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DESCRIPTION

The main forces directing long-term molecular evolution 
remain uncertain. A sizable fraction of amino-acid 
substitutions seem to be fixed by positive selection but it 
is unclear to what degree long-term protein evolution is 
constrained by epistasis, that is, instances when 
substitutions that are accepted in one genotype are 
deleterious in another (Asthana et al. 2007). Here we 
obtain a quantitative estimate of the prevalence of 
epistasis in long-term protein evolution by relating data 
on amino-acid usage in 14 organelle proteins and 2 
nuclear-encoded proteins to their rates of short-term 
evolution.

We studied multiple alignments of at least 1,000 
orthologous for each of these 16 proteins from species 
from a diverse phylogenetic background and found that 
an average site contained approximately eight different 
amino acids.

Atomic Characterization

The atoms in all substances that contain multiple atoms 
are held together by electrostatic interactions and there 
interactions between electrically charged particles such 
as protons and electrons. Electrostatic attraction between 
oppositely charged species are positive and negative 
results in a force that causes them to move toward each 
other, like the attraction between opposite poles of two 
magnets (Azevedo et al. 2002). In contrast, electrostatic 
repulsion between two species with the same charge that 
is either both positive and both negative, results in a force 
that causes them to repel each other, as do the same 
poles of two magnets. Atoms form chemical compounds 
when the attractive electrostatic interactions between 
them are stronger than the repulsive interactions 
(Bachtrog 2003). Collectively, the attractive interactions 
between atoms are called chemical bonds.

Chemical Classification

Chemical bonds are generally divided into two
fundamentally different types: ionic and covalent. In
reality, however, the bonds in most substances are
neither purely ionic nor purely covalent, but lie on a
spectrum between these extremes (Bachtrog et al. 2004).
Although purely ionic and purely covalent bonds
represent extreme cases that are seldom encountered in
any but very simple substances, a brief discussion of
these two extremes helps explain why substances with
different kinds of chemical bonds have very different
properties (Daeschler et al. 2006). Ionic compounds
consist of positively and negatively charged ions held
together by strong electrostatic forces, whereas covalent
compounds generally consist of molecules, which are
groups of atoms in which one or more pairs of electrons
are shared between bonded atoms (Eichler et al. 2003).
In a covalent bond, atoms are held together by the
electrostatic attraction between the positively charged
nuclei of the bonded atoms and the negatively charged
electrons they share. This discussion of structures and
formulas begins by describing covalent compounds
(Galtier et al. 1999). The energetic factors involved in
bond formation are described in more quantitative detail
in later.

There are two fundamentally different kinds of chemical
bonds (covalent and ionic) that cause substances to have
very different properties (Iida et al. 2000). The atoms in
chemical compounds are held together by attractive
electrostatic interactions known as chemical bonds. The
molecular formula of a covalent compound gives the
types and numbers of atoms present (Ingelmen 2005).
Compounds that contain predominantly carbon and
hydrogen are called organic compounds, whereas
compounds that consist primarily of elements other than
carbon and hydrogen are inorganic compounds. Diatomic
molecules contain two atoms, and polyatomic molecules
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contain more than two. A structural formula indicates the
composition and approximate structure and shape of a
molecule (Jeffreys et al. 2004). Covalent molecular
compounds, in contrast, consist of discrete molecules
held together by weak intermolecular forces and can be
gases, liquids, or solids at room temperature and
pressure.
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