SR, but keep in mind that Ca++ dissociates slowly from troponin. Damaged muscle fibers are repaired by satellite cells (muscle stem cells), which fuse daughter cells to the multinucleate muscle fiber.
Within-class distinctions
Not all skeletal muscle is the same. More mitochondria are found in sustained-use fibers, whereas glycogen is found in rapid, high-load fibers. Myosins in fast-twitch fibers hydrolyze ATP more quickly than those in slow-twitch fibers. (I would also assume, from prior lectures, that the duty ratio is higher in the slow-twitch fibers).
Cardiac

Overview



Repetitive contractions under involuntary control.


‘Behaves like a syncytium.’ 


Consumes fatty acids.

Morphology

Mononucleate, short.


Join to other cardiac muscle cells at intercalated disks.


Sarcomeres resemble skeletal sarcomeres.


Extensive gap junctioning (allowing propagation of electrical signals).

Rich in mitochondria which entrench among the thick and thin filaments.

Action
Pacemaker cells (which may well have a resting potential above the threshold potential thanks to leak channels) create an action potential, which spreads through adjacent muscle cells thanks to the gap junctions. DHP and the ryanodine receptor are important again, but in cardiac cells, DHP is not just an electromechanical coupler. Ca++ must pass from the T-tubule (extracellular face), through DHP, and then trigger the ryanodine receptors chemically. 

Control
Activation of Ca++ release is similar compared with skeletal, and cardiac myosin works similarly to skeletal myosin. Notably, [Ca++] increases slowly in cardiac muscle and persists for even longer. The force of contraction is essentially constant (dependent on heart size), but the rate of contraction is modulated (nervous system).
Smooth
Overview



Utilizes little energy for sustained slow yet forceful involuntary contractions.
Morphology

Small (8μm diameter, 500μm length) cells


Spindle shaped


Typically form sheets surrounding hollow organs


Each individual cell surrounded by basal lamina


No striations; the less abundant actin/myosin filaments are randomly arrayed

Action
Ca++ binds calmodulin, which activates myosin light-chain kinase (MLCK). This phosphorylates the myosin light chains (near the heavy motor heads). This increases ATPase activity 100x; both heads must be phosphorylated for this to be useful.

Control
Ultimately, smooth muscle cells are stimulated to contract due to an increase of cytoplasmic Ca++ via IP3 receptors. Some ways of doing this are:

Opening voltage-sensitive Ca++ channels

Cell-cell (electrical propagation, gap junction propagation/activation)


Intrinsic (slow depolarization causes action potentials)

Chemical control

Neural control (but not via special synapses).

Hormonal control.

Lecture 16 – Ion Channels and Excitable Membranes
Rajini Rao. October 6, 2006

Channel timescales are measured in milliseconds. Ion flux timescales are in 10-7 seconds.

The membrane potential of a cell is typically between -60 and -90mV. Making that potential more positive is considered to depolarize the cell. Doing so beyond some threshold leads to overshoot, where the potential depolarizes near to the sodium (or other counterbalancing cation) potential. This is followed by hyperpolarization towards the potassium potential.

The voltage clamp is a whole-cell study tool that was used to demonstrate that sodium is the inward-moving ion. (Removing most sodium from the cell’s fluid suspension led to an elimination of inward current, prompting this hypothesis.) The patch clamp allows the study of single ion channels, which are essentially binary in nature.
Ion channels:

( Are selective (mostly). Size and charge are used to discriminate among ions by the selectivity filter. The hydration shell of ions explains why small ions still cannot pass through channels made for large ions. A higher charge density (smaller ion) leads to a larger hydration shell.
( Control conductance. Each channel has a characteristic conductance, which in terms of Ohm’s law can be written 1/R, or current/voltage. Increasing the number of pores increases the conductance. The membrane potential acts like a battery, leading to the conclusion that the point of zero current will not be at 0mV of potential but instead at some other point which can counterbalance the battery potential. Rectifying channels do not conduct equally at all voltages, and therefore their current will vary with voltage. Pore kinetics are not controlled by ion transit rates (0.1μs), but instead by pore opening/closing rates (1ms).
( Are gated. Voltage-gated channels open and/or close in response to membrane potential, while ligand-gated channels do the same in response to ligand binding.

( Have stochastic (random) properties. Single channels gate independently and probabilistically; overall behavior can only be predicted for populations of channels. There is no partially-open state, as demonstrated by single-channel studies.
Important ion channels
( Leak K+ channels are closed during depolarization but open otherwise. They have low conductance, but help establish and maintain the resting potential.

