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Keywords

Allosteric regulation

The modification of enzyme structure and activity by actions on a region of the enzyme

other than the active site

Convergent evolution

The evolution of unrelated lineages toward a common structure and/or function

Cooperativity

The synergistic property of some proteins or multiprotein complexes wherein the activity

of one site increases or decreases the activity of the others

Directed evolution

The synthetic production of a desired protein or RNA function through multiple rounds

of artificial selection and replication

Divergent evolution

The evolution of related lineages away from a common ancestral structure and/or

function

Gene cluster

A group of multiple genes with related function in close genomic proximity

Gene duplication

A process of molecular evolution in which genes or parts of genes are copied into a new

location on the genome

Homolog

One of a pair or group of features related by a common ancestor
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Homologous recombination
The exchange of DNA between either separate molecules or separate regions of the
same molecule facilitated by regions of similar or identical nucleotide sequences

Horizontal gene transfer
The acquisition and incorporation of new genetic information by a living organism
through processes other than inheritance

Metabolic network
A combination of metabolic pathways that achieve a general physiological process

Metabolic pathway
A series of enzymatic reactions involved in the stepwise conversion of initial substrates
into final products

Metabolome
The complete set of metabolites found in a single organism or community of organisms

Multiprotein complex
A group of either stably or transiently bound proteins that form a single structural
and/or functional unit

Neofunctionalization
The evolution of a new protein function that is wholly different from that of its progenitor

Nonsynonymous substitution
A genetic mutation in the protein-coding region of a gene in which one nucleotide is
replaced for another, and the identity of the encoded amino acid is changed

Operon
A group of genes, proximally situated on the genome, and transcribed together on a
single mRNA molecule

Ortholog
One of a pair or group of homologous genes or gene products found in separate species

Paralog
One of a pair or group of homologous genes or gene products found within the same
genome

Phylogenomics
The study of the evolutionary history of paralogous genes within a single species
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Phylogeny
An evolutionary history of genes or organisms inferred by comparing and clustering
gene sequences, protein sequences, or other features

Point mutation
A genetic mutation in which a single nucleotide is either inserted, deleted, or substituted
for another

Protein domain
One of multiple modules within a protein polymer that forms structure and imparts
function somewhat independently, and has a distinct evolutionary history from the rest
of the protein

Protein primary structure
A description of protein structure referring to the amino acid sequence of a protein

Protein quaternary structure
A description of protein structure referring to the combination of individual protein
polymers into multiprotein complexes

Protein repertoire
The complete set of proteins produced by an organism (similar to ‘Protein repertoire’)

Protein secondary structure
A description of protein structure referring to common three-dimensional substructures
of amino acids, often interacting through hydrogen bonds

Protein tertiary structure
A description of protein structure referring to the arrangement of secondary structure
elements and the loops that connect them into low-potential energy conformations

Protein–protein interaction network
A graphical representation that forms networks out of physical associations between
proteins

Proteome
The complete set of proteins found in a single organism

Pseudogene
An erstwhile coding sequence that is no longer functional and not under evolutionary
selection
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Regulatory network
The combination of regulatory events to form larger patterns of gene expression

Subfunctionalization
The retention of only part of an ancestral function over the course of divergent evolution

Synonymous substitution
A genetic mutation in the protein-coding region of a gene in which one nucleotide is
replaced for another, but the amino acid sequence is not altered

Trans-splicing
The ligation of multiple RNA transcripts from different chromosomal loci to form a
single mature mRNA

Transcriptome
The complete set of mRNA transcripts found in a single organism

A protein is at once the translation product of a gene, a polymer of amino acids
folded in three-dimensional space, a molecular machine imparting a function, and
a small – but often critical – component of the cell’s physiology. Each of these facets
of a protein is inherently linked to the others; yet, each is impacted by evolutionary
processes differently. The evolution of the protein repertoire involves a broad variety
of phenomena, many of which are understood in considerable detail. The aim of this
chapter is to provide a panoramic survey of the subject, and to relate the molecular
mechanisms of evolution to their effects on proteins, the genes that encode them,
and the physiological networks that they populate.

1
The First Proteins

The early Earth was likely to have had
a number of prebiotic environments in
which amino acids were available [1, 2].
The famous Miller–Urey experiments [3],
which simulated lightning on the primor-
dial Earth, were able to produce standard
amino acids such as glycine, alanine,
serine, aspartate, valine, glutamine, and
phenylalanine, as well as several nonstan-
dard amino acids [4, 5]. Alanine, glycine,
and some nonstandard amino acids have

also been found in carbonaceous chon-
drite asteroids, which implies that amino
acids were being formed even as the solar
system took shape [6]; subsequently, geo-
chemical mechanisms, rather than biosyn-
thesis, may have led to the natural assem-
bly of peptides from these amino acids [7].
However, given that such peptides were
produced without a genetic system, it is
difficult to see how they could have evolved
by Darwinian mechanisms, or how they
could be direct ancestors of modern biolog-
ical proteins. Even so, naturally occurring
peptides may have played an important
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role in prebiotic chemistry and perhaps
drove the evolution of the early genetic
system towards the development of pro-
tein biosynthesis as it is known today.

The first genetic system was most likely
based on RNA or an RNA-like precur-
sor that produced RNA-based enzymes,
or ribozymes, from the replication of
genetic RNA molecules [8]. The enzy-
matic and structural capabilities of a
nucleotide-based metabolism would have
been limited by the narrow range of chem-
istry provided by nucleosides and the mu-
tual repulsion of the charged phosphate
backbone. Certainly, the metabolisms of
such life forms would have been much
more reliant on surrounding geochem-
istry than most cellular life is today. The
establishment of a system to translate RNA
molecules into more functionally capable
proteins would also have given primitive
organisms a greater control over their own
physiology.

Several arguments have been put forth
to support the emergence of protein trans-
lation preceding the establishment of the
DNA genome. The core components of
the modern translation system are com-
posed of RNA, including messenger RNA
(mRNA), transfer RNA (tRNA), and the
RNA components of the ribosome (ribo-
somal RNA; rRNA) that catalyze peptide
bond formation. In contrast, the core
catalysis of DNA transcription and repli-
cation is performed solely by proteins.
Moreover, it seems unlikely that deoxyri-
bonucleotides – which are the monomers
of DNA – were available until the develop-
ment of ribonucleotide reductase protein
enzymes [9].

