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The thermodynamics of life processes

Reading: 
Appendix 1: Thermodynamics and calculation of energy yields of metabolic processes

I.
Introduction
The origins of biogeochemical cycles and life are intimately intertwined.


What elements are typically involved?


What sort of geochemical cycling would there have been before life?


How have living systems changed elemental cycles?


What geochemical phenomenon has been incorporated into organismal metabolism?

II.
Biogeochemical cycles and thermodynamics

Thermodynamics provides a framework for predicting the kinds of reactions that can occur during the transformations of any given element.  
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Living systems are at non-equilibrium and the bonds between C, H, N, O, P are reduced or electron rich.  Living systems must continuously process energy to counteract the basic laws of thermodynamics.  Photoautotrophs do this by capturing light energy.  Heterotrophs obtain metabolic energy by capitalizing on the natural tendency of electrons to flow from reduced bonds to oxidizing substances (respiration), which releases large amounts of free energy (redox reactions).  Metabolism is possible because bacteria can sequester oxidized and reduced substances from their environment through membrane compartmentalization.

Energy flow systems (including biogeochemical cycles) are best understood in terms of non-equilibrium thermodynamics.  Classic equilibrium thermodynamics offers little insight to cyclical biogeochemical systems because is focuses on reversible reactions at fixed temperatures.

Chemical thermodynamics provides a framework for predicting whether a reaction will occur spontaneously.  In other words, will a reaction produce useful biogeochemical work?  Can it predict the extent of disorder (disequilibrium) associated with the reaction?  

Material cycles and energy flows are critically dependent on 1) the source of the energy as well as 2) the temperature (stability of molecular structures) and 3) chemical composition of the system (availability of key elements other than C, H, N, O, and S).  For electromagnetic radiation, wavelengths between 300 and 800 nm are especially significant since they promote electronic reconfiguration in many molecules, which may be a major constraint for the origin and proliferation of life.
III.
Thermodynamics and calculation of energy yields of metabolic processes

Understanding which bacterial processes predominate under a given set of circumstances requires knowledge of the energetics of dissimalatory metabolism and growth, including:
i. chemical thermodynamics 
ii. kinetic constraints on chemical reactions and growth
Activation energy, Ea, is the minimum threshold molecular energy state that is required for colliding molecules to undergo a specific reaction.  Reaction rates (or rate constants) are related to temperature and activation energy according to:
 = Ae-Ea/RT

A and Ea are reaction constants, R is the gas law constant, and T is temperature in K.  In general, the higher the activation energy the slower is the reaction.  Before reactants can be converted into products, the free energy of the system must overcome the activation energy for the reaction.
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Enzymes, which act as catalysts, function by lowering activation energies.
Gibbs free energy for a reaction is proportional to the extent of disequilibria.  

Since G = 0 at equilibrium, G < 0 implies disequilibria.  Processes characterized by G > 0 violate the second law of thermodynamics and do not occur spontaneously.  Gibbs free energy is expressed in Joules and is a measure of the maximum amount of energy available during transition from one state to the next in an isothermal system at constant pressure.  Such conditions typify living systems in thermal equilibrium (especially microorganisms).  

Gibbs free energy is an extensive state function meaning that the value of G depends on the state and mass of the system under consideration.  It is a function of several parameters, including internal energy (U), enthalpy (H), entropy (S) and temperature (T)

G = H – TS or G = H - TS
Internal energy (U) is defined as the sum of translational, rotational, vibrational, electronic, relativistic, and interactional energies of a molecule within a specified system.

The first law of thermodynamics states that there is a conservation of energy during transitions of state for a given system (but this does not inform us about the direction and spontaneity of change)

U = q + w where q = heat flow and w = work (U has the value of Joules)

Entropy is an indication of the capacity for changes in a system as well their direction.

Spontaneous irreversible change (typical of biological systems) is accompanied by an increase in entropy S > 0, accordingly heat flows from hot to cold reservoirs and diffusion occurs from high to low concentrations.

The second law of thermodynamics (disorder in the universe is ALWAYS increasing) addresses the direction and spontaneity of change and is typically expresses in terms of entropy (S) with units of J/K

Enthalpy is another state function which also has a unit of Joules and is defined as:

H = U + PV where P and V represent pressure and volume.

IV.
Energetics of metabolic reactions

2H2 + O2 → 2 H2O




Go = -238 kJ
(aerobic oxidation)

5H2 + 2NO3- + 2H+ → N2 + 6H2O



Go = -224 kJ
(nitrate reduction)

4H2 + SO42- + H+ → 4H2O + HS-



Go = -38 kJ
(sulfate reduction)

4H2 + CO2 → CH4 + 2H2O



Go = -33 kJ
(methanogenesis)

Consider the following reaction:

aA + bB → cC + dD

G = (Gf products - (Gf reactants

G = Gfo + nRT ln [x]

Where n = number of moles and [x] = concentration

For the reaction above then

G = Go + RT ln {([C]c[D]d/[A]a[B]b)}

where {  } = Q which provides a measure of the displacement of a reaction from equilibrium, as it is based on actual reactant and product concentrations.  Where reactants and products are in equilibrium concentrations

Q = K (equilibrium constant)

Since G = Go + RT ln Q
Go = -RT ln K (a most important equation for chemists in general)
These thermodynamic relationships can be extended to electrochemical reactions (see Redox lecture)
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