
Topic 2: Energy in Biological Systems 



Outline: 

Types of energy inside cells  
 
Heat & Free Energy 
 
Energy and Equilibrium 
 
An Introduction to Entropy 



Types of energy in cells and the cost to build the parts 



Forms of energy in molecular biology: setting the scale 

4 common forms  in cells– three of which are just twists on electrostatic potential energy 
 
1) chemical energy  in the form of bonds 
2) spring potential energy is molecular structures 
3) electrostatic potential energy due to ions/charges 
4) thermal energy due to the random motion of atoms 

 
Within molecular environments, thermal energy is significant 
 
Scale:    
 
     thermal energy = 1 kB T = 0.025 eV  = 0.6 kcal/mol   (here T = 293 K) 
 
more biophysical unit:    1 kB T = 4.1 pN nm 
 
So thermal energy can generate forces ~ 4 pN over distances on the order of nm’s. 
 
Protein based molecular motors generate forces on the order of 20-40 pN 
 



Molecular energies:         covalent bond ~ 2 eV = 100 kB T   >>  1 kB T  
 
                                             hydrogen bond  ~ 0.2 eV  = 10 kB T  ~ 1 kB T 



How is energy made 

The main fuel for chemical processes 
inside a cell is ATP 
 
Sugar (glucose) is broken down to produce 
a yield of 2 ATP molecules per glucose 
 
 
Left: Anaerobic production of ATP 
 
     1 glucose  2 ATP 
 
Aerobic production in mitochondria: 
 
      1 glucose + O2   20 ATP 
 
Aerobic E. coli: 
 
      1 glucoes + O2  30 ATP 



20 kB T of energy 

Burning ATP  ADP 



Building the molecules inside cells 

Building a protein: 
 
1.2 ATP to add AA to tRNA    +  4 ATP/AA for the Ribosome =  5 ATP per AA in protein 
 
 
Amount of ATP to make all the proteins in E. coli? 
 
1 protein ~ 300 AA  and there are 3 x 106 proteins in E. coli, so 
 
total ATP = (300 AA) x (5 ATP/ AA) x (3 x 106) = 4.5 x 109 ATP 
 
How many glucose are needed to make this ATP? all the contents of the cell? 
 
 
 







Heat and free energy 



Energy from a physics perspective 

All things in universe are tending towards disorder, so how does order emerge? 
 
To understand how order can be created we need to know about the various forms 
of energy that are at work in physical systems 
 
Energy forms from 1st year physics: 
 
Potential energy:  energy associated with an object’s position e.g. gravitational, 
  spring, electrical 
 
Kinetic energy:  energy associated with the motion of an object  
 

𝐸𝑘 =  1 2  𝑚 𝑣2 

 
These are forms of mechanical energy, energy useful for doing work 



Case of missing energy: 

Q:  what happened to the energy that the rock had? 
 
A: The rock had potential energy that got converted to kinetic energy and then … 
 
     … at the end it has no mechanical energy, so what has happened? 
 
Q: has energy not been conserved? 



The mystery continues with a twist: 

Ans: NO.   Mechanical energy was converted into HEAT 
 
Heat is a form of energy 
 
Total energy =  heat + mechanical energy 

Total energy is conserved in all processes 

Q: Why doesn’t the rock spontaneously return to where it started?  Energy would still be 
      conserved  (i.e. we could put heat into the rock equal to its initial potential energy) 
 
A: Something else has changed – the system has got more disordered (i.e. mud moved,  
     air was warmed, etc) 
 
Idea:  Some energy is more useful at doing work than others 



What is Heat: 

Heat = energy associated with creating disorder in a system 
 
It is more difficult to extract useful work out of the disordered motion  
of moving objects than it is from objects that are moving in a coordinated 
way 
 
How to measure disorder? 
 
 Entropy = 𝑆 = amount of disorder in a physical system 
 
Useful energy = Free Energy   
   
     G = 𝐸 − 𝑇 𝑆 

mechanical energy 

temperature 

entropy 



Free energy: the currency of biology 

  G = 𝐸 − 𝑇 𝑆 

A system will change its state if it lowers the free energy.  If F is at a minimum, the 
system will not change it state. 
 
2 ways to change/lower G: 
 
1. Lower the energy – e.g. make stronger/more chemical bonds 
2. increase the disorder/entropy of the system 



more E 

more S 

increase temperature 
    unfolding 
Entropy dominates 

lower temperature 
    folding 
Energy dominates 

Protein Folding 



The puzzle of the 2nd Law 

Q: Why doesn’t the rock return to its previous location?  
 