In addition to its core RNA compo-
nents, the modern translation system
relies on several important classes of pro-
teins that charge the tRNAs with amino

acids, incorporate these within the ribo-
some structure, modify the tRNA and
rRNA molecules, and regulate the trans-
lation process. These proteins also ap-
pear to have evolved rapidly during the
RNA–protein stage of life’s development
[10]. Seemingly, all modern life forms
share a remarkably similar translation sys-
tem, which indicates that the latter had
already reached a high level of sophistica-
tion by the time of the divergence of the
last universal common ancestor [10, 11].

2
Organization of the Modern Protein
Repertoire

Proteins are encoded on DNA molecules
as sequences of nucleotides, with each
amino acid represented by a codon of
three nucleotides (Fig. 1). This genetic
code is either identical or only marginally
different between all known organisms
[12, 13]. The products of protein-coding
genes are linear polymers of, usually,
between 200 and 500 amino acids, that fold
into three-dimensional (3-D) structures.
The amino acids, themselves, possess
different functional groups (also termed
‘‘R groups’’ or ‘‘side chains’’) that vary in
their size, their hydrophobicity, and their
potential to form ionic or covalent bonds
(Fig. 2). It is this diversity of chemical
moieties which provides proteins with
their functional and structural capabilities.

Individual protein polymers are often
composed of more than one module, each
of which fold, function, and evolve inde-
pendently from one another [17, 18]. These
modules are generally termed ‘‘domains,’’
although in structural biology they may
be referred to as ‘‘folds.’’ It is difficult to
establish a direct correlation between the
current databases of structural folds and
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Fig. 1 The genetic code and its evolution
during and after the origin of life. Ikehara
et al. [14], Higgs [15], and Trifonov [16] each
employed independent methods to identify
a three-stage development of the genetic
code that took place during the origin of life.
Codons colored in red are unanimously iden-
tified by all three methods to have been in
the original codon set. Codons colored in

orange are predicted by at least two methods
to have been developed in the second phase
of code evolution. While the genetic code has
remained nearly stagnant following the origin
of life, some codon reassignments are either
observed in mitochondrial codes (blue) or in
both mitochondrial and nuclear codes (green)
[13].

the databases of functional domains [19].
The term ‘‘domain’’ implies an evolution-
ary relationship between modules with
similar amino acid sequences, whereas
the term, ‘‘fold’’ does not imply such a
relationship between modules of similar
structure. In spite of these differences,
both concepts reveal an important pattern
of modularity present within proteins.

This modular organization is also ob-
served at larger-sized scales. Many pro-
teins are heterogeneous complexes that
are composed of multiple protein poly-
mers and are formed through noncovalent
surface interactions between two or more
peptide chains. Enzymatic protein com-
plexes may function either as a single

catalytic unit or as a group of catalytic
units, the reaction kinetics of which are co-
operatively linked to one another. In fact,
structural protein complexes may be so
large that they form major infrastructures,
such as cytoskeletal elements.

Functional modularity is also an impor-
tant characteristic of the protein repertoire.
Physiological features such as metabolic
pathways, signaling cascades, and gene ex-
pression pathways act as modules within
larger functional networks [20]. The cell
may sense and react to an external stim-
ulus through a signaling cascade, thereby
activating one or more gene-expression
pathways that produce a metabolic re-
sponse to the stimulus. The metabolic
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Fig. 2 An abridged list of amino acids high-
lighting some of the major differences in func-
tional groups. Amino acids may be identified
by their full name, a three-letter code, or a

one-letter code. The diversity of volumes and
chemical moieties found in amino acid side
chains gives proteins an incredible range of
functional capabilities.

response may, itself, be composed of mul-
tiple metabolic pathways, and from this
perspective cellular physiology might be
viewed as the result of multiple functional
modules acting in concert. The relation-
ship between levels of modularity in the
protein repertoire is illustrated schemati-
cally in Fig. 3.

Taken together, these structural protein
complexes and functional modules of mul-
tiple proteins account for the majority of
cellular phenomena. The sequence, struc-
ture, and function of proteins respond to
different selection pressures at each level
of modular organization. The function of a
protein may be evolutionarily plastic while
its functional network is highly conserved.
The development of a new protein fold
architecture may be evolutionarily rare,
yet the reorganization of pre-existing folds
within a protein is evolutionarily common.
In every case, the evolution of the protein
repertoire is united, in that any conserved

change is the result of evolutionary pro-
cesses responding to selection pressures.

3
Protein Sequence and Its Evolution

3.1
Evolution of the Genetic Code

The canonical genetic code is composed
of 64 possible codons encoding the 20
l-amino acids and several termination sig-
nals. Almost all of the 20 amino acids
are encoded by more than one codon;
for example, leucine, arginine, and ser-
ine are encoded by six codons each, while
glycine, alanine, proline, valine, and thre-
onine are encoded by four codons each.
Only tryptophan and histidine are encoded
by one codon. Some codons and their
associated tRNAs will confer a greater
efficiency or accuracy than others [23],
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Fig. 3 The structural and functional mod-
ularity of the protein repertoire, illustrated
by the GTP-hydrolyzing protein, EF-Tu, and
its role in translation. The GTPase domain
is one of three domains in the EF-Tu pro-
tein. Active EF-Tu interacts with the ribo-
some, itself, a major complex of proteins and
RNA molecules, to promote elongation of
the growing peptide chain. The EF-Tu-bound

ribosome is only one part of a network of
enzymes and components constituting trans-
lation. Ribosome and EF-Tu structure were
produced by Schmeing et al. [21] (pdb IDs
2y0u and 2y0v). Pathway data and images
are based on pathway maps from the KEGG
database (pathway IDs ko03013, map00970)
[22].

and such physicochemical and physiolog-
ical constraints lead to the use of some
codons over other synonymous, but sub-
optimal, codons. These biases vary from
one taxonomic group to the next and, as

a result, different species will have dif-
ferent nucleotide frequencies within their
genomes. This is commonly expressed as
the percentages of guanines and cytosines,
or ‘‘GC%.’’
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Changes in the canonical genetic code,
itself, are rare evolutionary events that can
be placed on phylogenetic trees [13]. The
reassignment of a codon has the capability
to alter the amino acid identity of every
protein in the organism. Two models have
been proposed that permit changes in the
genetic code. In one model, such changes
involve the reallocation of a termination
codon or an amino acid codon that has
gone out of use [24]. If such a codon already
appears infrequently in protein-coding
sequences, its reassignment may have
few or no deleterious effects. The second
model proposes that an intermediate state
of codon ambiguity can exist during codon
reassignment [25]. These two models
are not mutually exclusive, however, and
genetic code evolution may occur by either
process.

