Organization of the Cell Cytoskeleton


A Professor of Biomechanics has described the mechanical properties of cells in suspension culture as similar to chocolate-covered cherries, i.e., they have a relatively rigid outer shell covering a relatively fluid cytoplasm with a relatively rigid nucleus (cherry) at the center.  The outer shell is composed primarily of crosslinked actin filaments and is tightly linked to the membrane.  The fluid cytoplasm has microtubules and intermediate filaments coursing through it but they do not support significant compressive stresses (the fluid volume of the cell supports most compressive stresses).  The nucleus constitutes a small fraction of the cell volume in most non-immune cells and is therefore a minor factor in cell deformations.  

Filament Self-assembly 

(References: Alberts et al., Molecular Biology of the Cell, 3rd Ed., Chapter 16, and Howard, Mechanics of Motor Proteins and the Cytoskeleton, Chapters 9-11)


We will consider the self-assembly of two of the three major filaments in cytoplasm, their dynamics, polarity and distribution.  The major filaments of animal cells in order of size are actin filaments (4-6 nm helical filaments), intermediate filaments (10 nm filaments), and microtubules (25 nm tubes).  These filaments are all multi-stranded filaments and unlike a single stranded polymer shown below in which the dissociation constant for the dimer is the same as the dissociation constant for the monomers at the ends of the polymer.  



A + A = A2   + A = A3    + A = A4    + A = A5

The dissociation constant is commonly used to quantitatively evaluate the strength of binding because it has units of M (moles/liter) (remember in an equilibrium reaction the constant is described as the ratio of the products over the reactants or for the dissociation of the dimer, Kd = [A][A]/[A2]). 




Kd = exp(G/RT) moles/liter

 For multi-stranded filaments, the binding of the later subunits is stronger than the dimer formation because additional bonds are formed between the strands of the polymer.  In the case of actin, which is a double-stranded polymer, the third subunit added will have two binding interactions (one with each of the subunits in the dimer) and will have a stronger bond (lower value for the Kd).  Similarly, all subsequent monomers that bind have two interaction sites.  The case of microtubules with 13-16 strands in the tubule is similar, except that the long axis of the tubulin dimer is oriented along the strand axis.  This means that the dimer binds to the tubule initially through one interaction along a strand plus two inter-strand interactions.  The multi-stranded polymer can be much more stable than a single stranded polymer because of the lateral interactions and is consequently a much better structural building block for the cell.  An additional feature is that the internal subunits in a filament are unlikely to leave the filament because they have typically twice as many interactions as the subunits at the ends.  

Seeding Polymerization


Another important aspect of the multi-stranded filaments is that they will preferentially polymerize on seeds.  This comes directly from the fact that the rate of dissociation of the dimer is much more rapid than the rate of dissociation of a monomer from the end of a filament.  Ramifications of seed formation are several fold: first, the rate of polymerization often has a lag phase if you start with pure monomer (corresponding to the time needed to form seeds); second, the addition of polymeric seeds to monomers removes the lag phase; third, at the cellular level, the site of polymerization can be controlled by the site of seed formation; and fourth, a solution of pure actin monomer or tubulin dimer at the critical concentration (the concentration needed to give polymer from pure monomer) will polymerize onto permanent or crosslinked seeds.  The critical concentration (Kc) is defined by rate of polymerization and depolymerization at the ends of the filaments.  




Kc =  koff/kon  = KD

A further implication is that the release of subunits from the side of a filament is unlikely.  This can be understood by considering the number of bonds between subunits and the entropy of binding.  As we have discussed before, the entropy of binding is negative, which results in an increase in the free energy of binding (G = H – TS); however, the S term is the same for the binding of proteins to the ends of filaments as to the side of the filaments.  In the case of actin, a monomer binding to the end of the filament forms bonds with 2 neighbors (one in the same protofilament and one between protofilaments) whereas a monomer in the filament has bonds with 4 neighbors (2 in the same protofilament and 2 in the adjacent protofilament).  

