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Physical Aspects of Cell Function

(Cells as Sophisticated Machines)

General: In the next four weeks, you will get three different approaches to Cell Biology from myself, Dr. Bulinski and Dr. Minden.  I will emphasize the physical aspects of the biochemistry of cells, since that is what we do and that is an underdeveloped “growth” area.  There are problems at the end of each of these lectures, which you should try out to see if you really understand the material.  My section of the exam will be to generate an experiment to test a hypothesis.  

Papers for Discussion: Watanabe and Mitchison, 2002 on Wednesday; Bear et al. 2002 on Thursday.

Paper Presentation on Friday

On Friday, we will present the (Funamoto et al., 2002) paper.  Seven students will present the paper (essentially 1 figure per student) and the remainder of the class will bring a one paragraph description of a testable hypothesis or proposed experiment based upon the paper.  The seven students who presented the paper will serve as a jury to judge the proposed experiments that will be presented anonymously by me.  This is not for a grade.  It is to introduce you to what is meant by developing a testable hypothesis, i.e. the basis of a grant proposal.

Introduction

History of Cells:  There is geological evidence of cellular life over the last 2 billion years on earth.  Whether the first cells formed directly from some primordial soup or came from some other planet, is not considered here.  What is of concern is how current cell systems have reached their present state of sophistication.  Darwinian evolution suggests that survival goes to the fittest and it is worthwhile for us to consider what this means in practical terms for cellular functions.  The process of Darwinian selection is analogous to the process of evolution of automobiles.  In the late nineteenth century a basic automobile was developed and since that time billions of automobiles have been produced with increasing sophistication.  Refinements of the automobiles such as fuel injection, seatbelts and even cupholders are incorporated into most modern vehicles because people prefer to buy cars with those features.  Cars without those features can work but there is an incremental preference for cars with those features.

Cell Optimization and Robustness:  Because there have been countless numbers of organisms that have come and gone, nature has selected cellular systems that can survive and carry forward the genetic material that defines cell composition through many adverse conditions.  The property of robustness is therefore strongly favored in cells.  Robustness is defined as the ability to function properly under a variety of conditions, including changes in 1. number of proteins per cell, 2. salinity and pH, 3. temperature, 4. nutrient level, and 5. environmental factors. For example, where it has been studied in detail in the chemotaxis of bacteria, the concentration of proteins can vary over a thousand-fold without altering the ability of the cells to chemotax ((Alon et al., 1999)).


Cell State Effects on Functions


We often respond differently to the same stimulus when we are in different contexts.  In a similar way, any cell has a history and a current context which will influence its response to a given stimulus.

Life at Low Reynolds Number (diffusion and transport)


An important feature of cellular functions that is different from similar functions in the macroscopic world is the low Reynolds number at the cellular length scale.  Low Reynolds number refers to the relative scales of the object and the pressure fluctuations in the medium (water in this case).  A practical consequence of life at low Reynolds number is that inertial movements are basically nonexistent. Brownian fluctuations perturb many movements and provide stochastic fluctuations that normally create fluctuations in cellular systems but can be harnessed by cells for productive activities.  

Reynold’s number

R = vL/  





(1)

See Berg (Random Walks in Biology, 1993, pp. 75-77).  For a fish of density approximately that of water ( = 1 gm/cc), length of 10 cm (L), moving at a velocity of 100 cm/sec (v) in water ( = 0.01 g/cm sec), we calculate R to be about 105.  In contrast, for a bacterium of the same density, length of 1 micron (L = 10-4 cm), moving at a velocity of 10-3 cm/sec through water, we calculate R to be 10-5.  Another way of thinking of this is in terms of the relative magnitude of the energy in the moving particle and the magnitude of thermal fluctuations.  

Viscous Drag on Particles


An important equation for understanding diffusion in general is the Einstein-Smoluchowski relation, which relates the friction coefficient of a particle moving through a medium to the diffusion coefficient of the particle in that medium.  A case in point is a magnetic bead of 2 microns in diameter in a magnetic field (force on the particle is Fx).  The drift velocity of the particle (vd) is related to the force by a constant called the frictional drag coefficient (d):






vd d  = Fx  




(2)


Because the drag is the same for diffusion as for externally applied forces, the diffusion coefficient can be derived from (2) as






D = kT/d




(3)


The generality of this relationship makes it possible to move directly from knowledge of the frictional drag coefficient to the diffusion coefficient.