In some cases, codon reassignments
can lead to the use of a nonstandard
amino acid. Selenocysteine, for example,
is found in some members of all three
domains of life [26] and is encoded by a
shared UGA codon that can also encode
a termination. An additional sequence
element in the mRNA is required to
direct the addition of a selenocysteine in-
stead of the termination of translation.
Another nonstandard amino acid, pyrroly-
sine, is employed by the methanogenic
archaeal family, Methanosarcinaceae [27],
and also appears to have been acquired by
the bacterium, Desulfitobacterium hafniense
through horizontal gene transfer [28, 29].
Pyrrolysine is encoded by the codon, UAG,
which encodes a termination in the canon-
ical genetic code. While these examples are
few in number, they demonstrate that even
features of cellular life as fundamental as
the genetic code, and the complement of
amino acids encoded by it, are subject to
evolutionary change.

3.2
Inferring Protein Evolution from Sequence

Compared to other features of the pro-
tein repertoire, the evolution of protein
sequences is relatively straightforward to
analyze. Two steps are required to recon-
struct the evolutionary history of a group
of protein sequences. First, a multiple se-
quence alignment must be performed to
obtain a measurement of the evolution-
ary distance between the proteins. Then,
a phylogenetic tree can be inferred based
upon these distances (this process is il-
lustrated in Fig. 4). When performed over
large databases, sequence alignment and
subsequent phylogenetic inference may
reveal the evolutionary history of protein
families, their prevalence in Nature, and
the presence and organization of con-
served domains within them.

The similarity between a pair of pro-
tein sequences can be assessed by se-
quence alignment methods that insert
gaps into each sequence, so that iden-
tical or similar amino acids line up
correctly between them. Sequence align-
ments can be solved computationally by dy-
namic programming, an algorithmic strat-
egy that is also used to correct spelling
and recognize speech. Examples include
the Needleman–Wunsch alignment algo-
rithm, which finds the best global align-
ment between protein sequences [30],
and the Smith–Waterman alignment al-
gorithm which finds similar regions of
both proteins and aligns them locally [31].
Unfortunately, both of these algorithms
are computationally expensive. Heuristic
methods, such as Basic Local Alignment
Search Tool (BLAST) are much faster and
only marginally less accurate [32]. Mul-
tiple sequence alignments may also be
produced for a family of related sequences
[33], whereby the protein sequences are
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Fig. 4 The process of phylogenetic inference
from sequence alignment. First, sequences are
compared in a multiple sequence alignment
and evolutionary distance scores are calculated
between each pair of sequences. Phylogenies

are then inferred based on these distance
scores. The length of branches between one
protein sequence and another is proportional
to the distance between them.

aligned to statistical models (most no-
tably hidden Markov models) that repre-
sent groups of protein sequences [34]. A
comparison between two groups of pro-
teins can then be achieved by aligning the
hidden Markov models representing each
group [35].

All alignment algorithms require a scor-
ing matrix that defines a score for every
possible amino acid substitution and the
introduction of a gap. An unlikely match
between two dissimilar amino acids may
receive a low score, while a match be-
tween similar amino acids may receive a
high score. The insertion of a gap usually
corresponds to a score somewhere in be-
tween these two extremes. Although many
scoring matrices exist [36], each one is, in
itself, a hypothesis about which amino
acids are more likely to be substituted for
others over evolutionary time. One com-
mon scoring matrix is BLOSUM (BLOcks
of amino acid SUbstitution Matrix), the
scores of which are based on observed
amino acid variations in related families

compared to what would be expected if
substitutions were to occur at random
[37]. These profile-based scoring systems
are more sensitive to distant relationships
between proteins.

Several models exist for the construc-
tion of phylogenetic trees from matrices of
alignment distance scores. One of the first
methods, known as ‘‘neighbor-joining,’’
produces a tree by joining lowest-distance
taxa into a single taxon and repeating
this operation until the tree is resolved
[38]. Currently, one of the most popu-
lar approaches is to estimate trees by
a maximum likelihood method that as-
sesses and optimizes the tree topology
and branch length over many iterations
[39]. An assessment of the confidence of
branches within the tree can be produced
by bootstrapping, in which the multiple
sequence alignment is resampled and the
tree is recalculated hundreds or thousands
of times. A high confidence is given to
branch points that appear in all or most of
the trees from resampled data.



12 Evolution of the Protein Repertoire

3.3
The Organization of Protein Sequences

The evolution of protein sequences can be
described from the perspective of genes
or the domains within them. Proteins that
share a common evolutionary history may
only share some common domains, the
others having been lost during the course
of evolution. Proteins that are otherwise
unrelated may share a single common
domain acquired, for example, through
homologous recombination. For example,
the evolutionarily related nucleotide and
nucleoside kinase domains SCOP (Struc-
tural Classification of Proteins) ID c.37.1
can be found in a range of GTPase, AT-
Pase, and CoA kinase enzymes, as well as
metabolic and regulatory proteins, which
may be composed of vastly different com-
binations of other domains. The evolution
of protein domains is, therefore, partly in-
dependent of the remainder of the protein
sequence.

Based on a survey of complete genomes
from 22 species, Zhang [40] found the
mean lengths of proteins to be 270 ± 9,
330 ± 5, and 449 ± 25 amino acids, in Ar-
chaea, Bacteria, and Eukarya, respectively.
A later study by Brocchieri and Karlin [41]
surveyed the proteomes of 81 organisms
and found the median protein lengths to
be 247, 267, and 361 amino acids in Ar-
chaea, Bacteria, and Eukarya, respectively.
The results of studies of evolutionarily re-
lated proteins between Archaea, Bacteria,
and Eukarya have suggested that these
length differences are mostly localized to
the termini of the proteins [42] and be-
tween conserved structural units within
the protein [43].

