Cytoskeleton and Extracellular Matrix/Cellular Interactions

· There are 3 types of cytoskeletal filaments found in eukaryotic cells
· Intermediate filaments
· Microtubules
· Microfilaments
· They are fundamental to the spatial organization of cells.
· Intermediate filaments provide mechanical strength and resistance to shear stress
· Intermediate filaments line the inner face of the nuclear envelope, forming a protective cage for the cell's DNA
· In the cytosol, they are twisted into strong cables that can hold epithelial cell sheets together, help neuronal cells to extend long and robust axons, or allow us to form tough appendages such as hair and fingernails.
· Microtubules determine the positions of membrane-enclosed organelles and direct intracellular transport. 
· Typically found in a star-like cytoplasmic array emanating from the center of a cell.
· Can form mitotic spindles during cell division, motile structures like cilia and flagella on the cell surface, or as tightly arranged bundles serving as tracks to transport materials down long neuronal axons.
· Microfilaments (actin filaments) determine the shape of the cell's surface and are necessary for whole-cell locomotion 
· Form many types of cell-surface projections
· Ex.  Dynamic structures like lamellipodia and filopodia that allow cells to explore the environment and pull themselves around
· Ex.  Stable structures such as the regular bundles of stereocilia on the surface of hair cells in the inner ear
· Inside cells, they can form short-lived or stable structures
· Ex.  Contractile ring to divide cells during cytokinesis or stable arrays that enable muscle contraction
· Accessory proteins regulate the spatial distribution and dynamic behavior of the filaments
· They are essential for the controlled assembly of cytoskeletal filaments and in linking them to each other and other cellular structures
· They help to maintain a highly organized and flexible internal structure of the cell
· Ex. motor proteins that move organelles/materials along filaments or move the filaments
· Cytoskeletal structures are highly dynamic and adaptable
· They can change very quickly or persist depending on the needs of the cell.

· Each cytoskeletal filament is composed of smaller identical protein subunits 
· The subunits are small so they can diffuse rapidly in the cytoplasm, whereas the assembled filaments can’t
· This allows for cells to undergo rapid structural reorganizations, disassembling filaments at one site and reassembling them at another site far away



· Intermediate filaments are made up of smaller subunits that are elongated and fibrous
· Microfilaments are made of actin subunits and microtubules are made of tubulin subunits
· Both are compact and globular
· All three types of cytoskeletal filaments form as helical assemblies of subunits that self-associate using a variety of end-to-end and side-to-side protein contacts
· Differences in the structures of the subunits and the strengths of the attractive forces result in major differences in the stability and mechanical properties of each type of filament.
· These cytoskeletal fibers are all held together by weak noncovalent and hydrophobic interactions
· Assembly and disassembly can occur rapidly (no covalent bonds broken or formed).

Filaments Formed From Multiple Protofilaments Have Advantageous Properties
· Simply linking the subunits end to end would create a filament that wouldn’t be strong enough to do its job and resist thermal energy, unless it were bound to its neighbor very tightly
· This would limit the rate at which the filaments could disassemble, making the cytoskeleton too static.
· Cytoskeletal polymers combine strength with adaptability because they are built out of multiple protofilaments
· These are long linear strings of subunits joined end to end that associate with one another laterally
· They usually twist around each other in a helical lattice.
· Subunits at the end can be broken off easily, however one must break multiple sets of longitudinal bonds in many protofilaments to break it in the middle.
· This allows for cytoskeletal filaments to resist thermal breakage, while having the filament ends be dynamic structures that allow for the rapid addition and loss of subunits.

Nucleation is the Rate-Limiting Step in The Formation of A Cytoskeletal Polymer
· For a new large filament to form, subunits must assemble into an initial aggregate, or nucleus, that is stabilized by many subunit-subunit contacts and can then elongate rapidly by addition of more subunits. 
· This process of nucleus assembly is called filament nucleation 
· It can take quite a long time depending on how many subunits must come together to form the nucleus.
· This is because the smaller aggregates of subunits are unstable and disassemble readily since each monomer is only bonded to a few others.
· This creates a kinetic barrier to nucleation
·  Lag phase is when there are no filaments, but the nuclei are assembling slowly
· Following it is a phase of rapid filament elongation, as monomers are quickly added to the nucleated filaments
· The cell uses special proteins to catalyze filament nucleation at specific sites
· This determines the location where new cytoskeletal filaments are assembled, allowing for cells control their shape and movement.


Tubulin and Actin Subunits Assemble Head-to-Tail, Creating Filaments that Are Polar
· Microtubules are formed from tubulin subunits
· Tubulin is a heterodimer, formed from alpha-tubulin and beta-tubulin
· These are globular proteins 
· Each α or β monomer has a binding site for a GTP molecule. 
· The GTP that is bound to the α-tubulin monomer is physically trapped at the dimer interface and is never hydrolyzed or exchanged
· It is therefore an integral part of the tubulin heterodimer structure. 
· The nucleotide on the β-tubulin, in contrast, may be in either the GTP or the GDP form, and it is exchangeable. 
· Hydrolysis of this GTP is important in microtubule dynamics