As spherical particles move through water they encounter viscous drag that limits diffusive steps.  The Stokes’ formula describes the relationship between viscous drag and spherical particle size.





f = 6r v





(4)


Note that this can be related to equation (2) and d = 6r.  Thus, the diffusion coefficient for a sphere is given by:

Dsphere   = kT/6r




(5)  


For a sphere of one micron diameter in water at room temperature  d = 9.5 x 10-6 g/sec and Dsphere   = 4.4 x 10-9 cm2/sec. 

Diffusion of Small Particles


Brownian motion describes the basic motions of subcellular particles and all but the largest of cells.  Brownian movements result from the local fluctuations in pressure on the particles.  For a one micron particle, those fluctuations can produce movements of 1-3 microns in a second and they have been nicely described by __.  To get an idea about the important aspects of diffusion, we will analyze in detail the process of diffusion of drunks from the door of the bar.  

One-dimensional diffusion (the objects in this case are drunks)

Assumptions: 1. Steps of r length occur at regular intervals () 

2. The direction of each step is equally likely to be + or – independent of previous steps.  

3. Each object moves independent of other particles.

If 128 objects start at X = 0 and move r length, then 64 will be at +r and 64 at –r.  

After 2t, there will be 32 at –2r, 64 at 0 and 32 at +2r. 

After 3t, there will be 16 at –3r, 48 at –r, 48 at r and 16 at +3r

After 4t, there will be 8 at –4r, 32 at –2r, 48 at 0, 32 at +2r, and 8 at +4r

After 5t, there will be 4 at –5r, 20 at –3r, 24 at –r, 24 at +r, 20 at +3r, and 4 at +5r


Notice that with increasing time the width of the distribution increases (with the square root of time) and the height decreases (also with the square root of time).  The distribution can be described as a Gaussian (we will come back to this point).

IMPORTANT FEATURES OF DIFFUSION


1. No net movement occurs (the average position is always zero)


2. Distribution is symmetrical  (a corollary of 1) 

Root-mean-square displacement <X2(n)>1/2

It is useful to describe the distribution of diffusing particles over time by the average of the square of the displacement, since it is not dependent upon sign.  

 Mathematically, the diffusion of particles in one dimension is given by




2D1t = <X2>  




(6)

 two dimensions is given by




4 D2t = <X2+Y2>




(7)

and three dimensions is given by 




6 D3t = <X2+Y2+Z2>



(8)

where D is the diffusion coefficient, t is the elapsed time, and <X2>, <X2+Y2>, or <X2+Y2+Z2> is the average displacement squared.  An important aspect of diffusion that is evident from this equation is that the average distance moved scales with the square of time.

Gaussian Distribution of Diffusing Particles


If all of the particles at time equals zero are at the origin, then the distribution of the particles after many elemental steps assumes a Gaussian.



P(x)dx = (1/(4Dt)1/2) e-x2/4Dt dx 



(9)


For a normal curve the fraction of the area which is within one standard deviation (s = (2Dt) 1/2) is approximately 68% of the total area.  The probability that it has wandered twice as far as two standard deviations is 4.5% and for three is 0.26%.  These numbers provide a useful way to estimate changes in the concentration of proteins upon diffusion.

Practical Implications of the Diffusion Equation.


If we take the typical dimensions of a cell (volume of 4000 m3 or a cylinder 2 m high with a diameter of 50 m), then the distance for diffusion from one point to another in the cell will be on the order of 20 m.  With a typical protein diffusion coefficient of 10-7 cm2/sec, the time for diffusion would be on the order of 40 seconds.  Thus, for rapidly diffusing components, diffusive transport can be used to bring proteins from sites of synthesis to function.  


In the case of highly asymmetric cells such as neurons, the distance of the tip of a process from the cell body is on the order of a meter in man and many meters in larger animals.  For our typical protein to diffuse over a meter, would require 1011 seconds (3600s/hr, 86,400s/day, and 31,536,000s/yr) or about 3,000 years.  Thus, we can safely say that diffusion cannot supply material to the ends of axons. 


At a molecular level diffusion processes are extremely important.  Motor proteins can not work by diffusive mechanisms alone but the efficiency of molecular motors can be high through mechanisms that involve the biasing of diffusive movements, i.e. a ratchet that is ATP dependent can bias movement of a motor.

Non-ideal Diffusive Processes


The recent advent of computer-based imaging and single photon detection methods to biological systems enables us to measure the detailed random walk of individual particles and even individual molecules (using single molecule fluorescence methods).  The area of Single Particle Tracking has therefore arisen to and it provides a detailed view of diffusive movements of cellular components.  Often the movements are not ideal in that the plots of the mean-squared displacement versus time (Equation 2) are non-linear.  Two major types of non-ideal behaviors are observed in cells and can provide evidence of important aspects of cytoplasmic organization.  Flow of the medium (cytoplasm or membrane) that the particle is diffusing in will give rise to an average velocity of movement.




