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SUMMARY 

Genetic duplication has played a majop Pole in the evolu­
tion of physiological complexity by cPeating oPiginally . Pedun­
dant genes that evolved to pPoduce pelated pPoteins in the oP­
ganism. The Pelated chains of cePtain polymePic molecules peP­
mit a Pange of similaP activities while maintaining specificity. 
Related pPoteases foPm simple and complex cascade mechanisms 
that ape poised fop a contPolled buPst of activity, such as that 
seen in blood coagulation. Related genes aPPanged tandemly on 
the same chPomosome may evolve to pPoduce pPoteins that appeaP 
sePially duPing development, as do the epsilon, gamma, and delta 
and beta chains of hemoglobin. Duplication can also pPoduce an 
elongated gene that codes fop a pPotein with multiple functional 
sites. Such pPoteins aPe impoPtant fop the development of com­
plex physiological functions such as muscle contPaction. Poly­
mePic stPuctuPe, multiple genes, and intePnal duplication com­
bine to give the immunoglobulins extPaoPdinaPy functional diveP­
sity. Duplication of genetic matePial pPovides the Paw matePial 
fop the specialization of cell and tissue types. 

INTRODUCTION 

Gene duplications in ancestral species have led to the 
presence of distantly related proteins in present-day organisms. 
These duplications have provided the potential for major evolu­
tionary advances (OHNO 1970), including the emergence of new 
physiological mechanisms. A duplication may involve the entire 
genome, an individual chromosome, part of a chromosome, a single 
gene, or part of a gene. In Table 1 are listed some of the 
possible physiological consequences of genetic duplication at 
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various levels. We are, of course, considering only cases where 
the survival of the organism is not diminished and the dupli­
cation becomes fixed in the population. 

Table 1. Potential consequences of genetic duplications 

Polymeric molecules 

Modified kinetics 
Cooperativity 
Heteromeric molecules: range of activities 
Altered physiology: 

synthesis, catabolism, secretion, excretion 

Cascade processes and other complex physiological 
mechanisms 

Physiological mechanisms involving related proteins coded by 
tandem genes 

Coordinated control mechanisms 
Successive appearance of proteins 
Expansion and contraction of number of genes 
Diversity of functional capability 

Homologous, independently regulated physiological 
mechanisms 

Tissue differentiation 
Life cycle stages 
New functional pathways 

Molecules with duplicated functional sites amplifying 
functional capacity without change in control 

Duplication of the genome, or of a substa~tial portion ~f 
it, can produce duplicate copies of all of the structural and\ 
regulatory genes involved in a physiological mechanism. Ther~­
after, independently accumulating genetic changes will produce 
gradual modifications in the originally redundant mechanisms. 
Eventually, these homologous mechanisms may evolve sufficiently 
different functions so that both will be essential to the normal 
development and physiological functioning of the organism; they 
may function at different stages of the life cycle or in spe­
cialized tissue types. These homologous physiological mech­
anisms will have component parts (e.g., hormones, enzymes, cell 
types) that are structurally related, and these parts will fol­
low a similar developmental sequence and will function similarly 
and in the same order with respect to each other (BARKER and 
DAYHOFF- 19'7-9) -. - S0me-t- imes a protein compone-n-t wi-1-1- 1::>e missing in 
one of the mechanisms through loss or inactivation of the gene 
coding for that protein; occasionally a component will have been 
added. Also, the control of expression of the mechanism or its 
parts may be modified. 
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Many physiologically important molecules are polymers in 
which some or all of the protein chains are products of related 
genes, often on different chromosomes. Polymeric molecules may 
exhibit special properties such as cooperativity and allosteric 
control. When any of several types of related chains can asso­
ciate to give various forms of the polymer, these may differ in 
reactivity or substrate specificity so as to provide optimal 
functioning under various physiological conditions. 