Microtubule
· A microtubule is a stiff, hollow cylinder of tubulin protein
· Built from 13 parallel protofilaments, each composed of alternating α-tubulin and β-tubulin molecules.
· More rigid than actin
· Long, straight and usually have one end attached to a centrosome
· When the tubulin heterodimers assemble to form the hollow cylindrical microtubule, they generate two new types of protein-protein contacts. 
· Along the longitudinal axis of the microtubule, the “top” of one β-tubulin molecule forms an interface with the “bottom” of the α-tubulin molecule in the adjacent dimer subunit. 
· This interface is very similar to the interface holding the α and β monomers together in the dimer subunit, and the binding energy is strong.
· Perpendicular to these interactions, lateral contacts are formed between neighboring protofilaments. 
· The main lateral contacts are between monomers of the same type
· These longitudinal and lateral contacts are repeated in the regular helical lattice of the microtubule
· Because most of the subunits are held in place by multiple contacts within the lattice, the addition and loss of subunits occurs almost exclusively at the microtubule ends

· Each protofilament in a microtubule is assembled from subunits that all point in the same direction
· The protofilaments are aligned in parallel, with the alpha-tubulin down and beta-tubulin up in each heterodimer.
· Therefore, the microtubule itself has a distinct structural polarity, with α-tubulins exposed at one end and β-tubulins exposed at the other end.

Longitudinal bonds and lateral bonds
· The lateral bonds holding the 13 protofilaments together are weaker than intermediate filaments, so they break much more easily than intermediate filaments




Actin
· Consists of two parallel protofilaments that twist around each other in a right-handed helix
· The actin subunit is a single globular polypeptide chain and is thus a monomer rather than a dimer
· Like tubulin, actin has a binding site for a nucleotide
· HOWEVER, it is ATP/ADP rather than GTP/GDP
· Like tubulin, the actin subunits assemble head-to-tail to generate filaments with a distinct structural polarity. 
· Actin filaments are more flexible compared to the hollow, cylindrical microtubules.
· In a cell, they are cross-linked and bundled together by accessory proteins to make large-scale actin structures that are much stronger than an individual filament.

The Two Ends of a Microtubule and of an Actin Filament Are Distinct and Grow at Different Rates
· The structural polarity of actin filaments and microtubules is created by the regular, parallel orientation of all of their subunits
· Because of this polarity, the kinetic rate constants for association and dissociation are greater at one end than the other.
· As a result, one end will elongate much faster than the other and depolymerize much faster.
· The plus end is the end of the filament where the rate of growth and shrinkage are fastest.
· Other end is the minus end.
· On microtubules, α subunits are exposed at the minus end, and β subunits are exposed at the plus end. 
· On actin filaments, the ATP-binding cleft on the monomer points toward the minus end
· Filament elongation happens spontaneously when the free energy change for the addition of a soluble subunit is less than 0
· Aka when the concentration of the subunits in solution exceeds the critical concentration.
· When the free energy change is greater than 0, filament depolarization happens.
· A cell can couple an energetically unfavorable process to these spontaneous processes; thus, the free energy released during spontaneous filament polymerization or depolymerization can be used to do mechanical work
· Ex.  elongating microtubules can help push out membranes, and shrinking microtubules can help pull mitotic chromosomes away from their sisters during anaphase.
· Ex.  elongating actin filaments help protrude the leading edge of motile cells








Intermediate Filament Structure Depends on the Lateral Bundling and Twisting of Coiled Coils
· Not found in all eukaryotes and cell types.
· Ex. Not in oligodenderocytes that make myelin in CNS.
· Major function is to impart physical strength and mechanical stability to cells.
· The individual polypeptides of intermediate filaments are elongated molecules with an extended central α-helical domain that forms a parallel coiled coil with another monomer. 
· A pair of parallel dimers then associates in an antiparallel fashion to form a staggered tetramer. 
· This is the subunit of intermediate filaments
· Because they are staggered, intermediate filaments can tolerate stretching and bending, forming strong rope-like structures
· Extends through the cytoplasm giving cells mechanical strength + some associated with the nuclear lamella
· Since the tetrameric subunit is made up of two dimers pointing in opposite directions, its two ends are the same.
· It lacks the polarity that actin filaments and microtubules have.
· The tetramers pack together laterally to form the filament
· Made of eight parallel protofilaments that are made up of tetramers
· Cross section of 32 individual alpha-helical coils that all line up together, creating strong lateral hydrophobic interactions
· Gives it a rope-like characteristics that can be bent easily but very difficult to break.
· Protein phosphorylation likely regulates their disassembly.

· Come in a variety of different forms, with more sequence variation than actin or tubulin.
· The most diverse intermediate filament family is the keratins
· Form part of human hair (tough coverings), nails and skin.

Summary
The cytoplasm of eucaryotic cells is spatially organized by a network of protein filaments known as the cytoskeleton. This network contains three principal types of filaments: microtubules, actin filaments, and intermediate filaments. All three types of filaments form as helical assemblies of subunits that self-associate using a combination of end-to-end and side-to-side protein contacts. Differences in the structure of the subunits and the manner of their self-assembly give the filaments different mechanical properties. Intermediate filaments are rope-like and easy to bend but hard to break. Microtubules are strong, rigid hollow tubes. Actin filaments are the thinnest of the three and are hard to stretch but easy to break.
In living cells, all three types of cytoskeletal filaments undergo constant remodeling through the assembly and disassembly of their subunits. Microtubules and actin filaments add and lose subunits only at their ends, with one end (the plus end) growing faster than the other. Tubulin and actin (the subunits of microtubules and actin filaments, respectively) bind and hydrolyze nucleoside triphosphates (tubulin binds GTP and actin binds ATP). Nucleotide hydrolysis underlies the characteristic dynamic behavior of these two filaments

The Extracellular Matrix of Animals
· Tissues are not made up solely of cells. 
· A large part of their volume is extracellular space, which is mostly filled by an intricate network of macromolecules making the extracellular matrix 
· This matrix is composed of a variety of proteins and polysaccharides that are secreted locally and assembled into an organized meshwork in close association with the surface of the cell that produced them.
· The matrix has a very active and complex role in regulating the behavior of the cells that contact it
· Influences their survival, development, migration, proliferation, shape, and function. 