The continuity of the protein-coding
sequence within a gene can be broken
in a number of ways. In Eukarya, and
to a much lesser extent in Archaea, the

protein-coding regions of the gene are
interrupted by intron sequences, which
are both present in the genome and
transcribed into pre-mRNA. Introns are
spliced out of the pre-mRNA to produce
the mature mRNA, which is then trans-
lated by the ribosome. In some cases,
the same protein-coding sequence may
be processed differently to produce dif-
ferent products. This phenomenon of
differential intron splicing was first dis-
covered in adenovirus [44, 45], but has
since been observed in eukaryotic organ-
isms [46]. The ability of gene sequences to
be discontinuous is further demonstrated
by the phenomenon of trans-splicing, in
which introns from different coding re-
gions are spliced together into a single
mature mRNA. Two distinct forms of
trans-splicing exist that both bear resem-
blance to normal splicing pathways [47].

An even more striking example of gene
discontinuity is found in ciliates, a phy-
lum of single-celled Eukarya. In the cil-
iate order, Stichotrichida, the germline
genome is scrambled such that gene seg-
ments are found fragmented, inverted,
and translocated throughout the genome.
The genome is rearranged during develop-
ment to form the active somatic genome
[48, 49]. Both genomes are retained dur-
ing the lifetime of the organism, but
only the unscrambled genome is active.
Both, trans-splicing and genome rear-
rangement decidedly demonstrate that a
protein-coding gene is not always a single
continuous sequence encoded on a single
DNA molecule.

Reflecting the functional modularity of
their products, some protein-coding genes
are organized into functional units within
the genome. Operons are a genetic architec-
ture common in Bacteria and Archaea and
present in Eukarya. Genes within oper-
ons are cotranscribed as a single molecule
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Fig. 5 Several examples of gene organization.
Eukaryotic genes may be partitioned into ex-
ons, with intron sequences interrupting the
coding sequence. A promoter attenuates the
expression of the gene locally, while enhancers
attenuate the expression of the gene from dis-
tant regions of the genome that can act proxi-
mally in 3-D space. Operons found in Bacteria

and Archaea, with some examples in Eukarya,
are groups of genes that are cotranscribed as
a single mRNA. A regulatory region is usu-
ally located upstream of the genes. In some
viruses, gene segments are observed to over-
lap or to be embedded within other genes, as
demonstrated here by the HIV genome.

of mRNA, and this organization ensures
an even stoichiometry of gene products,
no matter what the level of gene expres-
sion. The operon usually contains a region
of promoters and operators that modulate
translation of multiple genes downstream.
The gene products of an operon may im-
part different functions within a physiolog-
ical pathway, or they may encode subunits
of the same multiprotein complex. Some
examples of gene organization within the
DNA genome are illustrated in Fig. 5.

3.4
Genetic Mechanisms of Protein Evolution

For the most part, evolution acts on the
functions of proteins. An anthropomor-
phic perspective would be that natural
selection is primarily concerned with the
molecular function of the protein, as

it pertains to the whole fitness of the
organism. Evolution must also act on the
structural features that impart a protein’s
function. Enzymes, for example, require
an active site structure that can seize the
substrate and discharge the product. In cy-
toskeletal proteins, membrane channels,
viral coats and many other examples, the
structure of the protein complex is, itself,
the primary function. Generally, the se-
quences of protein-coding genes are only
under genome-wide constraints such as
tRNA minimization and GC%. However,
while the primary targets of natural se-
lection are protein structure and function,
the actual changes must take place on the
protein-coding sequence.

Small-scale changes within the
protein-coding sequence occur as point
mutations that substitute one nucleotide
for another, as well as insertions or
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deletions of one or more nucleotides.
Point mutations may change the protein
sequence in a number of ways. If the
new codon created by a point mutation
encodes the same or a similar amino acid,
then the structure and function of the
protein should not change at all. However,
if the new codon encodes an amino acid
of drastically different size or charge, then
the structure and function of the protein
may be lost or dramatically altered. If
the new codon encodes a termination
of translation, then the protein product
will be truncated and may lose function
altogether.

Insertions and deletions of a small
number of nucleotides may also alter
the structure and function of the protein
product by varying degrees. Any insertion
or deletion not in multiples of three
will change the reading frame of the
sequence so that all of the following
codons are altered. A small insertion or
deletion that changes the reading frame
will drastically change the structure and
function of the protein product, unless
the mutation occurs sufficiently late in
the coding sequence and only a small
number of subsequent codons are altered.
Any non-neutral mutation will most often
confer a loss of function and only rarely
will it produce a gain of function that is
beneficial to the organism.

3.5
Genomic Mechanisms of Protein Evolution

Within the genome, proteins or parts of
proteins may be duplicated through ho-
mologous recombination or transposon
excision and reintegration. Gene duplica-
tion is a major source of genome growth,
and accounts for an estimated 50% of
new genes in prokaryotes and 90% of
new genes in eukaryotes [50]. Duplicated

proteins functionally diverge from the
original protein, but often play a role in the
same metabolic pathway or multiprotein
complex [50, 51].

In a similar process with a very differ-
ent outcome, homologous recombination
and transposon translocation may add
segments of one gene into another, or
remove segments from a larger gene [52].
Rather than duplicating a gene, this pro-
cess generates alternate domain organiza-
tions within existing genes, with selection
pressure seeming to favor the promis-
cuity of some domains over others [53].
Whole-genome duplications are perhaps
the most drastic evolutionary mechanism
affecting genome content, and are thought
to be ephemeral evolutionary events that
are often lost quickly due to strong nega-
tive selection [54, 55]. However, in some
cases they generate polyploid genomes in
which the same gene may have multiple
divergent alleles within a single individual.

For the most part, an individual organ-
ism acquires the contents of its genome
through inheritance from a parent organ-
ism or, in the case of sexually dimorphic
organisms, from two parent genomes.
New genes may also be acquired through
horizontal gene transfer, wherein extrachro-
mosomal DNA is passed from one organ-
ism to another. Horizontal gene transfer
can occur through the exchange of a
plasmid, temperate virus, or transposable
element [56, 57]. In an extreme case, en-
dosymbionts – such as the chloroplast and
the mitochondrion – bring with them an
entire bacterial genome such that, follow-
ing the assimilation of an endosymbiont,
the nuclear genome begins to accrete
genes from the original bacterial genome
[58]. The process of nuclear accretion is
complete in some hydrogenosomes (an
organelle of some protists that is related to
the mitochondrion) [58].
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The genome of an organism can be al-
tered through processes that may be as
slight as a point mutation or as significant
as a whole-genome duplication. It is im-
portant to note that, while evolution acts
by way of these changes to the genome, the
selection pressures that drive that action
can be viewed from a variety of perspec-
tives. Charles Darwin famously described
evolution as selection for or against indi-
vidual organisms, while his contemporary,
Alfred Russell Wallace, emphasized selec-
tion on traits within populations. More
recently, the Gaia hypothesis proposed
by James Lovelock described a common
evolution of the entire biosphere and its
geological context, while Richard Dawkins’
‘‘selfish gene’’ concept characterized evo-
lution based on the self-promotion of
single genes. Given the complexity of the
biosphere and its evolution, each of these
perspectives is in one way or another cor-
rect; however, none of them is complete.