Complex physiological mechanisms such as muscle contraction 
or blood coagulation often involve a number of evolutionarily 
related proteins. Generally, it is not known if these are prod­
ucts of genes on the same or on different chromosomes, or both. 
When a gene duplicates to give two adjacent copies on the same 
chromosome, the initial consequence may only be increased syn­
thesis of the protein. Subsequently, repeated mispairings of 
similar genes and unequal crossing-over can produce a number of 
related genes tandemly arranged on the same chromosome. Such a 
multigene family can have unusual physiological and evolutionary 
characteristics. 

Finally, internal gene duplication can produce a larger 
protein with several functionally active sites, which may evolve 
somewhat different specificities. Repeated duplication of a 
short peptide sequence can produce a protein, such as collagen, 
that has a very repetitive sequence and an unusual amino acid 
composition. 

It has been proposed (DAYHOFF et al. 1975, ZUCKERKANDL 
1975) that, on the basis of evolutionary relationship, all pro­
teins will form about 1000 groups, which we have called super­
families. Thus, if 50,000 proteins are coded by the human ge­
nome, we would expect to find an average of 50 genes coding for 
the related proteins in each superfamily. The more than 1000 
proteins that have been sequenced fall into about 180 super­
families (DAYHOFF et al. 1979), nearly half of which include 
some mammalian proteins. About one-third of these contain se­
quences of two or more distantly related mammalian proteins. 
Two examples have been known from the earliest days of protein 
sequencing. By 1965, sequences of myoglobin and of the alpha, 
beta, and gamma chains of hemoglobin were recognized as related, 
as were . the sequences of the digestive enzymes trypsin and chy­
motrypsin. By now more than 25 different mammalian enzymes 
related to trypsin have been characterized, and the amino acid 
sequences of 10 of these have been determined. 

Our group maintains a frequently updated computer data file 
of the well-characterized protein sequences. With the aid of 
several powerful computer programs (DAYHOFF 1979b), we assess 
the probability that a newly sequenced protein is related to any 
of the sequences already in the data file. On this basis, we 
assign the new sequence to a previously described superfamily or 
to a new superfamily. 

A number of methods of constructing evolutionary trees from 
protein sequence data have been described (DAYHOFF et al. 1972b, 
FITCH and MARGOLIASH 1967, FITCH and FARRIS 1974, GOODMAN and 
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PECHERE 1977). The trees presented here are derived from ma­
trices of estimated point mutations per 100 residues between 
aligned sequences (DAYHOFF 1979b). Branch lengths are expressed 
in accepted point muti"tions per 100 residues (PAMs). Usually 
the point of earliest time on a topology cannot be placed from 
sequence data. Tn these cases we show the "trunk" of the tree 
as a dashed line, and the location of its bifurcation has been 
estimated from other considerations. 

In this paper we will review the major types of physio­
logical interactions manifested by several groups of evolu­
tionarily related mammalian proteins for which we have sequence 
data. We will examine the evolutionary trees derived from these 
proteins to identify the crucial genetic duplications and to 
approximate their time of occurrence. 

POLYMERIC MOLECULES 

There are many examples in the mammalian body of physio­
logically important polymeric molecules in which some or all of 
the protein chains are products of related genes. In Table 2 
are listed some examples for which sequences are known, in most 
cases including the human sequences. Horse liver alcohol de­
hydrogenase is a dimer that has three possible chain compo­
sitions: EE, ES, or SS. Such heteromeric enzymes can exhibit a 
range of activities. The EE form is the most active towards 
ethanol as a substrate, the SS form is active towards steroids, 
and the ES form is intermediate. This flexibility in substrate 
specificity is accompanied by only six amino acid differences in 
a total length of 374 in the E and S cHains of the horse enzyme. 
Several of these substitutions are in or adjacent to a loop that 
contains the four ligands to the second (noncatalytic) zinc 
atom. This loop projects from the catalytic domain and forms 
one side of a deep cleft in the surface of the enzyme, at the 
bottom of which is the catalytic zinc atom (EKLUND et al. 