The Extracellular Matrix is Made and Oriented By The Cells Within It
· The macromolecules that constitute the extracellular matrix are mainly produced locally by cells in the matrix. 
· These cells also help to organize the matrix
· The orientation of the cytoskeleton inside the cell can control the orientation of the matrix produced outside.
· Ex.  Fibroblasts, chondroblasts, osteoblasts secrete matrix macromolecules


· Two main classes of extracellular macromolecules make up the matrix:
· Polysaccharide chains called glycosaminoglycans (GAGs), which are usually found covalently linked to protein in the form of proteoglycans
· Fibrous proteins
· Ex.  collagen, elastin, fibronectin, and laminin, which have both structural and adhesive functions. 
· The proteoglycan molecules in connective tissue form a highly hydrated, gel-like “ground substance” in which the fibrous proteins are embedded
· The gel resists compressive forces on the matrix while allowing for the diffusion of nutrients, metabolites, and hormones between the blood and tissue cells.
· Collagen fibers strengthen and organize the matrix
· Elastin fibers give resilience
· Matrix proteins help cells attach to proper locations 
· Variations in the relative amounts of different types of matrix macromolecules and the way in which they are organized leads to a diversity of forms with different functions
· The matrix can be calcified to form rock-hard structures of bone or teeth
· It can form the transparent matrix of the cornea
· Can adopt ropelike organization that gives tendons great tensile strength 








Glycosaminoglycan (GAG) Chains Occupy Large Amounts of Space and Form Hydrated Gels
· Glycosaminoglycans (GAGs) are unbranched polysaccharide chains composed of repeating disaccharide units
· One of the two sugars in the repeating disaccharide is always an amino sugar, while the second sugar is usually a uronic acid 
· Highly negatively charged due to sulfate or carboxyl groups on most of their sugars
· Polysaccharide chains are too stiff to fold up into the compact globular structures that polypeptide chains typically form and are also very hydrophilic. 
· Thus, GAGs tend to adopt highly extended conformations that occupy a large volume relative to their mass
· They form gels even at very low concentrations. 
· Their high density of negative charges attracts a cloud of cations, most notably Na+, that are osmotically active, causing large amounts of water to be sucked into the matrix. 
· This creates a swelling pressure, or turgor, that enables the matrix to withstand compressive forces.
· On the other hand, collagen fibrils resist stretching forces
· GAGs fill out most of the extracellular space, providing mechanical support to tissues
· Ex. Cartilage matrix of the knee joint

· In plants (and invertebrates) other polysaccharides dominate the extracellular matrix, like cellulose chains
· Packed together in ribbonlike cristaline arrays to form the microfibrillar component of the cell wall






















Plant Cell Wall
· The plant cell wall is an elaborate extracellular matrix that encloses each cell in a plant.
· The plan cell wall is thicker, stronger and more rigid than the extracellular matrix produced by animal cells.
· However, in evolving rigid walls, plants forfeited their ability to crawl about- leading to a sedentary life style.

Composition of Cell Wall Depends on Cell Type
· During cytokinesis, a cell plate forms and new cells are produced.
· To accommodate subsequent cell growth, their walls, called primary cell walls, are thin and extensible, but tough. 
· Once growth stops, the wall doesn’t need to extensible, and usually a rigid, secondary cell wall is produced by depositing new layers inside the old ones. 
· This secondary cell wall will typically contain lignin- a complex network of phenolic compounds found in the walls of the xylem vessels and fiber cells of woody tissues.
· The plant cell wall thus has a “skeletal” role in supporting the structure of the plant as a whole, a protective role as an enclosure for each cell individually, and a transport role, helping to form channels for the movement of fluid in the plant. 
· When plant cells become specialized, they generally adopt a specific shape and produce specially adapted types of walls.

· While the animal cell extracellular matrix is rich in protein and nitrogen containing polymers, the plant cell is almost entirely made out of polymers that don’t contain nitrogen
· Like cellulose and lignin.
· CO2, water and sunlight is abundant, but nitrogen is scarce and limits growth.



The Tensile Strength of the Cell Wall Allows Plant Cells to Develop Turgor Pressure
· The aqueous extracellular environment of a plant cell consists of the fluid contained in the walls that surround the cell. 
· Although the fluid in the plant cell wall contains more solutes than does the water in the plant's external milieu (for example, soil), it is still hypotonic in comparison with the cell interior. 
· This osmotic imbalance causes the cell to develop a large internal hydrostatic pressure, or turgor pressure, that pushes outward on the cell wall, just as an inner tube pushes outward on a tire. 
· The turgor pressure increases just to the point where the cell is in osmotic equilibrium, with no net influx of water despite the salt imbalance
· This pressure is vital to plants because it is the main driving force for cell expansion during growth, and it provides much of the mechanical rigidity of living plant tissues





The Primary Cell Wall is Built From Cellulose Microfibrils Interwoven With a Network of Pectic Polysaccharides
· The cellulose molecules provide tensile strength to the primary cell wall.
· Ribbonlike structure made up of a linear chain of hundreds of glucose residues that are covalently linked to each other, and is stabilized by H-bonds within the chian.
· Intermolecular hydrogen bonds between adjacent cellulose molecules cause them to adhere strongly to one another in overlapping parallel arrays, forming bundles of cellulose molecules called microfibrils
· These have a very strong tensile strength
· Microfibrils are arranged in layers (lamella), connected by long cross-linking glycan molecules via H-bonds.
· Primary cell wall consists of many lamellae in a plywoodlike network.