4
Protein Structure and Its Evolution

4.1
Levels of Protein Structure

Protein structure is classified at four dis-
tinct levels of increasing size and com-
plexity. The sequence of amino acids that
constitutes the protein polymer strand is
called the primary structure, and this can
easily be identified from the nucleotide
sequence by employing the genetic code.
The primary structure of a protein poly-
mer folds into discrete and regular units
of 3-D structure that are mostly facilitated
by hydrogen bonds; these structural el-
ements are referred to as the secondary
structure. The two most common types
of secondary structure are alpha-helices

[59] and beta-sheets [60], both of which
are formed through hydrogen bonding be-
tween N-H and C=O groups along the pep-
tide backbone. An alpha-helix is a spiraling
helix that turns once every four amino
acids, with hydrogen bonding occurring
vertically along the helix. A beta-sheet is
composed of multiple strands that run
either parallel or antiparallel to one an-
other, with the hydrogen-bonding groups
facing perpendicular to the beta-strand.
Other forms of secondary structure, in-
cluding several variations of helices, are
found less regularly in protein structures.
Regions of the protein polymer that do not
form a secondary structure element are
called loops.

The protein polymer’s tertiary structure
is a combination of multiple secondary
structures and loops, formed into sta-
ble structural modules. The individual
domains often fold into their tertiary struc-
tures independently, and may fold in the
same way even if they are artificially sep-
arated from the rest of the protein. This
is not always the case, however, as some
tertiary structure modules may be struc-
turally influenced by neighboring modules
[61]. Cytoplasmic protein folds often con-
tain a core of mostly hydrophobic amino
acids that is rigid enough to maintain
structure but flexible enough to perform
their function [62]. The outer layer of the
fold is usually composed of hydrophilic
or charged amino acids. If the fold is not
cytoplasmic, but rather traverses a mem-
brane, then the outer layer will typically
be composed of hydrophobic amino acids
that interact with the hydrophobic mem-
brane [63, 64]. Functional sites are often
formed within inward extensions of the
outer layer that permit solvent and lig-
ands to occupy the resulting concavity.
The tertiary structure is also held together
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through a range of chemical bonds of vary-
ing strengths; hydrogen bonds may occur
between pairs of amino acid side chains,
as well as between the side chains and
the peptide backbone. Ionic bonds between
charged atoms may form within the hy-
drophobic core of a protein fold, while
covalent bonds can form between the sulfur
atoms of cysteine side chains.

Transient and constitutive multiprotein
complexes combine multiple proteins into
a single structural unit. The structural
combination of more than one protein
polymer is referred to as the quaternary
structure. Although the nature of physical
interactions between protein polymers is
not completely understood, alanine scan-
ning experiments, in which the natu-
ral amino acids are serially substituted
for alanines, have been used to iden-
tify ‘‘hot spots’’ which are essential to
protein–protein interactions but comprise
only a fraction of the interface [65]. These
hot spots are enriched for certain amino
acids, especially tryptophan, arginine, and
lysine [66], and are somewhat enriched for
loops over alpha or beta secondary struc-
tures [65]. Unfortunately, this scanning
method may be prone to false-positive
results if the alanine substitution either
disrupts the local structure or completely
prevents the native fold from forming; in
this case the protein–protein interaction
would be disturbed as a consequence.

4.2
Protein Structure In Vivo

Protein folding can also be thought of
as the consequence of potential energy
minimization. Protein structures exhibit
a range of conformational stabilities de-
termined by the energy landscape of the
protein and its environment. As functional
molecules, proteins must be rigid enough

to hold structure yet remain flexible
enough to perform their function. Pro-
teins are often described using the analogy
of a machine where, at every scale, mov-
ing parts are essential to ensure a correct
function.

The flexibility and stability of proteins
are determined mostly by the strength
of the hydrophobic core, and in part by
hydrogen-bond interactions [67, 68]. Pro-
tein flexibility and stability can be deter-
mined experimentally by using the same
methods employed to resolve their struc-
tures. Debye–Waller factors are a measure
of electron density spread in X-ray diffrac-
tion (XRD)-based structures, and can be
used to estimate motion throughout the
protein. However, these electron densi-
ties may also be explained as artifacts of
the unnatural crystallization of proteins
required by X-ray crystallographic meth-
ods [69]. Structure determination using
nuclear magnetic resonance (NMR) pro-
vides lower-resolution results than does
X-ray crystallography, but is able to capture
the protein structure in solution at mul-
tiple time points. Today, emerging NMR
techniques allow research groups to probe
protein motion at the milli- to pico-second
timescales [70, 71].

The evolution of thermophile proteins
provides another window into the nature
of protein stability. Proteins of hyper-
thermophilic organisms are exposed to
high temperatures and, usually, also to
high pressures – both of which may dra-
matically destabilize a protein’s structure.
The structures of hyperthermophile pro-
teins are generally superimposable with
their nonthermophilic counterparts, and
their sequences are 40–85% similar [67].
Moreover, the core amino acids appear
to exhibit a high degree of conservation,
while solvent-accessible areas and loops
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show much more variation. This observa-
tion indicates that the free energy change
which drives the adoption of each fold is
principally produced by core interactions,
while the outer layer has secondary struc-
tural features that adapt to the particular
environment.

Large-scale conformational changes in
protein structure are often a natural part
of protein function and functional regu-
lation. Rather than refolding the protein,
conformational changes generally involve
a small number of hinge regions that move
secondary or tertiary structural elements to
new locations with respect to one another
[72]. In some cases, these conformational
changes are required to bind a substrate
or some other binding target and, in do-
ing so, the bound conformation becomes
the lowest energy conformation [73]. In
allosteric regulation, dynamic changes be-
tween different structural conformations
are produced by the binding of an effec-
tor ligand [74] in order to alter the activity
of a nonadjacent site. Thus, both function
and functional repression can be achieved
through the alteration of protein structure.

