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BIO 5099: Molecular Biology
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Lecture 7:  More chemistry
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Balancing equations

Conservation of matter and definite proportions mean 
that chemical equations have to balance.
The matter on each side of the reaction has to be the 
same.   We set integer coefficients in the reaction 
(stoichiometry) to achieve this.
– Burning methane in oxygen.  CH4 + O2 ⇒ CO2 + H2O
– 1C, 4H, 2O versus 1C, 2H, 3O, so...
– Stoichiometry is: CH4 + 2O2 ⇒ CO2 + 2H2O

Coefficients describe amounts in Moles.

Equilibrium

When the rates of the forward and backward
directions of a reversible reaction are equal, the 
reaction is in dynamic equilibrium.  
The equilibrium constant K is defined as

where [X] is the activity of X at equilibrium.
Activity in aqueous solution is concentration divided 
by 1M (therefore a unitless number)
– Concentration of water is 1000 g/l / 18 g/M = 55.5M/l
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Non-equilibrium concentrations

If we start out with concentrations not at equilibrium, 
the reaction will drive the concentrations toward it.   
We can calculate the initial, change and equilibrium
E.g.  1M of Cl2 and .5M of CO -> COCl2

If at equilibrium K is 0.68 = [CO][Cl2]/[COCl2]
we have 0.680 = ((0.5 - x) (1 - x)) / x

Change in concentration, con't

0.680 = ((0.5 - x) (1 - x)) / x can be rewritten as x2 -
2.18x + 0.5 = 0, so x = 1.09 ± 0.83
But which root?  Concentrations are always positive, 
and the concentration of CO at equilibrium is 0.5-x.  
To ensure that is positive, x must be 0.26.
COCl2 concentration goes up by .26, and CO and Cl2
concentrations go down by .26, so equilibrium 
concentrations are [COCl2] = .26,
[CO] = .24 and [Cl2] = .74

Dissociation of water

A proton (i.e. hydrogen ion, H+) can be transferred 
from one water to another, resulting in the formation of 
one hyroxide ion (OH-) and one hydronium ion 
(H3O

+).
2H20 ⇔ OH- + H3O

+

This can also be expressed as H20 ⇔ OH- + H+

At equilibrium, K = [OH- ][H+]/[H20]  
[OH- ][H+] = 10-14 = ion product constant
At equilibrium [OH- ] = [H+] = 10-7 Moles/liter
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pH

pH = negative log10 of the concentration of H+

pH of water is 7, since [H+] = 10-7 

When a compound ionizes in water and contributes H+

ions, the concentration of H+ goes up
– pH of an acid is < 7

When a compound ionizes in water and contributes 
OH- ions, the concentration of H+ goes down (ion 
product is a constant!)
– pH of a base is > 7

Organic compounds

Most molecules relevant to life are composed of 
carbon, hydrogen, oxygen, nitrogen, phosphorus and 
sulphur (C, H, O, N, P, S).  
Metal ions (Cl, Na, Fe, Zn, Mg) play important roles, 
but are not usually covalently bonded
The chemistry of molecules containing carbon is called 
“organic”
Organic compounds can be classified by the kinds of 
carbon chains (e.g. straight, branched or cyclic) and by 
attached functional groups.

Carbon chains

Straight chain: each carbon is bonded to at most 2 
other carbons
– Carbon/hydrogen molecules with only single bonds are called 

alkanes and are said to be saturated.  CnH2n+2

Branched chain: at least one carbon is bonded to more 
than two other carbons.  
– Due to branching (and other reasons), it is possible for one 

chemical formula (e.g. C4H10) to have many conformations.  
These different compounds are called isomers.