· Cross-linking glycans are a heterogenous group of branched polysaccharides that bind tightly to the surface of each cellulose microfibril and help to cross-link microfibrils into a complex network
· Similar in function to fibril-associated collagens
· All have a long linear backbone of a sugar, with short side chains of other sugars.
· Pectins are a heterogeneous group of branched polysaccharides that contain many negatively charged galacturonic acid units. 
· Highly hydrated and associated with a cloud of cations  because of their negative charge
· Similar to GAGs of animal cells in the large amount of space they occupy.
· Certain pectins are particularly abundant in the middle lamella, the specialized region that cements together the walls of adjacent cells
· Calcium ions cross-links help hold cell-wall components together.
· Separation of cells in middle lamella plays role in ripening of fruits and detachment of leaves in fall

· Proteins also make up some of the cell wall
· Many of these are  enzymes, responsible for wall turnover and remodelling, particularly during growth.
·  Another class of wall proteins is similar to collagen. 
· They strengthen the wall, and are produced in increased amounts in response to attack by pathogens. 










Microtubules Orient Cell-Wall Deposition
· For a plant cell to grow or change its shape, the cell wall has to stretch or deform. 
· This happens in response to turgor pressure
· Because of their crystalline structure, however, individual cellulose microfibrils are unable to stretch. 
· Thus, stretching or deformation of the cell wall must involve either the sliding of microfibrils past one another, the separation of adjacent microfibrils, or both. 
· The direction in which the growing cell enlarges depends in part on the orientation of the cellulose microfibrils in the primary wall
· As cellulose is spun out from the surface of the cell by cellulose synthase, the chains spontaneously assemble into microfibrils that form on the extracellular surface of the plasma membrane
· They form a lamella, in which all the microfibrils have the same alignment
· Each new lamella forms internally to the previous one, so that the wall consists of concentrically arranged lamellae, with the oldest on the outside.
· A cortical array of microtubules can determine the orientation of newly deposited cellulose microfibrils
· This in turn determines the directional cell expansion and the final shape of the cell and plant as a whole.
· Plant cells can change their direction of expansion by a sudden change in the orientation of their cortical array of microtubules. 

· Secondary cell ways contain additional components like lignin
· Lignin is hard and occupies the interstices between the other components, making the walls rigid and permanent
· All of these molecules are held together by a combination of covalent and noncovalent bonds


Cell Junctions
· In order to function in an integrated manner, the individual cells composing epithelia and other organized tissues must adhere to one another and to the surrounding extracellular matrix and also control the movement of ions and small molecules between them. 
· Several specialized cell junctions are critical to adhesion and passage of molecules between cells in tissues
· They occur at points of cell-cell and cell-matrix contact in all tissues
· Best visualized using either conventional or freeze-fracture electron microscopy.
· Plentiful in epithelia
· Can be classified into 3 functional groups:
· Occluding Junctions (Tight Junctions):  seal cells together in an epithelium in a way that prevents even small molecules from leaking from one side of the sheet to the other.
· Anchoring Junctions:  mechanically attach cells (and their cytoskeletons) to their neighbors or to the extracellular matrix.
· Communicating Junctions:   Mediate the passage of chemical or electrical signals from one interacting cell to its partner.

Occluding Junctions (Tight Junctions) Form A Selectively Permeable Barrier Across Epithelial Cell Sheets
· For polarized epithelial cells to carry out their transport functions, extracellular fluids surrounding their apical and basolateral membranes must be kept separate.
· Tight junctions connect adjacent epithelial cells
· Usually just under the apical surface.
· They form a barrier, sealing off body cavities
· Ex. The epithelial cells lining the small intestine form a barrier that keeps the gut contents in the lumen
· They also prevent diffusion of membrane proteins and glycolipids between the apical and basolateral regions of the plasma membrane.
· Tight junctions are impermeable to most water-soluble substances + salts
· However, tight junctions in the epithelium lining the small intestine are very permeable to inorganic ions.
· Cells can alter their tight junctions to permit certain levels of solutes and water.
· Ex. Increased absorption of amino acids and monosaccharides from the lumen after a meal when they are in a high concentration

· Composed of thin bands of plasma-membrane proteins that completely encircles the apical end of a polarized cell.
· With more strands in the network, there is a greater barrier to the passage of ions.
· Each sealing strand is composed of a long row of transmembrane adhesion proteins embedded in each of the two interacting plasma membranes. 
· The extracellular domains of these proteins join directly to one another to block the intercellular space
· 2 principal transmembrane proteins found in tight junctions are occludins and claudin.
· Other proteins help to regulate epithelial cell polarity, and guide the delivery of components to the proper domain of the plasma membrane.
· Therefore, tight junctions may serve as a regulatory center to help in coordinating multiple cell processes.