4.3
Evolution of Protein Structure

Protein structure exhibits a complex evo-
lution that is not fully understood. The
convergence upon similar local structural
motifs through different general fold ar-
chitectures [75] suggests that local struc-
ture is evolutionarily plastic, while global
fold architecture is generally conserved.
The triosephosphate isomerase (TIM) bar-
rel fold is an extreme example in which a
single fold architecture is observed to cat-
alyze reactions classified under five of the
six main enzyme categories in the Enzyme
Commission classification system [76]. It
is not known whether members of the TIM

barrel fold, and other functionally eclectic
folds like it, have evolved by divergence
from a common ancestor or from the con-
vergence of multiple unrelated lineages
upon a common structure.

Databases that organize and classify pro-
tein structures, such as the SCOP database
[77], have shown that many fold architec-
tures can be created by multiple, seemingly
unrelated, sequences. The relationship of
the number of sequences to the number
of folds that they encode in each SCOP re-
lease is presented in Fig. 6. In this case, the
protein structure seems to be resilient to
drastic sequence changes over the course
of evolution. In contrast, synthetic biol-
ogy has shown that fold transformation
can occur given only a few amino acid
substitutions [78, 79].

One explanation for this observed size
disparity between sequence and structure
spaces is that the selection of two differ-
ent protein families towards a common
function results in their convergence on a
common fold architecture. A recent survey
of nonhomologous proteins with common
function identified many cases in which
two different folds converged upon simi-
lar active site geometries [75]. Similarly,
a study of structural mimicry between
pathogen and host proteins has shown that
the structural similarity between the orig-
inal protein and its mimic is either local
or superficial [80]. In other words, struc-
tural mimics do not actually converge on
the same global fold architecture. Thus,
functional and structural convergence is
not observed to affect the fold architec-
ture, but rather local motif architectures
or surface geometries.

The trend may also be explained by
the evolution of a common lineage in
which certain groups have diverged apart
to such a degree that they have lost
any noticeable sequence identity. In this
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Fig. 6 A plot of the number of fold structures
and sequence families within each release of
the SCOP database [77]. In the SCOP system,
proteins of the same fold exhibit a common
arrangement of secondary structure elements
to create a certain 3-D architecture. Proteins

of the same SCOP family share a readily de-
tectable sequence similarity with one another.
With each release, the ratio of sequence space
to fold space increases. This trend implies
that, in Nature, a larger number of disparate
sequences encodes a smaller number of folds.

model, the fold architectures of homolo-
gous proteins remain conserved through
the course of evolution, while their se-
quences and functions diverge. More
sensitive sequence-clustering techniques
have shown that many sequence fami-
lies are distantly related to one another,
even though their homology cannot be
detected through normal sequence com-
parison methods [81]. It is possible that
other homologous groups are too diver-
gent to be detected by even this clustering
method.

The evolution of new folds is thought
to be rare. Synthetic protein design has
shown, however, that it is possible to
artificially create a stable fold that is
not found in Nature [82]. Perhaps arriv-
ing at a novel fold by natural selection
is an unlikely event [83], and thus fold
space is undersampled by evolution; in-
stead, evolution may more easily acquire
novel functions through the repurposing

of pre-existing folds. However, while this
model is intriguing it is so far, unproven.
Because members of the same fold may
not appear homologous by sequence sim-
ilarity, the SCOP system makes no evo-
lutionary claims regarding members of
a common fold. It could be the case
that some fold structures represent a sin-
gle common origin and others – perhaps
the lower-complexity folds – do not. Either
way, fold architectures appear to be the
most evolutionarily conserved feature of
the protein repertoire.

5
Protein Function and Its Evolution

5.1
Types of Protein Function

Proteins are the primary functional
macromolecules of the cell. Typically,
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nonproteinaceous macromolecules such
as DNA, RNA, sugars, and lipids, are
synthesized or scavenged by protein
enzymes and transporters. Likewise,
the metabolism of every cell results
from catalysis by protein enzymes,
controlled through networks of sensory
and regulatory proteins. In addition, the
structure of cells is supported by protein
cytoskeletal elements that also coordinate
the movement of the cell’s constituents
from one region of the cell to another.
Signaling molecules used for intercellular
communication are produced by protein
enzymes in one cell and sensed by
ligand-binding proteins of a neighboring
cell, setting off a signaling cascade that is
orchestrated by proteins.

This range of functional capabilities
arises from the variety of structures that
proteins can take, and the molecules
that they can bind. The secondary, ter-
tiary, and quaternary structures, as well
as the dynamisms between these struc-
tural elements, may be adjusted over the
course of evolution to complement specific
molecules, to perform certain functions,
and to respond to specific regulatory stim-
uli. The chemical diversity provided by
the 20 canonical amino acids allows pro-
teins to bind molecules with a range of
functional groups.

Protein binding to small-molecule lig-
ands plays a role in many important
cellular functions; small-molecule trans-
port, either across membranes or through
the cytoplasm, is often facilitated by
ligand-binding proteins, some of which
are also involved in chemosensation. The
resulting sensory information is often
employed in the regulation of metabolic
pathways related to the ligands, or in
chemotactic responses towards or away
from the ligands. Intercellular commu-
nication is achieved by a special subset of

chemosensory proteins that bind to signal-
ing molecules produced by neighboring
cells.

Enzymatic catalysis is a special example
of binding in which one or more bound
molecules are altered in their composition
or isomeric state (Fig. 7). An enzyme low-
ers the activation energy of the chemical
reaction that it catalyzes, by coordinating
components of the highest energy reaction
intermediate with amino acid side chains
in the enzyme active site. In many cases,
the active site will also bind a cofactor that
is involved in the reaction. Such cofactors
may be inorganic, as in the case of metal-
loenzymes [84], where it is the metal ions
that often perform the catalysis while the
protein serves as a structural scaffold sup-
porting any interactions between the metal
ion and the substrate. Many enzymes also
use organic cofactors that are produced
metabolically and are derived largely from
amino acids and nucleotides; these co-
factors may exhibit a range of chemical
moieties and functions beyond their pro-
genitor molecules [85].