Table 2. Polymeric molecules composed of rei~~ed protein chains 

Molecule 

Alcohol dehydrogenase 
Lactate dehydrogenase 
Hemoglobin A 
Hemoglobin A2 

Hemoglobin F 
Immunoglobulin G 
Immunoglobulin M 

Immunoglobulin E 
Immunoglobulin A 

Alpha crystallin 

Fibrinogen 

Numbers and Types of Chains 

2 chains: any combination of E and s 
4 chains: any combination of H and M 
2 alpha, 2 beta 
2 alpha, 2 delta 
2 alpha, 2 gamma 
2 gamma, 2 kappa or 2 lambda 
5 tetramers, each with 2 mu, 2 kappa 

or 2 lambda 
2 epsilon, 2 kappa or 2 lambda 
1 or more tetramers, each with 2 alpha, 

2 kappa or 2 lambda 
Large aggregates of A and B, variously 

modified, 2:1 ratio 
2 alpha, 2 beta, 2 gamma 
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1976b). One of the changes, Phe to Leu at position 110, is also 
found in the single enzyme from the rat liver, which is active 
toward steroids. The side chain of this residue appears to line 
the substrate-binding cavity, which may explain these differ­
ences in substrate specificity (EKLUND et al. 1976a). 

The other enzyme in Table 2, lactate dehydrogenase, will be 
discussed later in connection with the functional specialization 
of tissues. The hemoglobins and immunoglobulins are discussed 
as examples of multigene families. 

CASCADE PROCESSES 

A cascade process is a series of enzymatic reactions in 
which the product of one reaction is the catalyst for the next. 
Many of the cascades that have been characterized involve pro­
teolytic enzymes that are made as zymogens and are subsequently 
activated by limited proteolysis. A simple cascade occurs in 
the activation of several digestive enzymes. tnitially, the 
very specific enzyme intestinal enterokinase activates trypsin, 
which in turn activates other trypsin molecules and also chymo­
trypsin, elastase, carboxypeptidase, and phospholipase from 
their respective zymogens. Depending on the activities and 
lifetimes of the various enzymes in the cascade, ·a great ampli­
fication can occur such that a small triggering event results in 
a substantial final product (NEURATH 1975). 

Several interrelated cascade processes that occur in blood 
are shown in Fig. 1. These involve the intrinsic and extrinsic 
pathways of blood coagulation, the dissolution of the blood clot 
(fibrinolysis), and the release of peptides (kinins) that are 
potent vasodilators. All of these, except the extrinsic clot­
ting pathway, begin with the activation of factor XII to factor 
XIIa. The blood-coagulation cascade is a series of conversions 
of plasma zymogens to the corresponding active serine proteases, 
ending with the activation of prothrombin to thrombin, which in 
turn converts the plasma protein fibrinogen into insoluble fi­
brin. The operation of the cascade is halted by the combined 
effects of inhibitors (such as antithrombin-III), proteolytic 
degradation of the components, and dilution. (For a more de­
tailed description of the clotting cascade, see DAVIE et al. 
1975.) 

In fibrinolysis, another serine protease, plasmin, removes 
fibrin deposits. Plasmin is converted from its zymogen, plas­
minogen, by plasminogen activators, which ha.ve themselves been 
activated by factor XIIa. In the kallikrein-kinin system, fac­
tor XIIa converts plasma prekallikrein to the active enzyme 
kallikrein by limited proteolysis. Kallikrein then releases 
kallidin I (bradykinin) from kininogen. 

The serine proteases of the blood-clotting cascade are 
related to the digestive enzymes trypsin, chymotrypsin, and 
elastase. An evolutionary tree of the eukaryote serine pro­
teases that have been sequenced is shown in Fig. 2. Very dis­
tantly related proteins of this group are also found in bac-
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Fig. 1. Interrelated cascade processes in blood. Blood coagu­
latlon, fibrinolysis, and kinin formation are all initiated by 
factor XIIa. The suffix "a" after a factor indicates its acti­
vated form. The serine proteases related to trypsin are en­
closed in boxes. Proteins for which substantial sequence data 
are available are underlined. (Reproduced, with permission, 
from Fig. 26 in YOUNG et al. 1979.) 