· In invertebrates, septate junctions are the main occluding junction
· More regular in structure than tight junctions.
· Form a continuous band around each epithelial cell
· Morphology is distinct because the interacting plasma membranes are joined by proteins that are arranged in parallel rows with a regular periodicity

· Ex.  Intestine, stomach lumen, bile duct, pancreatic acini.
· Ex. Prevent the diffusion of small molecules directly from the intestinal lumen into the interstitial spaces that surround the basolateral plasma membrane and that lead to the blood.
· This means, the intestinal epithelial cells have to transport nutrients through the cells
· Ex.  In pancreas, tight junctiosn between acinar cells prevent leakage of secreted proteins from the ducts into the blood.

Anchoring Junctions Connect the Cytoskeleton of A Cell Either to the Cytoskeleton of Its Neighbors or To the Extracellular Matrix
· The lipid bilayer is flimsy and cannot by itself transmit large forces from cell to cell or from cell to extracellular matrix. 
· Anchoring junctions solve this problem by forming a strong membrane-spanning structure that is tethered inside the cell to the tension-bearing filaments of the cytoskeleton 
· Most abundant in tissues that are subjected to severe mechanical stress, such as heart, muscle, and epidermis.
· 2 main classes of proteins:
· Intracellular anchor proteins:  Form a distinct plaque on the cytoplasmic face of the plasma membrane and connect the junctional complex to either actin filaments or intermediate filaments. 
· Transmembrane adhesion proteins:  Have a cytoplasmic tail that binds to one or more intracellular anchor proteins and an extracellular domain that interacts with either the extracellular matrix or the extracellular domains of specific transmembrane adhesion proteins on another cell.
· Many anchoring junctions contain intracellular signaling proteins that enable the junctions to signal to the cell interior.
· 2 different forms of anchoring junctions:
· Adherens junctions and desmosomes hold cells together and are formed by transmembrane adhesion proteins that belong to the cadherin family.
· Focal adhesions and hemidesmosomes bind cells to the extracellular matrix and are formed by transmembrane adhesion proteins of the integrin family.
· Adherens junctions and focal adhesions serve as connection sites for actin filaments, while desmosomes and hemidesmosomes serve as connection sites for intermediate filaments
· Three types of cell junctions, called desmosomes, function in cell-cell and cell-matrix adhesion:
· Spot desmosomes, hemidesmosomes, adherens junctions (belt desmosomes)

Don’t worry about diff types of desmosomes

Adherens Junctions Connect Bundles of Actin Filaments From Cell To Cell
· Come in various forms
· Ex.  Nonepithelial tissues-  form of small punctate or streaklike attachments that indirectly connect the cortical actin filaments beneath the plasma membranes of two interacting cells
· Form a belt of cell-cell adhesion just below the tight junctions, encircling each of the interacting cells in the sheet. 
· The adhesion belts are directly apposed in adjacent epithelial cells, with the interacting plasma membranes held together by the cadherins that serve as transmembrane adhesion proteins.
· a contractile bundle of actin filaments lies adjacent to the adhesion belt, oriented parallel to the plasma membrane.
· Attached to the membrane by various intracellular anchor proteins.
· Actin bundles are therefore linked via cadherins and anchor proteins, into an extensive transcellular network
· This network can contract with help from myosin motor proteins.

Desmosomes Connect Intermediate Filaments From Cell To Cell
· (Spot) Desmosomes are buttonlike points of intercellular contact that rivet cells together
· “Spot-weld” between adjacent plasma membranes that confer mechanical strength on these tissues
· Serve as anchoring sites for intermediate filaments.
· This allows the intermediate filaments to connect to each other from cell to cell
· The junction has a dense cytoplasmic plaque consisting of a complex of intracellular anchor proteins responsible for connecting the cytoskeleton to the transmembrane adhesion proteins. 
· These adhesion proteins interact with their extracellular domains to hold the adjacent plasma membrannes together.

Anchoring junctions Formed by Integrins Bind Cells to the Extracellular Matrix:  Focal Adhesions and Hemidesmosomes
· Some anchoring junctions bind cells to the extracellular matrix rather than to other cells
· The transmembrane adhesion proteins in these cell-matrix junctions are integrins
· Focal adhesions enable cells to get a hold on the extracellular matrix through integrins that link intracellularly to actin filaments.
· Ex.  Muscles cells attach to their tendons in this way.
· At all such adhesions, the extracellular domains of transmembrane integrin proteins bind to a protein component of the extracellular matrix, while their intracellular domains bind indirectly to bundles of actin filaments via the intracellular anchor proteins 
Hemidesmosomes are similar morphologically to desmosomes
· Anchor the plasma membrane to regions of the extracellular matrix
· Bundles of intermediate filaments course through the cell, interconnecting spot desmosomes and hemidesmosomes
· Act as rivets to distribute tensile or shearing forces through an epithelium.
· Instead of joining adjacent epithelial cells, however, hemidesmosomes connect the basal surface of an epithelial cell to the underlying basal lamina
· Extracellular domains of the integrins that mediate the adhesion bind to a laminin protein in the basal lamina
· Intracellular domain binds via anchor protein to keratin intermediate filaments.

Basically:
· integrins in the plasma membrane anchor a cell to the extracellular matrix
· Cadherin family members in the plasma membrane anchor it to the plasma membrane of an adjacent cell.
· In both cases, there is an intracellular coupling to cytoskeletal filaments, either actin filaments or intermediate filaments, depending on the types of intracellular anchor proteins involved.



