EE 400/546: Biological Frameworks for Engineers
                                                             Handed out on 2-15-05; due on 2-22-05


A mathematical model of transcriptional regulation 

At any given time in a given cell, only a small fraction of the cell's genes are being transcribed and translated.  This selective expression of certain genes is controlled in part by proteins called repressors, which bind to the promoters of genes, interfering with RNA polymerase's transcription of the genes.  A simple concept….  But what happens when an artificially engineered network of three genes is set up such that each gene codes for a repressor that inhibits expression of one of the other genes?


This question was addressed by Michael Elowitz and Stanislas Leibler in their paper "A synthetic oscillatory network of transcriptional regulators" (Nature 403: 335-8, 2000).  Elowitz and Leibler created a plasmid containing three genes: a gene for cI, a repressor that inhibits transcription of the LacI gene; a gene for LacI, a repressor that inhibits transcription of the TetR gene; and a gene for TetR, a repressor that inhibits transcription of the cI gene.  They used mathematical modeling and experiments to find out whether cells with this plasmid would experience oscillations in the levels of the three proteins.  

In this assignment, you will explore the Elowitz/Liebler model as an example of how modeling can help scientists predict the behavior of complex biological systems.  Models can be very useful in situations when you have some knowledge of the components of a network but aren’t sure what will result from the components’ interactions with each other.  In many of these cases, you can use equations to describe your understanding of each component and then let the model calculate what happens to the network as a whole.  Models thus allow you to discover properties of a network that are not intuitively obvious but emerge from the nature of the connections between components.

ASSIGNMENT


Follow the instructions below and answer questions 7A through 7F.  Your answers are not due until February 22nd at 8:30, but please start the assignment as soon as possible so that you can get help (crowther@u.washington.edu) if you run into trouble.


1.  Go to a networked computer onto which the Teranode Design Suite software has been loaded.  You may have loaded this software onto a personal computer earlier in the quarter in preparation for the first lab.  Otherwise you can use one of the computers in the EE computer lab.

2.  Copy the file faculty.washington.edu/crowther/Teaching/Frameworks/repressilator0205.zip to your hard drive.  (This seems to be easier in Internet Explorer than in Netscape.)  This file contains the model that you’ll run and analyze.

3.  Open the Teranode Design Suite.  You can probably do this from the Start menu at bottom left: select Programs => Teranode => Teranode Design Suite.

4.  Open the “repressilator0205” file in TeraSim.  Select File => Open Workspace…, find the file you downloaded in step #2 above, and open it.  (Don’t unzip the file before opening it!  The software takes care of the unzipping.)  The first thing you’ll see is a blue icon labeled “top”; next to the icon is a link to an attached file called “Elowitz.pdf.”  This file is the original paper upon which the repressilator model is based.

5.  Explore the nodes of the model.  The blue top node represents a cell that contains three interconnected genes: tetR, lacI, and cI.  To reveal these components, right-click on the top node and select “Open.”  You should now see three yellow balls, one for each gene.  To zoom in for further details, use your mouse to select all three simultaneously (draw a box around them), then right-click on any one of them and select “Expand All.”  Adjust the resolution of the new view using the scale dial toward the top of the window next to the word “Log.”  You can see that each gene has a gray box in which the synthesis and degradation of that gene’s corresponding mRNA and protein are represented.  Each purplish box represents either synthesis or degradation of mRNA or protein; double-click on a box and read “Description” to see what it is.  Most importantly, note that there is an arrow from each protein to the transcription reaction that it represses.  The cI protein inhibits transcription of the lacI gene; the lacI protein inhibits transcription of the tetR gene; and the tetR protein inhibits transcription of the cI gene.

6.  Explore the mathematical parameters of the model.  Return to the screen with the blue top node.  (You can use the “Back” arrow near the top left of the window.)  Now double-click on this node to bring up the “Properties” menu, click on the “Description” button, and read the description.  If you have any questions about the meaning of alpha, alpha0, and/or beta, ask Greg (crowther@u.washington.edu).  Note that the model allows you to adjust the values of alpha, alpha0, and beta.  For the moment, leave the default values in place.  With these values, how will the concentration of, say, cI protein change over time?  To find out, select Tools => New Plot Page, then hit the “Play” button at the top left of the main window, then use the drop-down menu at the top right of the PlotPage window to select “cI_p.Concentration.”  To see how this compares to changes in lacI protein concentration, select “lacI_p.Concentration” from the drop-down menu.  Both cI concentration and lacI concentration should now be plotted on the same graph.  (You can also use the lower graph: just click on that graph and then select the variable you wish to track from the same drop-down menu.)  Now change the value of alpha; the lines on the graphs will go gray to indicate that the graphs do not reflect the current parameter values.  Hit “Play” again to see how the change in alpha affects the oscillations in protein levels.

7.  Using the features of the model to which you’ve now been introduced, answer the following questions.  They are due on Tuesday, February 22nd at 8:30 AM.

7A.  Return to the default values for alpha (20.0), alpha0 (2.0E-2), and beta (2.0E-1).  Compare the time course of tetR mRNA concentration in tetR protein concentration.  Do the rises in mRNA levels precede the rises in protein levels, or vice versa?  Is this surprising?  Why or why not?

7B.  How do tetR protein levels fluctuate when alpha0 is changed to a value of –0.2?  Is this alpha0 value biologically realistic?  Why or why not?

7C.  In the current model, alpha, alpha0, and beta apply to all three genes and proteins; in other words, the factors controlling their synthesis and degradation are assumed to be identical aside from the matter of which repressors bind to which promoters.  Starting at time 0 of the simulation, which protein exhibits the first major concentration peak (above “4,” in the arbitrary units of the y axis)?  Which protein’s concentration peaks next, and which comes after that?  Explain in biological terms why the other peaks follow in the order that they do.  (For example, if the order of peaks is tetR, lacI, cI, why does lacI follow tetR, and why does cI come after that, and so forth?)

7D.  The model’s initial conditions are that there are 10 molecules of each mRNA and 1 molecule of cI protein, 2 molecules of lacI protein, and 5 molecules of tetR protein.  What do you think might happen if the initial concentrations of mRNA and protein (at time 0) were identical for cI, lacI, and tetR?  Briefly explain your reasoning.

7E.  The protein concentrations will oscillate indefinitely for some combinations of values of alpha, alpha0, and beta and will reach a steady state for other combinations of values.  List one set of values that lead to a steady state; list another set of values that lead to permanent oscillations.  (Warning: a network approaching a steady state may look like it’s oscillating continuously if you don’t follow it for a long enough time!  To change the length of the simulation, adjust the “max” property in the “Properties” window of the blue top node.  To change the length of time shown on a graph, right-click on a graph, select “Plot Properties…”, click the X-Axis tab and the Range tab below that, and make the appropriate adjustments.)

7F.  For a fixed value of alpha0, what combinations of values of alpha and beta lead to continuous oscillations in protein levels?  Please answer this question by making a graph similar to Fig. 1b of the Elowitz and Leibler paper, with alpha on the x axis and beta on the y axis.  For the purposes of this question, assume alpha0 is fixed at 1.  Try 10 or 15 combinations of values of alpha and beta, noting whether or not each combination leads to a stable steady state, and shade the region of the graph in which all points (alpha, beta) result in continuous oscillations.  You can draw this graph by hand; I suggest making a log-log plot, as Elowitz and Leibler have done.  Does your graph agree with the claim that oscillations are favored by high alpha values and low beta values?  Briefly explain.
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