teria, one of which is shown on the tree. From the divergence 
of the dogfish and mammalian lines, a rate of evolution was 
calculated for trypsin. An extrapolation places the earliest 
divergence on the tree at about 1.3 billion years ago. There­
fore, the proliferation of the major enzyme types shown probably 
occurred early in eukaryote evolution. Two enzymes of the 
blood-clotting cascade, thrombin and factor Xa, are together on 
one branch of the tree. These a~d plasmin are made in the liver 
and secreted into the blood. A common ancestor of the pa~cre­
atic enzymes diverged from the plasmin branch almost a billion 
years ago. This divergence may correlate with the-appearance of 
liver and pancreas as specialized tissues with different func­
ti-on s-. (-T-he k a 11 i k re in -On- tl:l-i-S- t -r-ee- i-s- i-so.l -a-ted- £r:-o m- panc-r:-e a s­
and has physicochemical properties and activity different from 

---~pl-asm-a- k-a-1-1-i-k-r-e-i-n-.)~ A-l-l- o-f- t-he- en-zymes- on- t-he- t-r-ee- c-l-e-av-e- w i th 
varying restrictions after either arginine or lysine residues, 
or both, except for the chymotrypsins and elastase, which cleave 
instead after certain hydrophobic residues. A critical amino 
acid substitution associated with this specificity change oc-
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Fig. 2. Evolutionary tree of the eukaryote serine proteases and 
bacterial trypsin. This tree was derived from portions of the 
sequences that are homologous to trypsin. Gene duplications are 
shown by diamonds. We have placed the earliest divergence on 
the longest branch, that of bacterial trypsin, on the assumption 
that the rate of change in this line was the same as the average 
of the eukaryote types. (Reproduced, with permission, from Fig. 
13 in YOUNG et al. 1979.) 

curred in a common ancestor immediately preceding the gene du­
plication that produced chymotrypsin and elastase. 

MULTIGENE FAMILIES 

Immunoglobulins 

The soluble immunoglobulins of all vertebrates are composed 
of two identical heavy and two identical light chains, or a 
polymer of this basic structure. These chains are coded by 
three distinct gene systems, each located on a different chro­
mosome, one for heavy chains and one for each of the two types 
of light chains, kappa and lambda. The chains produced by each 
system consist of an amino-terminal V region and a carboxyl­
terminal C region. Each genetic system consists of a set of V 
genes, one or several C genes, a joining mechanism that operates 
at the DNA level, and other control mechanisms. 

Each immunoglobulin-producing cell is committed to produce 
a particular heavy chain V region and a particular light chain 
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(V and C regions). An unusual feature of immunoglobulin syn­
thesis is that the same heavy chain V region can be successively 
associated with C regions of different classes (evidence is sum­
marized in NISINOFF et al. 1975). Thus IgM, containing mu heavy 
chains and the particular light chains produced by the cell, is 
produced first in the primary immune response. Later on there 
is a switch to IgG production. The immunoglobulin molecules now 
contain heavy chains of the gamma class. However, the V-region 
sequence of these chains and the sequences of the light chains 
are exactly the same as those of the original IgM molecule, and 
the antibody specificity is similar. 

Immunoglobulin genes form the best-characterizea example of 
multigene families. A multigene family is defined as "a group 
of nucleotide sequences or genes that exhibits four properties-­
multiplicity, close linkage, sequence homology, and related or 
overlapping phenotypic functions" (HOOD et al. 1975). The se­
quences of immunoglobulin chains provide the largest body of 
available data for the study of the evolution of multigene fam­
ilies. The beta-type hemoglobin genes discussed below are also 
a multigene family, albeit on a smaller scale. 