Gap Junctions Allow Small Molecules to Pass Directly From Cell to Cell
· The lateral surfaces of adjacent cells contain numerous gap junctions
· Composed of channel-forming proteins called connexins.
· These cytoplasmic connections between cells allow for the direct passage of ions and small water-soluble molecules from the cytosol of one cell to that of another 
· Coupling the cells both electrically and metabolically.
· Includes intracellular signaling molecules (e.g., cyclic AMP and Ca2+) and precursors of DNA and RNA.
· A gap junction is made up of 6 transmembrane connexin subunits.
· When the connexons in the plasma membranes of two cells in contact are aligned, they form a continuous aqueous channel that connects the two cell interiors
· Permeability of gap junction channeles can vary depending on the cell type.

Gap Junctions Have Diverse Functions
· Can allow action potentials to spread rapidly from one electrically excitable cell to another, without the delay seen at chemical synapses
· Ex. Heart muscle and smooth muscle synchronized contraction and peristaltic movements.
· Ex.Advantageous when speed and reliability are crucial, as in certain escape responses in fish and insects
· In non-electrically excitable cells, the sharing of small metabolites and ions provides a means by which to coordinate the activities of individual cells in tissues and for dealing with random fluctuations in small molecule concentrations in different cells.
· Gap junctions transmit signals to all liver cells to release glucose when blood levels low.
· Important in embryogenesis
· As specific groups of cells in the embryo develop their distinct identities and begin to differentiate, they commonly uncouple from surrounding tissue.
· Cells within each group remain coupled with one another – behave cooperatively and follow a similar developmental pathway.

Permeability of Gap Junctions Can Be Regulated 
· Individual gap-junction channels don’t constantly remain open
· Permeability of gap junctions can be rapidly and reversibly reduced
· They are are dynamic structures that can undergo a reversible conformational change that closes the channel in response to changes in the cell.
· Ex.  When cell is damaged and plasma membrane becomes leaky, higher ion concentration in the extracellular fluid moves into the cell and valuable metabolites leak out.  
· If it were to remain coupled to healthy cells, they would also suffer from this disturbance in internal chemistry.
· Large influx of ions would cause gap-junction channels to immediately close
· Gap-junction communication can also be regulated by extracellular signals. 
· Ex. Neurotransmitter dopamine reduces gap-junction communication between neurons in retina in respons to increased light intensity.
· Helps eye detect bright light better

In Plants, Plasmodesmata Perform Many of the Same Functions as Gap Junctions
· Plant cells are imprisoned within rigid cell walls composed of an extracellular matrix rich in cellulose and other polysacharides
·  The cell walls of adjacent cells are firmly cemented to those of their neighbors, which eliminates the need for anchoring junctions to hold the cells in place.
· Plasmodesmata are intercellular junctions that allow for cell-cell communication
· Like gap junctions, they directly connect the cytoplasm of adjacent cells.
· The plasma membrane of one cell is continuous with that of the other cell.
· Perform many of the same functions as gap junctions
· A narrow cylindrical structure called a desmotubule runs thorugh the center of the channel in the palsmodesmata
· It is continuous with elements of the smooth endoplasmic reticulum in each of the connected cells 
· Between the outside of the desmotubule and the inner face of the cylindrical channel formed by plasma membrane is an annulus of cytosol through which small molecules can pass from cell to cell.
· As each new cell wall is assembled during the cytokinesis phase of cell division, plasmadesmata are created within it
· They form around elements of smooth ER that become trapped across the developing cell plate
· They allow molecules of approx. the same size through
· During plant development, groups of cells within the shoot and root meristems signal to one another
· Some gene regulatory proteins involved in this process of cell fate determination pass from cell to cell through plasmodesmata. 
· Bind to components of the plasmodesmata and override the size exclusion mechanism. 

Summary
Many cells in tissues are linked to one another and to the extracellular matrix at specialized contact sites called cell junctions. Cell junctions fall into three functional classes: occluding junctions, anchoring junctions, and communicating junctions. Tight junctions are occluding junctions that are crucial in maintaining the concentration differences of small hydrophilic molecules across epithelial cell sheets. They do so in two ways. First, they seal the plasma membranes of adjacent cells together to create a continuous impermeable, or semipermeable, barrier to diffusion across the cell sheet. Second, they act as barriers in the lipid bilayer to restrict the diffusion of membrane transport proteins between the apical and the basolateral domains of the plasma membrane in each epithelial cell. Septate junctions serve as occluding junctions in invertebrate tissues.


The main types of anchoring junctions in vertebrate tissues are adherens junctions, desmosomes, focal adhesions, and hemidesmosomes. Adherens junctions and desmosomes connect cells together and are formed by cadherins, while focal adhesions and hemidesmosomes connect cells to the extracellular matrix and are formed by integrins. Adherens junctions and focal adhesions are connecting sites for bundles of actin filaments, whereas desmosomes and hemidesmosomes are connecting sites for intermediate filaments.
Gap junctions are communicating junctions composed of clusters of connexons that allow molecules smaller than about 1000 daltons to pass directly from the inside of one cell to the inside of the next. Cells connected by gap junctions share many of their inorganic ions and other small molecules and are therefore chemically and electrically coupled. Gap junctions are important in coordinating the activities of electrically active cells, and they have a coordinating role in other groups of cells as well. Plasmodesmata are the only intercellular junctions in plants. Although their structure is entirely different, and they can sometimes transport informational macromolecules, in general, they function like gap junctions.