( Voltage-gated Na+ channels open upon membrane depolarization but are intrinsically committed to inactivation after a set period of time regardless of the overall membrane potential at that point. During this inactivated period they are unexcitable.

( Delayed rectifier K+ channels open upon membrane depolarization, but they do so 10x slower than the Na+ channels. These contribute to repolarization.

Additional important ion channels in the neuromuscular-junction
( Voltage-gated Ca++ channels allow the propagating the action potential to cause calcium influx into the presynaptic neuron.
( Ligand gated receptors/channels allow neurotransmitter (ACh) binding to motor-cell fibers to trigger the influx of positive monovalent ions nonselectively (some divalent). This influx triggers the action potential along the muscle fiber.

The triad, redux
This has been covered before, but here’s a brief review: terminal cisternae of the SR make contact with the T-tubules at what is called the triad. Here, DHP receptors (DhpRs) on the T-tubule make direct contact with RyRs on the SR. Voltage is sensed by DhpR, which mechanically transmits this signal to RyR. This causes a change in intracellular calcium concentration from 0.1μM to 1μM.

Ion channel structures
( Voltage gated ion channels have 6TM helices, which may come together as a tetramer or may be in 4x copy in a single polypeptide (thus, most of these channels end up having 24TM helices). They also have three interesting features:


P loops. These confer ion selectivity, and sit in the middle of the pore.

S4 voltage sensors. These confer voltage sensitivity, and contain continuous strips of positive charge which allow them to act as paddles in response to applied voltage.

Ball and chain. These allow inactivation. Charged N-terminal amino acids attach via a chain and obstruct the pore entrance during inactivation, although the transition from truly inactive to just plain closed is not known.

( Inward rectifying K+ channels have a totally different structure from the voltage gated channels. They contain a p-loop, but are voltage independent as they do not have an S4 segment.

( Ligand gated receptors and channels include neurotransmitter-binding channels. These may stimulate (Ca++) or inhibit (Cl-) action potentials.

Lecture 17 – Epithelium

J. Yang. October 6, 2006

Epithelium is a selective barrier with protective and metabolic functions. Epithelial tissue is avascular, containing continuous polarized cells connected by junctions. These cells sit on a basal lamina, which itself is laid down, in part, by the epithelial cells. Epithelium, sitting at the border between ‘self’ and ‘other’, often undergoes rapid renewal; epidermis renews every 2 months, and intestinal epithelium undergoes renewal every 3-6 days.
Keratinized cells protect and insulate; ciliated (tubulin) cells transport mucus; microvilli-lined (actin) cells absorb nutrients. Other cells secrete products and transport salt and water.

Typically in epithelial cells, paracellular transport (between cells) is blocked by tight junctions. Thus, the transcellular pathway (through vesicle inside of a cell) is used to engage in vectorial transport of substances between the lumenal (apical) and serosal (basal) compartments. These are physically separated by tight junctions. Sorting occurs in two ways:

( Direct. In this case, sorting occurs in the trans-Golgi network, and delivery occurs directly to the apical or basolateral membrane.

( Indirect. In this case, all plasma membrane proteins go to the basolateral membrane first. Apical proteins are then retrieved and shipped to the apical membrane.

Transcytosis uses the machinery of the indirect transcellular pathway to move substances (say, a mother’s IgG) from one surface to the other (bringing IgG from the lumen into the fetus’s blood stream).

Cell junctions
Tight junctions seal. Anchoring junctions attach. Gap junctions communicate.

The junction ordering (from most apical to most basal) goes as follows:

Tight junction (connects internally via actin)
Adherens junction (connects internally via actin)

Desmosome (connects internally via IFs like keratin)

Gap junction

Hemidesmosome (basal)

Tight junctions
These seal basolateral from apical, and appear as continuous strands surrounding a cell. They are formed by occludins and claudins, which span the plasma membrane 4x each. Adapter proteins link these to internal actin. Different epithelia have tight-junction permeability to different ions. White blood cells must be able to transiently open the tight junctions as they migrate into the connective tissue.
Anchoring junctions
These maintain epithelial integrity. They include the adherens junction, the desmosomes, and the hemidesmosomes. 

( Adherens junctions form a belt around the cell. E-cadherin spans the plasma membrane and binds to an E-cadherin of a neighboring cell. Intracellularly, its attachment to actin is mediated by β-catenin. Failure of E-cadherin to titrate β-catenin may be a factor in initiating uncontrolled cellular growth since β-catenin is a transcription factor.

( Desmosomes are spot junctions. Desmosomal cadherins are associated with an IF network.