The evolutionary trees derived from kappa and lambda V 
regions (see Fig. 3) illustrate one of the unusual evolutionary 
characteristics of multigene families: rapid expansion and 
contraction of the number of genes (HOOD et al. 1975). This can 
happen because the homologous chromosomes bearing many similar 
tandem genes tend to misalign at meiosis and undergo unequal 
crossing-over, with the consequent production of daughter chro­
mosomes one of which has lost and the other gained a consider­
able number of V-region genes. Such an event may have led to 

I Nei 

HUMAN 

II 

Bur 
Il[ 

MOUSE 

MOPC KJ4E 

. -~C315 

Fig. 3. Evolutionary tree of immunoglobulin lambda chain V 
regions (including the hypervariable regions). Human lambda 
chain V regions have been divided (provisionally) into five 
subgroups. Sequences in a ~subgroup are generally less than 30% 
different from one another and more than 30% different from 
those in other subgroups. Much less variability is found among 
mouse lambda chain sequences. (Reproduced with permission from 
Fig . 48 in BARKER et al. 1979a.) 
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the complete loss from the human line of the gene that gave rise 
to the sequenced mouse lambda chains. The number of lambda 
V-region genes in the mouse genome is probably very small, and 
all those for which the corresponding proteins have been se­
quenced have descended from a rather recent common ancestor. 
Whether the large number of antibody structures that can be 
generated in response to different antigens is solely accounted 
for by a large number of V-region genes or whether additional 
diversity is generated by somatic mutation and Lecombination of 
portions of a more limited number of V-region genes is still in 
dispute. 

The C regions of the heavy chains of four of the five 
classes of human immunoglobulins have been sequenced. They 
contain three or four regions of sequence homology, each about 
110 residues long, that have been produced by duplication. 
These homology regions are thought to contribute to discrete 
domains in the three-dimensional structure (POLJAK et al. 1976) 
The variations in structure of these domains, which must corre­
late with the differences in the biochemical functions of the 
classes of immunoglobulins and ' of the individual regions of each 
class of heavy chain, ultimately result from variations in the 
sequences. To synthesize a coherent picture of the emergence of 
the full complexity of the immune system, we must be able to 
correlate these structural and functional variations with the 
evolution of these chains. 

An evolutionary tree derived from the sequenced immuno­
globulin C regions is shown in Fig. 4. The heavy-light chain 
and the kappa-lambda chain divergences are duplications of en­
tire gene systems, including the mechanisms for translocating 
one particular V-region gene closer to the c-region gene. 
Shortly after the heavy-light chain divergence, the heavy chain 
C-region gene underwent a series of duplications to produce a 
gene that coded for a C region four times the length of the 
light chain C region (BARKER et al. 1979a). Still later, fol­
lowing these internal gene duplications, were the duplications 
that produced separate genes, located tandemly on the same chro- ' 
mosome, for the four classes of heavy chains that have been 
sequenced. All four, as well as both types of light chains, 
were present well before the mammalian radiation about 75 mil­
lion years ago (mya). Most likely the alpha and gamma chain C 
genes underwent a shortening by way of unequal crossing-over 
independently after their respective divergences from the mu and 
epsilon chains. 

Thus, the various duplications on this tree contributed 
different levels of complexity to this physiological mechanism. 
The earliest divergence shown allowed the formation of hetero­
meric molecules with V regions of both heavy and light chains 
contributing to antibody specificity. The various combinations 
possible, along with the multiplicity of V-region genes, allow a 
great diversity of possible antibodies to be formed. The kappa­
lambda divergence seems not to have produced any additional 
complexity except the need to turn off whichever system is not 
in use in the antibody-producing cell. 
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Fig. 4. Evolutionary tree of i.mmunog1obulin C regions derived 
from an alignment in which the light chain C regions were re­
peated three times and aligned with the heavy chain C regions 
excluding the extra domains of mu and epsilon, the hinge regions 
of gamma and alpha, and the extra carboxyl-terminal piece of 
alpha And mu. The branches leading to the gamma and lambda 
subtrees are dashed because there were additional solutions 
almost as good as the most parsimonious topologies shown. The 
position of the divergence of the rabbit kappa chains from the 
others is much earlier than expected and, therefore, we have 
postulated that it represents a gene duplication rather than a 
species divergence. (Reproduced with permission from Fig. 45 in 
BARKER et al. 1979a.) 