Kinesin, Dynein, and Intracellular Transport
· Within cells, membrane-bounded vesicles and proteins are frequently transported throughout the cell along well-defined routes. 
· Diffusion doesn’t alone account for the rate, directionality, and destinations of such transport processes.
· Microtubules function as tracks in the intracellular transport of membrane-bound vesicles and organelles
· That movement is propelled by microtubule motor proteins.

Fast Axonal Transport Occurs Along Microtubules
· The neuron must constantly supply new materials (proteins, membrane vesicles) to the terminal to replenish those lost by exocytosis at the synapse with another cell or when needs arise.
· These are synthesized in the cell body and transported down the axon via microtubules
· Microtubules in axons are all oriented with their positive ends toward the terminal.
· Anterograde transport proceeds from the cell body to the synaptic junctions and is associated with axonal growth and the renewal of synaptic vesicles
· Retrograde transport is in the opposite direction- other substances move along the axon rapidly toward the cell body. 
· These substances, which consist mainly of “old” membrane from the synaptic terminals, are destined to be degraded in lysosomes in the cell body.
· Membrae-bounded vesicles are the fastest moving material.
· Organelles like the mitochondria move down the axon at an intermediate rate
· Polymerized cytoskeletal proteins are the slowest material 
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 Microtubules Provides Tracks for the Movement of Pigment Granules
·  Nerves and hormones control the color of the skin by triggering the transport ofmembrane-enclosed pigment granules along microtubules throughout the cell, to darken the color of the skin, or inward, toward the center of the cell, to lighten the color
· In this way, an animal can adjust its color.

Intracellular Membrane Vesicles Travel Along Microtubules
· Microfilaments may also be involved.
· Because microtubules are oriented with their minus end anchored in the centrosome and their plus end extending toward the cell periphery, kinesin and dynein transport vesicles and organelles in opposite directions through the cytoplasm 
· Ex.  During mitosis (or after the depolymerization of microtubules by colcemid), the Golgi complex breaks into small vesicles that are dispersed throughout the cytosol. 
· When the cytosolic microtubules re-form during interphase, the Golgi vesicles move along these microtubule tracks toward the cell center by dynein motors, where they reaggregate.
· NOT ONLY VESICLE TRANSPORT BUT POSITIONING OF MEMBRANE-ENCLOSED ORGANELLES.
· Ex. ER extends to the periphery of the cell with the help of microtubules and kinesin motors which pull the ER along the +’ve end to the periphery

Kinesin is the Positive End-Directed Microtubule Motor Protein
· It is a dimer
· Organized into three domains, a pair of large globular head domains connected by a long central stalk to a pair of small globular tail domains, which contain the light chains
· The head domain, which binds microtubules and ATP, is responsible for the motor activity of kinesin, and the tail domain is responsible for binding to other cell components such as membrane vesicles and organelles.
· Hydrolysis of ATP provides the energy required for movement 
· It travels towards the positive end of the microtubule, helping to transport materials such as vesicles.
· Because the plus ends of microtubules in axons are all oriented away from the cell body , the movement of kinesin in this direction helps transport vesicles and organelles to the cell periphery
· It is responsible for anterograde transport and other positive end-directed movements
· Ex.  Transport of secretory vesicles to the plasma membrane and radial movements of ER membranes and pigment granules.
· Ex.  Movement of vesicles and organelles from cell body toward axon tip
· Can even transport microtubules








Each member of the Kinesin Family Transports a Specific Cargo
· They all contain the kinesin motor domain, but have different tail domains.
· Some move in the opposite direction (-)
· Some are monomeric, but most are dimeric.
· 2 functional types
· Cytosolic kinesins: Involved in vesicle and organelle transport
· Axonal kinesins, transport of lysosomes and others (to cell center).
· Certain cytosolics transport only one specific cargo- like mitochondria
· Spindle Kinesins: Participate in spindle assembly and chromosome segregation during cell division.

Dynein is a Negative End-Directed Motor Protein
· Dyneins are large, multimeric proteins.
· They are responsible for regrograde axonal transport and transit of endocytotic vesicles of the plasma membrane to lysosomes
· Transport materials towards the cell center
· 2 functional classes
· Cytosolic Dynein:  Movement of vesicles and chromosomes
· Axonemal Dynein:  Beating of cilia and flagella

Dynein-Associated MBPs Tether Cargo to Microtubules
· Cytosolic Dynein, like kinesin, is a two-headed molecule, with 2 identical heavy chains forming the head domains.
· The basal portion of the molecule binds to subcellular structures like organelles and vesicles
· Unlike kinesin, dynein cannot mediate transport by itself
· Dynein-related motility requires a large complex of microtubule-binding proteins that link vesicles and chromosomes to microtubules but by themselves do not exert force to cause movement
· Ex. Dynactin enhances dynein-dependent motility through interacting with microtubules and vesicles

Multiple Motor Proteins Are Associated With the Membrane Vesicles
· The direction of vesicle transport also depends on the orientation of microtubules, which is fixed by the MTOC. 
· Some cargoes, such as pigment granules, can alternate their direction of movement along a single microtubule. 
· In this case, both anterograde and retrograde microtubule motor proteins must be associated with a microtubule. 
· At any one time, however, only one motor protein is active or, alternatively, only one motor protein is bound to the vesicle.
· Vesicles can travel along microfilaments via myosin motors
· Microtubule and microfilament motor proteins bind to the same membrane vesicles and cooperate in their transport
· So, when vesicles move from microtubules to microfilaments, at least 2 motor proteins must be bound to the same vesicle- myosin and either kinesin or dynein.