( Hemidesmosomes are spot junctions on the basal surface and anchor the cell to the basal lamina. Whereas desmosomes use cadherins to span the membrane, hemidesmosomes use integrin to grab the basal lamina. These connect to IFs.
Gap junctions
These form leak-proof channels for cell-cell nutrition and communication. Selectivity is mostly by size. The junctional unit, connexon, is formed of six connexin helices on each cell. Thus, 12 TM helices are used by the two cells to form a junction spanning a 2nm gap.
Focal adhesions
These are integrin-mediated connections to the extracellular matrix which connect to actin filaments instead of IFs.
Lecture 18 – Cell Adhesion and Extracellular Matrix
J. Yang. October 9, 2006

Tissue = cells and their surrounding extracellular matrix (ECM). The ECM is composed of polysaccharides and proteins. It comes in two forms: a fibrous network (in connective tissue) or a dense sheet (in epithelium).
Cell Adhesion
Principle 1: Large numbers of cell adhesion receptors allow diverse cell types to have distinct and specific adhesive properties.

Principle 2: Strong binding of low-affinity receptors requires those receptors to work together to provide high avidity.

Principle 3: Cytoskeletal attachment is required for strong and stable cell-cell adhesion.

Principle 4: The adhesiveness of a cell in tissue is tightly regulated.

Principle 5: Cell adhesion receptors play important roles in signal transduction.

	Receptor
	Role
	Details

	Cadherins
	Homophilic adhesion
	Uses β-catenin and other adapters to connect to actin

	Integrins
	Heterophilic and ECM adhesion
	Use adapters to connect to either actin or IFs

	IgCAMs
	Homo- and heterophilic adhesion
	Extracellular immunoglobulin domain; no cytoskeletal connection

	Selectins
	Heterophilic, transient adhesion
	Bind sugars; no cytoskeleton connection


Leukocyte example: Endothelium begins to display P-selectin in response to activation due, say, to infection. This transiently grabs leukocyte saccharides, causing it to roll. The leukocyte, in turn, expresses αLβ2 integrin, which binds with high affinity to endothelial ICAM-1 (an IgCAM) and triggers extravasation. 

Adhesion is controlled transcriptionally (different cells express different receptors) and post-translationally (storage granules released in response to inflammation). Receptor dispersion also controls adhesion (dense receptor display required for high avidity binding of low affinity receptors). Finally, protein conformational shifts in response to ligand binding can change their affinity for other adhesion receptors (e.g. αLβ2-ICAM1).
Bidirectional signaling
( Inside-out: Talin binds integrin cytoplasmically, causing a conformation change in integrin and ultimately converting it to the active (high-affinity) state in response to growth factors.

( Outside-in: Integrin binding with the ECM allows the integrin to bind downstream signaling proteins. Focal adhesion kinase (FAK) autophosphorylates in response to integrin-ECM binding, ultimately upregulating focal adhesion components as well as activating the Ras-MapK pathway. Hence, mutations that turn on growth without anchorage dependence lead to cell proliferation.

Extracellular Matrix Macromolecules
From the lecture notes:

	
	Structure
	Function

	Adhesive glycoprotein: Fibronectin
	Linear array of repeat modules with binding sites for structural components of ECM and cells (binding integrin via RGD motif)
	Instructive

Regulates proliferation, differentiation, survival, and migration

	Adhesive glycoprotein:

Laminin
	Binding sites for structural components of ECM and cells
	Instructive

Regulates proliferation, differentiaiation, survival, and migration

Also, part of basal lamina

	Collagens
	Triple helix Gly-X-Y

Highly crosslinked

Synthesized via exocytotic pathway, then cleaved, crosslinked (by lysil oxidase) and assembled extracellularly
	Structural

Tensile strength

	Elastic fiber:

Elastin
	Amorphous

Highly crosslinked by lysil oxidase
	Structural

Elasticity

	Elastic fiber:

Fibrillin in microfibrils
	Linear array of repeat modules with binding sites for other microfibril-associated proteins
	Structural

Elastic fiber scaffold

	Glycosaminoglycans:

Hyaluronan
GAGs on proteoglycan
	Linear polysaccharides with disaccharide repeats

Hyaluronan synthesized at plasma membrane

GAGs on proteoglycans synthesized in Golgi by glycosylation (by 
	Structural

Compressive strength, space filler

Regulatory

Modulate growth factors

Act as co-receptor

	Proteoglycans
	GAGs covalently attached to a core protein
	


Biosynthesis of fibrillar collagens
Procollagens co-translationally translocated into the ER. In rough ER and Golgi, some prolines and lysines are hydroxylated by hydroxylases. Some hydroxylysines are glycosylated. C-terminal zipping begins for three pro-α chains, forming procollagen. This is then packaged and secreted. Extracellular procollagen peptidases cleave the propeptides, allowing the collagen molecule to finally form. These then self-assemble into fibrils, wherein staggered collagen molecules are crosslinked with lysyl-oxidase. These then pack into collagen fibers.