The heavy chains evolved special characteristics including 
the multiple domain structure and inter-heavy chain covalent 
bonds to stabilize the tetrameric structure. The duplications 
to produce several heavy chain genes allowed the evolution of 
the different immunoglobulin classes, which are expressed at 
different times (sometimes sequentially) and in different tis­
sues. IgM and IgA are pentamers and dimers, respectively, of 
the basic four-chain subunit. These are associated with an 
unrelated polypeptide, the J chain, which is thought to play a 
role in joining the subunits. The antibodies found in colas-
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trum, saliva, and certain other secretions are mainly IgA syn­
thesized locally by plasma cells within the secretory epithe­
lium. IgG and IgE do not form dimers or higher po l ymers . IgG 
can pass through the placental barr i er to the fetus . IgE , im­
plicated in ragweed sensitivity , appears to be locally produced 
in respiratory and gastrointestinal epithelia . 

Hemoglobins 

The mammalian proteins of the globin superfamily illustrate 
spe c ialization to function in different tissues (hemoglobin in 
blood and myoglobin in muscle), formation of polymers that show 
cooperativity in oxygen bind i ng, and successive appearance of 
related proteins during development . The hemoglobin molecule is 
a tetramer of two pairs of chemically distinct chains : alpha 
type and beta type. These are represented in the earliest human 
embryo by the zeta and epsilon chains , which disappear by 10 
weeks of gestation . Hemoglobin F (Hb F), consisting of two 
alpha and two gamma chains, is the predominant form present 
unti l birth. Two types of gamma chains, differing only by one 
amino acid, are coded by two genetic loci . A few weeks before 
birth , there is a sharp rise in the synthesis of Hb A, the pre­
dominant adult form , which has two alpha and two beta chains , 
and a corresponding decline in Hb F . A small fraction of adult 
hemoglobin , called Hb A2 , contains delta instead of beta chains 
(WOOD 197"i). 

The evolutionary relationships of the human ch a ins for 
which we have sequence data are shown in Fig . 5 . Two other 
chains that appear in the fetus , the zeta and epsilon chains, 
have not been sequenced . The hemoglobin chains are related to 
the muscle protein myoglobin, more distantly to muscle and blood 
globins found in invertebrates, and very distantly to plant 
leghemoglobin. The divergence of the genes for the very similar 
delta and beta chains was about 25 mya . Both forms are also 
found in various apes and New World monkeys. The gene for the 
gamma chain originated before the radiation of mammalian orders . 
Nevertheless, so far as we know, the gamma cha i n genes are only 
expressed in humans, apes, and monkeys . The gene may have been 
lost independently from other primate and mammalian lines . More 
likely its expression is suppressed or transitory . 

From studies on the abnormal protein chains produced by 
crossing-over between nonhomologous genes, it is known that the 
genes for the two gamma chains and for the delta and beta chains 
are tandemly arranged on the same chromosome . The epsilon chain 
gene may also be part of this complex . The alpha chain gene s , 
on the other hand , are on another chromosome . Investigation of 
the regulatory mechanisms that control the expression of these 
genes is currently an area of very active research . Rapidly 
accumulating dat a on the structure of the inter- and intragenic 
DNA for the hemoglobin genes (TIEMEIER et al . 1978) may soon 
result in the identification of regions of the DNA that control 
the expression of these genes and, perhaps, of regions that 
could produce a hemoglobin chain but are not e x pressed . A dis­
ruption of the close linkage of the beta-type genes could change 
the developmental pattern of globin chain synthesis . It is 
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Fig. 5. Evolution of the genes for the human globin chains. 
The divergences shown on the tree represent the duplications 
that gave rise to the human globin chains for which we have 
sequence data. The genes for the gamma, beta, and delta chains 
are closely linked, their expression is coordinated, and they 
have recently diverged from each other. Separate genes for beta 
and alpha chains originated about 500 mya, whereas the dupli­
cation that gave rise to the genes for vertebrate hemoglobin and 
myoglobin may have occurred as much as one billion years ago. 
(Adapted from Fig. 3-1 in DAYHOFF et al. 1972a.) 