Proteins may also function by way of
their interactions with other proteins or
nucleic acids. Many structural elements of
the cell, such as those of the cytoskeleton,
are in fact very large, dynamic multiprotein
complexes; indeed, the binding of a such
a protein to an enzyme may serve to
promote or inhibit that enzyme’s activity
[91]. Nucleic acid binding is exhibited by
many of the proteins involved in DNA
replication and transcription, as well as
in protein translation. Many of these
proteins may also have regulatory roles,
either promoting or inhibiting one of
these essential processes. Nucleic acid
binding may also serve a structural role, as
demonstrated by histones that bind DNA
to form chromatin, and ribosomal proteins
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Fig. 7 Examples of three different enzymes,
their active sites, and their catalytic mecha-
nisms. DNA polymerase is a phosphotrans-
ferase that polymerizes deoxyribonucleotides
along a DNA template [86, 87]. Trypsin is a
peptide hydrolase that uses a serine side chain
to break peptide bonds and a histidine side

chain to stabilize the intermediate [88]. Ni-
trogenase is an oxidoreductase that converts
molecular nitrogen into ammonia through the
redox chemistry of a metal–sulfur cluster [89,
90]. In all three cases, kinetically unfavored re-
actions are catalyzed by stabilizing reaction
intermediates.

that bind rRNA to enhance ribosome
structure and function.

The function of a multidomain protein
is a combination of the subfunctions of
its domains. For example, both classes
of aminoacyl tRNA-synthetases (enzymes
that attach the correct amino acid to
tRNAs) generally have a catalytic domain,

an anticodon-binding domain, and often
other domains related to RNA binding
[92]. Many multiprotein complexes ex-
hibit a similar functional modularity. For
example, hemoglobin is composed of four
subunits (two copies each of two homolo-
gous peptides); the binding of one oxygen
to one of the subunits in the complex



Evolution of the Protein Repertoire 21

then alters the subsequent binding kinet-
ics for the remaining subunits [93]. This
type of association is said to be ‘‘coopera-
tive,’’ and shows that modularity in protein
sequence and structure may also have very
clear functional consequences.

5.2
Functional Networks in Physiology

The modern cell is dependent not only on
the functions of proteins, but also on the
precise timing and location of these func-
tions. Physiological networks are the emer-
gent property of this precise execution of
protein functions in the cell. The ability
to identify networks with high-throughput
experimental methods and to analyze
them computationally has led to a systems
approach to molecular biology becoming
possible [94]. Thus far, three distinct cate-
gories of physiological networks have been
investigated in detail, namely metabolic
networks, protein–protein interaction net-
works, and regulatory networks:

• Metabolic networks are composed of
smaller metabolic pathways. In the cell,
a metabolic pathway is generated by
a series of enzymes that convert one
metabolite into another in a progression
of stepwise intermediate reactions. As
data, metabolic pathways are usually
represented graphically as a series of
metabolites (nodes) connected by the
enzymes that consume or produce them
(edges) [94, 95]. While it is difficult, and
also somewhat arbitrary, to define where
one pathway ends and another begins
[95], the pathway model of metabolism
remains a useful tool for organizing the
modularity of metabolic networks.

• Protein–protein interactions form a sec-
ond type of functional network. These
interactions include proteins in the

same multiprotein complex, as well as
transient regulatory or signaling interac-
tions [96]. The study of protein–protein
interaction networks is attractive be-
cause, unlike metabolic reactions, such
interactions can be deduced by using
high-throughput methods [94, 96] such
as two-hybrid systems [97] and pro-
tein microarray analysis [98]. Specific
function, like that required to produce
metabolic networks, may be deduced
from protein–protein interactions algo-
rithmically [99].

• Regulatory networks involve the coordi-
nation of gene expression in response
to intracellular and extracellular signals.
A single regulatory protein may either
induce or repress the expression of mul-
tiple genes that are functionally related
[100]. These regulatory proteins often
also induce other regulatory proteins
that control the expression of a sub-
set of genes related in function to the
others [101]. In this respect, regulation
also has a modular organization. Reg-
ulatory networks may be inferred from
high-throughput methods that identify
differential gene expression under vary-
ing conditions or stages in the life
cycle. These methods most notably in-
clude DNA microarray analysis [102]
and high-coverage sequencing of mRNA
or cDNA [103].

Of course, these three categories of net-
works do not exist independently from one
another. For example, metabolic networks
come into existence by way of expres-
sion networks that control the production
of the requisite enzymes. If only half of
the enzymes in a metabolic pathway are
expressed at a given time, then the prod-
ucts of the partial pathway will clearly
be different from that of the whole. A



22 Evolution of the Protein Repertoire

full understanding of cellular and organis-
mal physiology requires the integration
of these network data [104]; hence, as
data for each of these network categories
become more abundant and encompass
more species, their integration into a sin-
gle framework will become increasingly
important.

5.3
Evolution of Protein Function

Protein sequence duplication is a major
driver of protein function evolution, with
the sequences of newly duplicated genes
being observed to evolve at a rapid pace
[105]. While most of these duplicates
become inactive pseudogenes, some may
be expressed and remain under selection
because they either amplify the dosage of
the gene product or have some altered
function [106]. The same mechanisms of
duplication may produce novel functions
by introducing new domains into existing
proteins. The process of duplication has
evident effects on functional networks; for
example, a new gene function will alter
its preexisting network, while a redundant
gene function will affect the expression of
genes within its network.

As noted above, functionally analogous
enzymes may often have both unrelated
sequence and unrelated structure [75]. In
a recent study conducted by Almonacid
et al. [107], the reaction mechanisms for 95
pairs of functionally analogous enzymes
that have no detectable sequence similarity
were compared. That mechanistic similar-
ity was observed in only 44% of the pairs
indicated that functional convergence is a
regular occurrence in evolution, and does
not require the unrelated proteins to share
a common structure or mechanism.

The evolutionary conservation of molec-
ular networks has only recently been open

to investigation, due to the relatively recent
growth of experimentally verified network
data and the relatively low number of taxa
for which complete networks have been
determined experimentally [94]. Compu-
tational simulations of network evolution
have shown that, while the outputs of a
metabolic network (metabolites, biosyn-
thetic products, energy, etc.) can be con-
served during evolution, the components
of the network may be very evolution-
arily plastic [108]. The ancestry of com-
mon networks across diverse taxa may
be better understood in the near future
through the development of tools for pre-
dicted metabolic networks from annotated
genomes [109] and the creation of network
phylogenies [110].