Lecture 19 – Connective Tissues, Cartilage, and Bone

C. Machamer. October 9, 2006

General connective tissue
Tissue with high proportion of extracellular matrix fibers (collagen fibrils, elastic fibers, complex polysaccharides, adhesive glycoproteins) secreted by fibroblasts etc. Connective tissue exists to provide mechanical support, defense scaffolding, and communication. There are a variety of collagen/ECM fibers, each of which give distinct properties to the matrix they are associated with. While the basal lamina is a thin, ordered layer of collagen, laminin, and proteoglycan, other tissues are less dense or make use of aggregans (cartilage) or even calcified collagen (bone).

Connective tissue houses resident cells, which come from primitive mesenchymal (stem) cells in the connective tissue and do not leave. It also houses immigrant cells, which come from the bone marrow via blood and act as needed for defense (or to break down bone). Fibroblasts are motile collagen-secreting cells. White fat cells store lipids in a droplet surrounded by IFs. They can secrete regulatory molecules influencing appetite. Brown fat cells are colored by their mitochondria, and generate heat (in neonates) via a mechanism similar to Fen-phen. Mast cells secrete histamine in response to allergen binding to IgE receptors. Chondrocytes produce the ECM, and osteocytes/osteoblasts produce the ECM of bone.
Cartilage
Cartilage is a hydrated ECM with plenty of GAGs, proteoglycans, collagen II, and elastic fibers. Cartilage is formed by chondroblasts and chondrocytes. It is smooth and resilient, but devoid of blood vessels; hyaline cartilage cells metabolize glucose, which diffuses through the perichondrium thanks to compression and decompression during movement.

Chondroblasts form dense centers of chondrification; after surrounding themselves with proteoglycans and collagen II in lacunae, the mature cells are called chondrocytes.

Blueprint for a chondrocyte: first, lay down a framework of cross-hatched collagen II. This gives the cartilage a shape. Then, lay down GAGs; aggrecan attached to hyaluronic acid serves as a hydrated gel, giving strength to that shape. Now, use chondronectin to connect yourself to the collagen network. In reality, not all cartilaginous tissue should be hard (a property of hyaline cartilage). There is also elastic cartilage which is found in more flexible structures like the ear, and fibrocartilage, which is found where tendons connect to bone and intervertebral disks (‘transitional regions’).

Cartilage can be grown appositionally (from the surface, forming the perichondrium, inwards). Alternatively, cartilage can be grown interstitially, which is growth that occurs in a limited fashion by the chondrocytes. At any rate, cartilage is stable, and it is very difficult to repair in vivo because of its lack of vasculature.

Bone
Bone is made by osteoblasts and osteocytes. Bone can either be formed by mineralization of matrix (intramembranous ossification, done in flat bones) or by deposition of matrix on preexisting cartilage (endochondrial ossification, done in long bones). Either way, bone is always made by replacing preexisting connective tissue. Bone is vascular tissue and is remodeled constantly. Endocrinologists say that bone is a storehouse for calcium.
Bone consists of crosslinked collagen I (fibrillar). It is sheetlike in lamellar bone, but meshlike in cancellous bone. Inorganic calcium phosphate is embedded in these collagen fibers. Osteocalcin and sialoprotein may assist in mineralization of the fibers.

In contrast to cartilage, bone only grows appositionally. Osteoblasts lay down new osteoid (which quickly becomes hard bone upon deposition of calcium phosphate). Some osteoblasts get trapped, becoming osteocytes. These are connected to one another via filopodia which project through canaliculi.

Osteoclasts clamp onto bone, creating a sealed, lysosomally-equivalent extracellular compartment which they acidify with v-type ATPases. This ruffled-membrane region dissolves calcium phosphate and degrades the collagen matrix. 

A major difference between intramembranous ossification and endochondral ossification is that endochondral ossification involves the hypertrophy of chondroblasts, leaving larger lacunae. These act as scaffolding for the osteoblasts, with an end result of leaving voids in the long bones. Bone growth progresses from the diaphysis (center) to the epiphysis (end) of the bone. The outer surfaces of long bones become lamellar only after bone remodeling.

Remodeling is triggered by unknown mechanisms, though strain is thought to induce electrical signals and ‘streaming potential’. Remodeling is originated by osteoclasts, multinucleated cells of monocyte lineage, which bore holes in bone. Osteoblasts and vasculature follow, forming a Haversian system (or ‘osteon’). 
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