Q: Why doesn’t a mixture return to its unmixed state? 
 
 
A:  2nd law of thermodynamics: 
 
  ∆𝑆 ≥ 0 for isolated systems 
 
aside: not true for open systems, where ∆𝑆 < 0 or the system has become more  
            ordered. 
 
 
e.g. water vapour in a jar condenses  becomes more ordered. So ∆𝑆𝐻2𝑂 < 0.  But 

        if we consider the entire closed system of water + air inside jar, heat was given off  
        during condensation that warmed the environment, so, ∆𝑆𝐻20 + ∆𝑆𝑒𝑛𝑣 ≥ 0. 

 
So order can be generated, but heat is released and increases the disorder elsewhere 
      





Minimizing energy and mechanical equilibrium 



Equilibrium and Energy landscapes 

Now the system will relax until it is at a minimum of its free energy, G(x) 





Finding minima and equilibrium points 

near equilibrium  
system behaves like 
a simple spring 



Measuring energy landscape experimentally 

Optical Trap: 
 
used to measure the force response characteristics 
of single molecules 
 
trap behaves like a spring 



Experimental Force-extension curves 

Thus by looking at the bead displacement, i.e. xeq, you can determine the force 
required to generate a certain extension L 
 
Thus you can measure the observed extension of the molecule given the force applied 

Extension vs force for a molecule of double stranded DNA 

behaving like spring 

fully stretched, have to 
apply a lot more force 
to get any further  
extension 



Pulling on more complex bio-molecules 

work done by optical trap 

combined free energy of  
 protein + trap 



‘Springy’-ness of biological materials 

You will work out the details in an assignment connecting microscopics to macroscopics 



‘Springy’-ness of biological materials 

stretching fibres 

compressing 
membranes 

All behave like simple harmonic springs for small deformations 



Final thoughts on equilibrium 

Equilibrium occurs when the system is at a minimum of its free energy 
 
Q: can a cell be treated as an equilibrium system? 
 
A: Sometimes. 
 
The cell is constantly doing something dynamic and so by definition is not 
at equilibrium. However, given a certain timescale some parts of the system 
will be in equilibrium 
 
e.g. a crawling cell – the dynamics of cell’s membrane is very fast compared 
        to its motion and so the membrane can be thought to be in equilibrium 
        with respect to the forces that are applied to it by the cytoskeleton 



An intro to Entropy 



Entropy is a counting problem 

So to compute the entropy of a system we just need to count how many states 
it can be in for a given amount of energy, E. 



Entropy example: Protein bound to DNA 

A number of proteins can bind both specifically and non-specifically to DNA 

Q: what is the entropy of having N proteins bound to DNA? 



Counting up bound states 

let’s consider that 
there are 4 sites on the 
DNA that can be bound 

3 sites bound, W = ?    and 4 sites bound, W = ? 



General result: Number of combinations 

# of combos of 
Np objects out of N 



An aside to build intuition: 

There are 3 ways to pick first letter, 2 ways for second and 1 for the last = Np! 
 
since we don’t care about order, that’s why we divide by Np! 



Calculating the entropy of the bound protein 

we will use this a 
few more times in course 

fraction of sites 
bound by protein 

c = 0.5 



Hydrophobic force is due to entropy 

water is made up of a lattice of hydrogen bonds 
 
a single H20 molecule  can form 4 H-bonds 
 
a single H20 is constantly forming and breaking  
H-bonds with its neighbours 
 

IDEA: when a hydrophobic molecule is placed 
           in water, the water molecules lose some 
           of their configurations  lose entropy 



Configurations of H20 

There are 6 configurations for H20 all with the same energy  W = 6, so S = kB ln 6 
 
If we put a hydrophobic molecule at one of the positions, it loses 3 configurations 
 
So the change in entropy is,  ∆𝑆 =  𝑘𝐵 ln 3 − 𝑘𝐵 ln 6 = −𝑘𝐵 ln 2 
 
thus it costs entropy to the water when there is a hydrophobic molecule around 



Hydrophobic Free Energy 

This change in entropy leads to a change in free energy for the water (a cost) 
 
     ∆𝐺 =  𝑘𝐵 𝑇 ln 2  
 
it costs free energy (increase) to put a hydrophobic molecule in water 
 
If n-molecules of H20 are disrupted by the hydrophobic molecule, 
 
     ∆𝐺 = 𝑛 𝑘𝐵 𝑇 ln 2  
 
Polar molecules (charged) can form H-bonds and thus do not disrupt the water as much 



Hydrophobic Free Energy and Surface Exposure 

𝐺 

𝐺 