During the course of evolution, func-
tional networks may be rewired by a num-
ber of phenomena, including gene loss,
gene duplication, horizontal gene trans-
fer, changes in environmental inputs, and
the exaptation of gene products from one
network to another [94]. The convergent
evolution of analogous networks towards
the same phenotypic output is observed
in essential metabolic requirements such
as carbon fixation, for which six distinct
metabolic pathways are known [111]. In
the case of carbon fixation, the pathways
themselves can be remarkably different.
While this is just one example, it demon-
strates that evolutionary convergence to-
wards a similar or identical output may
be much more common than convergence
upon the same pathway.

6
Protein Evolution in Human Hands

Proteins are, in essence, nanoscale ma-
chines that are naturally produced by
evolutionary processes. Protein design
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methods that simulate these processes
have major potential as nanoscale engi-
neering platforms, and recent technolo-
gies have indeed put this concept to
work. Today, cutting-edge laboratory tech-
niques can mimic evolution by combin-
ing methods of mutation, selection, and
replication [112], while computational ap-
proaches may imitate evolution by evaluat-
ing Monte Carlo simulations with sophisti-
cated scoring functions based on biological
constraints [113].

6.1
In Vitro Protein Evolution

The first step in the development of in
vitro, directed evolution was the invention
of the phage display sampling method.
Phage display uses complete viruses to ex-
press gene-bearing plasmids and to select
those that bind a particular substrate. One
of the first uses of phage display included
the sampling of a library of randomly pro-
duced antibodies, during which one of the
selected proteins was shown to be capa-
ble of binding a predetermined target with
a higher affinity than any of the natural
antibodies [114]. Whilst this type of exper-
iment does not reproduce the complete
evolutionary process, it does provide the
selection component of the evolutionary
process.

The generation of large libraries of
mutated protein sequences is another es-
sential component of in vitro evolution.
Originally, site-directed mutagenesis was
developed to investigate the mutations of
individual amino acid residues [115], and
in one heroic study a total of 4044 such mu-
tations was generated and examined [116].
In this case, some enhanced functional
capabilities were achieved by a few mu-
tants, while a modest majority exhibited a
significant loss of function. Homologous

recombination is a greater generator of ge-
netic diversity than point mutations, both
in Nature and in vitro [50]. Automated ho-
mologous recombination and the selection
of its products were shown to produce sig-
nificantly improved function compared to
mutant proteins generated through point
mutations [117]. When only a refinement
of enzyme function is required, the poly-
merase chain reaction (PCR) using an
error-prone DNA polymerase is also an
effective method for generating mutations
[118].

In order to truly simulate evolution, the
selection of mutants must be iterative so
that the selected proteins are replicated,
mutated, and run through the selection
regime again. This can be achieved by teth-
ering mRNA to the protein that it encodes,
so that the encoding gene of the selected
proteins may be saved for the next round
of mutation and selection [119]. Typically,
this method is performed on immobi-
lized substrates and is only able to select
ligand-binding functions. An adaptation of
this method is capable of selecting ligase
enzymes by immobilizing one substrate
and attaching the reverse transcription
primer to the other, thus ensuring that
only those enzymes which perform the
ligation are copied [112]. The current tra-
jectory of in vitro evolution methodology
and its expansion to more protein func-
tions is sure to have a profound effect
on medicine, nanotechnology, and general
industry in the near future.

6.2
Computational Protein Evolution

The computational design of proteins
also simulates evolutionary processes. The
computational protein design process is
generally the reverse of protein struc-
ture and function prediction [113], both



24 Evolution of the Protein Repertoire

of which are based on evolutionary con-
straints. In comparative protein structure
prediction, templates from homologs are
used to model a structure from a sequence,
assuming the evolutionary conservation of
a common structure between the sequence
and its structural template [120]. Scoring
functions are then used to measure the
model’s correctness [121, 122].

Computational approaches to protein
design begin with a target structure or
function, and employ these methods to
search for sequences that are likely to
achieve such design. In the past, because
sequence space is too large to sample
fully, design experiments have targeted
either a single fold [82] or the placement
of specific functional groups [123]. The
creation of a predesigned fold architecture
not observed in Nature was achieved by
Kuhlman et al. [82] through Monte Carlo
simulations and fold prediction, which
represent a computational mimicry of
the mutation/selection process. A similar
design method was used to create novel
protein functions with some success,
selecting structures that formed around
a target substrate. Enzymes produced by
this method have only achieved a 106-fold
increase in reaction rate, whereas natural
enzymes typically increase reaction rates
up to 1014-fold [124].

An alternative method of computational
protein design begins with an in vitro
step [125], in which phage display is first
used to identify the affinity of synthetic
peptides for specific ligands. A scoring
function is then trained on this dataset to
separate the strongly and weakly binding
peptides. Monte Carlo simulations using
this scoring function in the selection
process will generate peptides that display
a higher binding affinity to the ligand
than any peptides obtained from the initial
phage display experiments.

At present, although computational
methods are less effective than in
vitro-directed evolution, they will always
have the benefit of speed. Computational
design methods may be most useful
in tandem with in vitro evolution to
generate starting sequences and to
refine the final products. Alternatively, a
breakthrough in methodology will lead
to computational design that is solely
capable of the task. Either way, evolution
has shown itself to be a prodigious
inventor, and protein design platforms
capable of mimicking the evolutionary
process should have enormous potential
for a variety of medical, industrial, and
scientific applications.

7
Lessons from the Evolution of the Protein
Repertoire

The protein repertoire spans the entire
physiology of the cell, from genetic se-
quence to metabolic function. Moreover,
its evolution repeatedly demonstrates that
a single selection pressure may manifest
itself differently in each facet of the protein
repertoire, and at different scales of size.
Yet, even within this complexity, a pat-
tern of modularity is beginning to emerge
in gene sequence, protein structure, and
molecular function. In addition, a similar
pattern of modularity is found at multi-
ple size scales, within a single protein, as a
combination of proteins, and within major
physiological networks.

Under scrutiny, the common concep-
tual framework of a protein repertoire, as
defined by individual genes and proteins,
does not always work. Genes that encode
proteins are often discontinuous, overlap-
ping, or are formed from sequences from
multiple DNA molecules. Discrete units
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of structure and function may be defined
not only by individual proteins, but also
by domains within proteins or complexes
of multiple proteins. Instead of individ-
ual proteins, the organizational principle
of the protein repertoire appears to be a
modularity that manifests itself in a multi-
tude of phenomena. Not surprisingly, the
evolution of the protein repertoire is not
determined by a conceptual framework,
but rather by the pressure to evolve popu-
lations to satisfy selection by any means.
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