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Background	

Since the 2010-2011 academic year, the Yale Physics Department has 
offered a new introductory physics sequence – PHYS 170/171 – aimed 
at biology and premedical students, that seeks to implement a number 
of the recommendations of the NRC’s BIO210 and the AAMC/HHMI 
Reports.1,2 The PHYS 170/171 enrollment was about 100 in the 
2010-2011 academic year, but increased to nearly 150 in 2012-2013. The 
majority of the PHYS 170/171 class (70%) are biology majors, and 80% 
identify themselves as premedical students. There are roughly equal 
numbers of sophomores and juniors, with significantly fewer seniors, 
and two or three freshmen. They are 70% female. 50% self-identify as 
white, 50% do not. Most come to PHYS 170/171 possessing 
considerable biological sophistication, because of prior biology and 
chemistry classes at Yale. Almost all have previously taken a first course 
in calculus.	


Since these students would likely not be taking another physics class, 
rather than have the student perform only the “traditional” experiments 
in lab (Physics 165L/166L), it made sense to cover topics of particular 
interest and relevance to the life sciences major. In the past three years 
we have developed modules that cover chemical rate equations, 
probability, brownian motion and diffusion, laminar fluid flow, statistical 
mechanics and Brownian ratchets, EM waves and quantum mechanics.	


Here we present a module that models the behavior of two gene 
circuits that are found in nature, the genetic toggle switch and the 
“repressilator.”3 Our primary goal is to introduce the concept of 
feedback and show that it is a phenomenon that is ubiquitous in all 
branches of science.	
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The Genetic Toggle Switch	

•The bacteriophage Lambda is one of the best 
understood biological switches. The lytic and lysogenic 
states each repress the other through the expression 
of different proteins leading to two stable states. The 
switch between the two states is achieved through a 
second positive feedback loop.4 	


• To model these two stable states with feedback we 
use two digital inverters (From a 7404 Hex Inverter) 
in series such that the output of inverter 1 is the input 
to inverter 2 and the output of inverter 2 is the input 
to inverter 1. Students work out the following logic:	


1. If the input to Inverter 1 is high, the intermediate state is low.	


2. Inverter 2 takes the low input and gives a 
high output.	


3. A high output from inverter 2 is fed back 
into inverter I and produces a stable state in which the inputs 
remain in their states indefinitely.	


• Students are then asked to imagine if, for example the input of 
Inverter 1 was forced into a low state (or the input of Inverter 2 

was forced into a high 
state). Following the logic 
demons t r a t e s t h a t a 
second stable state is 
achieved. 	


• In lab, the input to each 
inverter is connected to 
ground through a mom 
entary telegraph switch. The biological analog of these switches are 
called inducers. The state of each input is tagged using a red and green 
LED. 	


• Students are asked to work through the logic of this bistable circuit 
and to explain how the switch changes the state. 	


• This toggle switch is also an example of a binary “bit” of information. 
An example of boolean logic that underpins modern technology.	
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The Repressilator	

 The figure at right represents the genetic 
architecture of the repressilator. This gene 
circuit is composed of three genes and 
their gene products, each of which 
represses expression of the following 
gene’s gene product. This circuit uses the 
same basic elements as the gene toggle 
switch, but uses three of them, rather than 
two. The odd number of elements going 
around the complete circuit gives rise to 
negative feedback.	


•Students are then asked to consider a series of three logical inverters 
with the output of the last inverter fed back into the input of the first. 	


•The logic of this arrangement is impossible, since whatever you assume 
the input state of the first inverter to be, the output of the last inverter 
will have the opposite state.  And if this final output is fed back into the 
first inverter there is a logical inconsistency.	


•The solution to this conundrum is for students to realize that a switch, 
whether genetic or electronic takes a finite time change state and with 
a delay, the contradiction is removed. Each inverter happily reverses the 
state of the subsequent one. This illustrates to the student how 

negative feedback can give rise to 
oscil latory behavior with a 
characteristic frequency.	


•To model this electron-ically, we 
used a LS7400N Quad NAND 
gate where we have tied the 
inputs of three separate NAND 
gates together to create a quad 
inverter. 	


•The delay is achieved through the 
addition of resistor and capacitor 
arranged so that the output of an 
inverter will either rise or fall slowly to the threshold value. 
Component values were chosen to give a time constant of about 
0.5 seconds. 	


•With a delay introduced, each inverter will flip the state of the 
subsequent inverter and the process will proceed indefinitely with a 
reasonably stable period.	


•As with the genetic switch, the input states of the inverters are 
visualized with red, green and yellow LEDs which will oscillate 
indefinitely.	


•After students describe how oscillatory motion arises from a series of 
three coupled inverters with feedback they measure the period of the 
observed behavior and relate it to the time constant of the RC delays. 
As a final exercise, inputs are also plotted on an oscilloscope to show 
the how the inputs change in relation to each other.	
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Further Questions	

•In developing the repressilator analog, it was discovered that the 
behavior of the circuit is strongly dependent on the choice of resistor 
and capacitor, as well as the voltage powering the IC. Investigations are 
ongoing.	


Connection to lecture	

Rate equations for the genetic switch and repressilator were presented 
in class as a complement to the lab activity. Mathematica was used to 
solve the coupled equations and illustrate how for certain parameters, 
you obtain switching behavior in the case of the genetic switch and 
oscillatory behavior for the repressilator. 	
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