possible that the recent duplication in primates that produced 
the deJta chain gene lying between the gamma and beta genes 
affected the DNA region that suppresses the expression of the 
gamma chain gene · (or confines its expression to a brief and as 
yet uncharacterized period in embryonic life) in most mammals. 
As soon as a control mechanism evolved to regulate the appear­
ance of the gamma chain during the fetal stage, the function of 
the chain could be tailored by evolution to the needs of that 
stage of the life cycle. 

EMERGENCE OF SPECIALIZED CELLS AND TISSUES 

The appearance during eukaryote evolution of specialized 
cell and tissue types is often made possible by duplication of 
genetic material within the organism. The duplication of a gene 
that codes for a protein with an important function in illl cells 
can lead to the adaptation of one copy of the gene to produce a 
protein with a special function in a specialized cell or tissue 
type. Actin is apparently ubiquitous in eukaryote cells. Al-
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though actin is an exceptionally well conserved protein, sepa­
rate genes code for the similar actins found in cardiac and 
skeletal muscle and for two species of actin found in the cyto­
plasm of other tissues (LU and ELZINGA 1977, VANDEKERCKHOVE and 
WEBER 1978). These actin genes, although coding for proteins 
that are less than 7% different in sequence, must be under very 
different regulatory control. Such major shifts in regulatory 
mechanisms may arise from rearrangements of genes on chromosomes 
rather than from point mutations within the genes (WILSON et al. 
1977) • 

Sequences have been determined for a number of proteins 
involved in the skeletal muscle contractile element (see Fig. 
6). Troponin C in the thin filaments is responsible for the 
regulation of contraction by calcium ions. It is associated 
with troponin I, which inhibits the interaction of actin and 
myosin when the muscle is at rest, and troponin T, which binds 
the complex to the filament. When the nerve impulse reaches the 
muscle cell, calcium is released from the sarcoplasmic reticulum 
and binds to troponin C, causing a conformational change in the 
relationship of these proteins such that actin and myosin are 
able to react with each other. A soluble calcium-binding pro­
tein, parvalbumin, and the myosin light chains are related to 
troponin c. Parvalbumin and the DTNB light chain in the thick 
filament may also be involved in calcium regulation of muscle 
contraction; however, the alkali light chains do not bind cal­
cium. Two related proteins found in other tissues have been 
sequenced. A calcium-dependent regulator protein, also called 
phosphodiesterase activator, confers calcium control on the 
hydrolysis of cyclic AMP and GMP in mony tissues. A vitamin 
D-induced calcium-binding protein is found in the intestinal 
mucosa. Several recent volumes and reviews give detailed in­
formation on the structures and functions of these proteins 
(WASSERMAN et al. 1977, KRETSINGER 1976, KENDRICK-JONES and 
JAKES 197/'i). 
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Fig. 6. Proteins of the contractile element of skeletal muscle. 
Those that bind calcium are shown as solid black. Portions of 
the thick and thin filaments, including one crossbridge, are 
shown. (Adapted from Fig. 1 in KENDRICK-JONES and JAKES 197/'i.) 
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The amino acid sequences of the proteins related to tro-
ponin C indicate a history of duplications producing an elon­
gated gene prior to the duplications that produced separate 
genes (BARKER et al. 1977, COLLINS 1976, GOODMAN and PECHERE 
1977). Parvalbumin has two regions of sequence homology, each 
binding a calcium ion, and a third region that does not bind 
calcium and is not detectably homologous to the other two. The 
calcium-binding protein also has two homologous regions but only 
one binds calcium. The other proteins have four homologous 
regions. Calcium-dependent regulator protein and skeletal mus­
cle troponin C bind four calcium ions, cardiac muscle troponin C 
binds three, myosin DTNB light chain binds one, and the alkali 
light chains bind none. 