Summary
· Two families of motor proteins, kinesin and dynein, transport membrane-bounded vesicles, proteins, and organelles along microtubules.
·  Nearly all kinesins move cargo toward the (+) end of microtubules(anterograde transport), whereas  dyneins transport cargo toward the (−) end (retrograde transport).
·  The dimeric kinesin head domain binds microtubules and ATP, and the tail domain binds vesicles (see Figure 19-23). Although the structure of the kinesin head is similar to that of myosin, it lacks a rigid neck domain. Thus the model of myosin-dependent motility may not apply to kinesin.
·  Each type of membrane vesicle is transported by its own kinesin motor protein. The specificity of binding may reside in the tail domain, which is unique to each kinesin.
·  Cytosolic dyneins are linked to their cargoes (vesicles and chromosomes) by large complexes of microtubule-binding proteins (MBPs), such as dynactin (see Figure 19-25). Once tethered to a cargo, the dynein transports it to the final destination.
·  Axonal transport is a well-studied model system for understanding anterograde transport by kinesin and retrograde transport by cytosolic dynein in a typical eukaryotic cell (see Figure 19-26).
·  In microtubule-poor regions of the cell, vesicles probably are transported along microfilaments powered by a myosin motor.



· Microtubules are responsible for a variety of cell movements, including the intracellular transport and positioning of membrane vesicles and organelles, the separation of chromosomes at mitosis, and the beating of cilia and flagella.
· Movement along microtubules is based on the action of motor proteins that utilize energy derived from ATP hydrolysis to produce force and movement. 














Separation of Mitotic Chromosomes
· Microtubules reorganize at the beginning of mitosis to form the mitotic spindle, which plays a central role in cell division by distributing the duplicated chromosomes to daughter nuclei
· Chromosome movement proceeds by two distinct mechanisms, referred to as anaphase A and anaphase B, which involve different types of spindle microtubules and associated motor proteins.
· Anaphase A consists of the movement of chromosomes toward the spindle poles along the kinetochore microtubules, which shorten as chromosome movement proceeds
· This is driven by dynein (and – end directed kinesins) that translocate chromosomes along the spindle microtubules in the minus end direction, toward the centrosomes
· Anaphase B refers to the separation of the spindle poles themselves
· Spindle-pole separation is accompanied by elongation of the polar microtubules and is similar to the initial separation of duplicated centrosomes to form the spindle poles at the beginning of mitosis
· During anaphase B the overlapping polar microtubules slide against one another, pushing the spindle poles apart.
· Result of kinesin motors, which crosslink polar microtubules and move them toward the plus end of the overlapping microtubule, away from the opposite spindle pole.

Cilia and Flagella
· Cilia and flagella are microtubule-based projections of the plasma membrane that are responsible for movement of a variety of eukaryotic cells. 
· Cilia beat in a coordinated back-and-forth motion, which either moves the cell through fluid or moves fluid over the surface of the cell.
· The cilia of some protozoans are responsible for cell motility and for sweeping food organisms over the cell surface and into the oral cavity
· In animals, an important function of cilia is to move fluid or mucus over the surface of epithelial cell sheets
· ciliated cells lining the respiratory tract, which clear mucus and dust from the respiratory passages
· Flagella differ from cilia in their length and use a wavelike pattern of beating
· Cells usually have one or two flagella
· Locomotion
· Fundamental structure is the axoneme- composed of mcirotubules and associated proteins
· The microtubules are arranged in a characteristic “9 + 2” pattern in which a central pair of microtubules is surrounded by nine outer microtubule doublets.
·  The two fused microtubules of each outer doublet are distinct:
· A tubule is a complete microtubule
· B tubule is an incomplete tubule that is fused to the A tubule
· The outer doublets are connected to the cetral pair by radial spokes and to each other by a protein called nexin
· 2 arms of dynein are attached to each A tubule.
· The motor activity of the axonemal dyneins drives the beating of the cilia and flagella
· The minus ends of the microtubules of cilia and flagella are anchored in a basal body (similar to centriole)- 9 triplets of mcirotubules
· Each of the outer microtubule doublets of the axoneme is formed by extension of two of the microtubules present in the triplets of the basal body. 
· Basal bodies thus serve to initiate the growth of axonemal microtubules, as well as anchoring cilia and flagella to the surface of the cell.
· The movements of cilia and flagella result from the sliding of outer microtubule doublets relative to one another, powered by the motor activity of axonemal dynein
· The dynein bases bind to the A tubules while the dynein head groups bind to the B tubules of adjacent doublets.
·  Movement of the dynein head group in the minus end direction then causes the A tubule of one doublet to slide toward the basal end of the adjacent B tubule.
· Because the microtubule doublets in an axoneme are connected by nexin links, the sliding of one doublet along another causes them to bend, forming the basis of the beating movements of cilia and flagella
· Activities of dynein molecules in different regions of the axoneme must be carefully regulated to produce the coordinated beating of cilia and the wavelike oscillations of flagella.