<X2>   = 2D1t  + (vt)2


(10)

where v is the velocity of the flow.  In these situations, one can easily document a flow that would otherwise be very difficult to determine.  

Diffusion within a Corral

The other common feature of diffusion in cytoplasm or membranes is that particles are restricted to diffusing in certain regions and cannot enter other spaces because of barriers (membrane or cytoskeletal).  There is no single equation to describe such diffusion but an approximation of the radius of the corral (rc) comes from the equation




<X2> = (rc 2)[1 – A1 exp (-4A2Dt/(rc 2))]

(11)

where A and A are constants determined by the corral geometry (Saxton and Jacobson, 1997). 

Problems


In general, I will give references that answer a question about the system.  You can get more information on the cell biology by looking at the PubMed web site (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed) and then find the paper with the authors last names (separated by commas).  Once you find the article open the abstract and you will find “books” in the upper right area near the title.  Open the books link and you will find that many of the words are highlighted in blue.  Double clicking on those words will open the Molecular Biology of the Cell descriptions of those terms and related materials.  

Problem #1


In a recent article by Dayel et al (1999) they measure the diffusion of a green fluorescent protein by fluorescence recovery after photobleaching in the lumen of the endoplasmic reticulum (ER) and in cytoplasm and find a 3 fold higher diffusion coefficient in cytoplasm (1.5 X 10-7 cm2/sec) than in the ER.  My lab has measured diffusion of small (0.2 micron diameter) beads along microtubules (Wang and Sheetz, 2000) using single particle tracking and have found a one-dimensional diffusion constant of 2 X 10-10 cm2/sec.  Two proteins (both 5 nm in diameter) are synthesized in cytoplasm at a rate of 1000 molecules per minute in a thin region of cytoplasm (many lamellipodia are only 0.2 microns thick) that is essentially two dimensional.  One protein, S, is soluble and the other, M, is rapidly bound to the microtubule. After 100 seconds of diffusion (assume that all molecules are at one point and start diffusing at t = 0), what is the average displacement of protein S and of protein M?  Remembering that the distribution is Gaussian, what are the average concentrations of the two proteins within the region from the origin to the average displacement point?  Now calculate the average displacement and concentration, if 1000 molecules of soluble protein, S, are expressed with a signal sequence so that they are translocated into the ER lumen which is a tube 0.1 microns in diameter and hundreds of microns in length.  

Answer: After 100 sec., X = ±7.6 x 10-3 cm for S and ±2.0 x 10-4 cm for M.  The volume for S is a cylinder 37 microns in radius and 0.2 microns thick (2r2 l = 7.2 10-9 cm3 ) whereas for M the volume is a cylinder of the microtubule plus the protein (2r2 l = 3.8 10-15 cm3 ).

Problem #2


A neuron (70 microns in diameter) is sprouting an axonal process and there are new proteins synthesized that are needed at the tip of the growing process.  If a protein is synthesized (1000 molecules) at the cell end of an axon that is one hundred microns long (one micron in diameter) and the protein has a diffusion coefficient of 2 x 10-7 cm2/sec, the average displacement of the protein molecules will equal the length of the axon after how many seconds?  What will be the average protein concentration in the axon after that time?  Now repeat the calculations for axons that are 1 mm and 1 m long (remember that you may have some axons a meter in length).  If there is a flow of cytoplasm into the axon as it is growing (the axon is elongating at 1 micron per minute typically), what will be the root-mean square average displacement of the 1000 molecules of protein that are placed at the end of a 1mm axon after 100 minutes?
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Calculations of Cell Size


	Eukaryotic cells range in size from about 4 microns to millimeters (for larger syncytial cells).  An average size for the common cells used in cell culture (HeLa or mouse 3T3 cells) is 15 microns in diameter for a suspended cell (volume 4/3r3 = 2000 m3 or 2 x 10-9 cm3).  In contrast, bacteria (prokaryotic cells) such as Eschericia coli are cylinders of about two microns in length and 0.8 micron in diameter (volume lr2 = 1 m3 or 1x10-12 cm3).  The concentration of cytoplasmic proteins is about 180 mg/ml.  If we assume that the average molecular weight of proteins is 50 kDa, then the overall concentration is 3.6 mM or 2 x1018 molecules per ml (alternatively, 4 x 109 molecules per eukaryotic cell or 2 x 106 molecules per prokaryotic cell.  If we carry this approximate calculation further and introduce the number of different protein molecules in a cell (10,000 for the eukaryotic and 2,000 for the prokaryotic), then the number of molecules of any given protein will be on the order of 105.