Filament Dynamics (Nucleotide Hydrolysis, Polarity and Treadmilling)


Actin monomer contains a bound ATP and tubulin dimer contains a bound GTP that are hydrolyzed after polymer formation.  The rate of hydrolysis follows a first order decay process after the subunits assemble in the polymer.  After hydrolysis, the ADP or GDP forms of the subunits have a much higher Kd for binding (weaker binding) which results in an instability of the filaments and increases disassembly.  


Filaments are polar in several respects: 1. the rate of polymerization is greater at one end than the other, 2. the subunit structure is polar, and 3. the ends are dramatically different in the components that bind to them.  Because subunits polymerize onto one end faster than they do on the other, the subunits on the fast end are more likely to contain ATP than the slow end.  Thus, the slow end is most likely to have an ADP or GDP containing subunit and to depolymerize.  Situations can arise where ATP subunits can add onto the fast end (barbed end for actin filaments or plus end for microtubules) and ADP subunits can leave the slow end, giving rise to treadmilling.

Description of filament systems (for tubulin: the critical concentration is 5 M and the  concentration in cells is on the order of 20 M,  for actin: the critical concentration is 0.1 M and the concentration in cells is on the order of 200 M ).

In vivo Control of Actin Dynamics


There are many recent reviews on the control of actin polymerization in vivo (Pollard et al., 2001; Pantelloni et al., 2001) and the new textbook on Cell Biology by Pollard and Earnshaw has a good treatment of the process.  A lot of the recent work has centered on the proteins needed for actin polymerization off listeria (Loisel et al., 1999) and the WASP family protein control of ARP2/3 polymerization (Higgs et al., 1999).   

Problems:

1. If the Kd for the actin subunit-subunit interactions along a strand is 0.1 M and the Kd for subunits at the ends of two-stranded filaments is 0.03 M, then what is the Kd for a single inter-strand bond (assume that subunits that bind at the ends are bound by one intra- and one inter-strand bond).  

2. A classic experiment in the microtubule field involved the dilution of the microtubule solution and the subsequent changes in microtubule number and length.  The observation was that the dilution of an equilibrium solution of monomer and polymer resulted in the decrease in the number of microtubules and a slight increase in their length.  How can you explain this result based upon the GTP hydrolysis after polymerization?

Molecular Motors


Motor proteins are critical for many cell functions from DNA synthesis and packaging to protein transport and ultimately degradation.  In a broad view, motors couple the Brownian movements of proteins (vibration, rotational or translational) to the dissipation of energy (ATP, GTP or a proton gradient).  We will start by discussing the linear movement of motors along polar filaments since we understand the most about that process.  

Definition of Linear Motor Activity and Linear Motors.


There are several classes of linear motors, including the polymerases, protein folding enzymes, DNA-RNA packaging enzymes, as well as the obvious motors that move along actin and microtubules.  There are several views of these motors and I will give you a detailed description of myosin and kinesin, which have been studied in the most detail.  


Basic elements of linear motor systems: 



Polar filament to move on with repeating subunits



Motor molecule



Cargo or object to be moved


Linear Motor Systems



Myosin-actin



Kinesin or Dynein-tubulin



DNA polymerase-DNA



RNA polymerase-DNA



Ribosome-RNA



Protein folding-translocation complexes-protein

How do Motors Move?

Motion Cycles


Myosin motility – early x-ray and e-m data indicated X-bridge movement


rigor--+ATP—release—hydrolysis—bind—force—product


What defines the maximal rate of movement?


How does velocity change with # of motors?


Where does energy come from?

Energy is from thermal movements and ATP biases movements

Processivity   When the number of motors is small, there is a question of how many steps can a motor make before it falls off the filament?

ATPase Cycles 


How do we couple ATP hydrolysis to the mechanical cycle?

Questions:

1. In general, the rate of muscle contraction is proportional to the maximal ATPase activity of the isolated myosin (slow myosins have low ATPase activities).  Which explanation is most logical

Other Motors
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We have concentrated our discussion on the myosin and kinesin motors because the most is known about them.  They illustrate two important regimes the highly organized skeletal muscle regime and the processive motor regime in which the motor must remain attached to the filament.  From a broader perspective, the motors in the nucleus (synthesizing RNA and DNA) and in protein synthesis are the most active during the cell cycle whereas myosin and kinesin are critical in the specialized muscle and neuron cells.  