– Some isomers differ only in “handedness”.  This is chirality
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Example carbon chains

Chirality 

Carbon Rings

Cycles can form in carbon compounds
– Generally called aromatic compounds, although not all cycles 

must be aromatic. 
By convention, unlabeled points are assumed to be 
CH2, and two lines double bonds
Rings that have an atom other than carbon at a point in 
the ring are called heterocyclic
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Functional groups

Properties of organic molecules are changed by the 
addition of small groups of atoms with characteristic 
reactivities. 
Most chemical reactions relevant to biology involve 
the addition or deletion of particular functional groups.
Some sample groups:
– Alcohols:  R-OH
– Carboxylic Acids:   
– Amines: R-NH2

O=C-OH
|
R  

More functional groups 

Each functional group contributes particular properties 
to a hydrocarbon (most of the time)

Redox reactions

In some reactions, the oxidation number of a 
compound changes.  That is, it loses or gains an 
electron.
– A compound that gains an electron is said to have been reduced, 

and its oxidation number goes down.  
– One that loses an electron is oxidized, and its oxidation number 

goes up
These are “half reactions” since something else has to 
gain (lose) the electron.
In biology, usually loss of hydrogen means oxidation.  
Important in photosynthesis, etc.
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Thermodynamics

Thermodynamics is the study of the relationships 
among different forms of energy
Living things must manipulate energy, so  
thermodynamics is important to biology
Thermodynamics applies to a system and its 
surroundings.   
– A system which exchanges energy with its 

surroundings is open.  If it does not, it is closed.
– All living things are open systems

Internal Energy

The internal energy, U, of a system is the total of the 
kinetic energies of its atoms and molecules and the 
potential energies associated with their mutual 
interactions.
– Doesn't include energy which cannot be transferred directly as 

heat; e.g. chemical and nuclear energy. 
Only changes in U can be measured.
For a closed system, U is fixed.
Open systems can change U by transfer of mass, of 
heat, or of work.

1st Law

Conservation of Energy: Energy can be neither created 
nor distroyed
For systems of constant mass, U = Q – W.    Q is the 
amount of heat absorbed by the system from the 
surroundings and W is the work done by the system on 
the surroundings.
– Processes which release heat (Q<0) are exothermic
– Processes which gain heat (Q>0) are endothermic
– Processes which do not exchange heat with their surroundings 

(Q=0) are adiabatic
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2nd Law

∆U = T∆S-W
S, entropy, is a measure of disorder; of the 
(un)availability of energy to do work. T is temperature 
of a system, which determines whether heat will flow 
into or out of it.  W is work (as in the first law).
Heat cannot be transferred from one body to a second 
body at a higher temperature without producing some 
other effect
The entropy of a closed system always increases with 
time.  “Time's arrow”

Gibbs free energy

∆G = ∆H-T∆S
G is the energy available to do work.  H is the heat of 
the system
∆H = ∆U+P∆V
P is pressure, V is volume.   V is nearly constant (life 
happens in solution), so 
∆H ≃ ∆U and ∆G ≃ ∆U-T∆S
That is, the amount of energy available to do work 
depends on the internal energy of the system, its 
temperature, and its entropy.

∆G and reactions

A chemical reaction is a kind of system.  All reactions 
therefore have a ∆G.
A reaction with ∆G < 0 is said to be 
thermodynamically feasible.
Thermodynamically feasible reactions do not 
necessarily happen spontaneously.   If additional 
energy must be supplied to start a reaction, this is 
called activation energy.
A reaction with ∆G > 0 must be coupled to a system 
with a larger negative ∆G. 
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Activation energy example

Methane + Oxygen.  Why doesn't a stove burner work 
without a pilot?
Proteins do this a lot.

Energy in bonds

Thermodynamics doesn't care about the mechanism by 
which a process takes place, just the state of the system 
before and after.
We can say a reaction making (or breaking) a bond is a 
thermodynamic system.
Therefore, changing bonds has an energetic and 
entropic components.
We can talk about bond energy, meaning the change in 
energy available to do work either provided or required 
by this bond change.

∆G and biology

The increase in entropy associated with the breakdown 
of energy-rich compounds (∆S > 0) can be coupled to 
reactions with ∆G > 0 to make them 
thermodynamically feasible. 
Protein catalysts provide the activation energy 
necessary to make a thermodymanically feasible 
reaction actually happen.
Change from disordered to ordered (e.g. flexible 
proteins to ones with rigid shapes) has an entropic cost.