Efficiency of Motors:  ATP  is 80 pN nm whereas kT is about 4 pN nm

Other linear motors

DNA Synthesis


Problem is to copy with high fidelity 2m of DNA that is packaged in a nucleus of 5 microns in diameter.  


Physical properties of DNA (0.3 nm/base pair) double stranded helix (lots of twist, torque problems).

DNA Helicases


Unwind DNA

RNA Synthesis


Unfolding the right portion of the DNA and copy it

AAA ATPases

Dynein

Katenin

NSF

Bacterial pilin subunits

Fo/F1 ATPase

Bacterial Flagellar Rotor

Pilus Retraction AAA ATPase (Strongest single molecule motor described so far)

Motor Kinetics


In our discussion of the motility cycle, there were several different motor states and the kinetics of the transitions from one state to another was critical for the motility to occur.  Physical chemistry of kinetics is useful to try to understand how the transitions between the states can be defined.  

First order kinetics:  In the case of a unimolecular complex that undergoes a reaction, there is a first-order decay process.






M(ATP)  ---  M(ADP-Pi)

 


d[M(ATP)]/dt  = k1[M(ATP)]

Thus, if we integrate, we find that the change in concentration over a time, t, is 




[M(ATP)]f/ [M(ATP)]i  = exp (k1t)

Second order kinetics:  

Reactions in the myosin cycle



M + ATP  ==  M(ATP)




d[M(ATP)]/dt = k2 [M][ATP]

In this case, we typically define conditions such that one of the components is in vast excess ([ATP] is constant in this case) and therefore does not change in concentration.  Further, we know that [M] + [M(ATP)] = Mo, where Mo is the original concentration of motor, M.  Under those circumstances, the equation reduces to a first order differential and can be solved for a given concentration of ATP.  




d(Mo – [M])/dt  = k2 [M][ATP]



or 
-d[M]/[M]  = k2 [ATP] dt

upon integration   

[M]t/ Mo  = exp –(k2 [ATP]t)
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Scheme 1



Now we can look at the myosin and kinesin reaction cycles and see how measurements of 


Problems:

1. We discussed processive motors in terms of the kinetic scheme for kinesin (Scheme 1 with MtK above).  If we assume that the concentration of ATP is high, then ATP binding will not be the rate-limiting step (K1).  What is the rate-limiting step, if K2 = 1000 s-1, K3 = 100 s-1, and K4 = 400 s-1?  If the step length is 8 nm/ATP, then how fast can the motor move if it has one head (assume that between step 3 and 4, the kinesin head will come off the microtubule)? (same question for 2 heads like the normal molecule?)  

2. (Extra Credit 10 Points) For muscle myosin, which is non-processive (see scheme 1 with AM above), the rate-limiting step is the hydrolysis of M.ATP to M.ADP.Pi (this is the forward rate constant of #3, which is typically 40 s-1).   M.ADP.Pi then binds to actin to produce a force by the swing of the crossbridge, Pi and then ADP are released.  Myosin bound to actin then waits for another ATP to release it and start the cycle again.  The series of steps from force production to release takes about 2 milliseconds without load in a maximally activated muscle.  Assuming 0.002 sec is the time that the active heads are bound to the actin filament and that the forward swing of the crossbridge is 10 nm, then what is the maximal velocity of muscle contraction (you should also assume that without an external load, the myosins are pulling against themselves; i.e. half of the time is spent producing force to pull other myosins forward and half of the time is spent being pulled forward by other myosins).  

3. (Extra Credit 10 Points) What happens to the time of force production in the muscle described in Problem 2, when a load is applied that slows contraction?  Assuming that the velocity is slowed to 1/10 of the maximal velocity determined in Problem 2, what is the average time that a head is bound and producing force before it is released?  For an additional 5 points, compute the fraction of the myosin heads (on average) that are bound to actin under these conditions.
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