An evolutionary tree derived from these sequences is shown 
in Fig. 7. The earliest events were two internal duplications 
that produced a gene four times as long as the ancestral gene, 
which probably coded for a calcium-binding peptide of about 39 
amino acids. These internal duplications and o·ne or more of the 
subsequent duplications to produce separate genes probably oc­
curred in prokaryote ancestors. An early duplication gave rise 
to the two major branches of the tree . On one side parvalbumin 
and the calcium-binding protein diverged together from troponin 
C; these genes must have subsequently lost an amino-terminal 
portion of the redoubled ancestor. Because the line to the 
bovine cardiac troponin C arose before the divergence of the 
skeletal muscle troponin C of frog, chicken, and rabbit from one 
another, a gene duplication is represented rather than a species 
divergence . 

On the other major branch of the tree, the first dupli­
cation produced the genes for the ancestral myosin light chain 
and for the calcium-dependent regulator protein. That the lat­
ter is the most slowly changing protein of this family is indi­
cated by its very short branch length on the tree and by the 
fact that the halves of its sequence are more similar to each 
other than are the halves of any of the other sequences. There­
fore, its function probably corresponds most closely to the 
function of the common ancestor of these proteins. The next 
duplication gave rise to the two main types of myosin light 
chains. These, the parvalbumins, and the calcium-binding pro­
tein have changed more than troponin C or the regulator protein. 
Thus, in this superfamily the proteins with the more conserved 
primary structures have retained greater functional ability to 
bind calcium. Other molecules in this group have become adapted 
to perform functions that do not involve calcium binding. 

Tissues as similar as the different types of muscle contain 
tissue-specific proteins. Cardiac and skeletal muscles contain 
different forms of several proteins including troponin C, tro­
ponin I, and lactate dehydrogenase. The rate of change of tro­
ponin C is estimated to be 1.5% per 100 million years (DAYHOFF 
1979b). If troponin Chas been changing at this unusually slow 
rate since the <livergence of the cardiac and skeletal muscle 
forms, the gene duplications that contributed to specialization 
of cardiac and skeletal muscle may have occurred nearly a bil­
lion years ago (BARKER et al. 1977). Troponin I sequences from 
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Fig. 7. Evolutionary history of the troponin C superfamily. 
The tree is a composite of topologies determined for the parv­
albumins alone, for the sequences with four homology regions, 
and for half-chains of these compared with the parvalbumins and 
calcium-binding protein. A very slightly smaller tree was ob­
tained by interchanging the branches to frog and chicken skele­
tal muscle troponin C, an arrangement that disagrees with ac­
cepted evidence on the order of divergence of these species. 
The branching order of the fish parvalbumins is not well re­
solved and also does not conform to that expected from biologi­
cal evidence; it is clear that several duplications of the parv­
albumin gene have occurred in these species. Only the two most 
clearly established duplications are shown. The lengths of very 
long branches and of the internodal distances between such bran­
ches are rough estimates. The myosin Al light chain is of re­
cent origin as it is less than 4% different from the A2 chain, 
except for an amino-terminal 41-residue segment of unusual com­
position, which was not counted in constructing the tree. (Re­
produced with permission from Fig. 57 in BARKER et al. 1979b.) 

each of three specialized muscle types, cardiac muscle and fast 
and slow skeletal muscle, are at least 40% different from one 
another (WILKINSON and GRAND 1978). An evolutionary tree de­
rived from the available sequences is shown in Fig. 8. The 
duplications that produced the three separate genes occurred a t 
about the same time, approximately 750 mya, and their appearance 
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Fig. 8. Evolutionary tree of tro­
ponin I from cardiac muscle and 
fast and slow skeletal muscles. 
Twenty-six amino-terminal residues 
of the cardiac muscle troponin I 
and four carboxyl-terminal resi­
dues of the slow skeletal muscle 
troponin I have no counterparts in 
the other sequences and were ex­
cluded from the calculations. 

CARDIAC FAST SKELETAL 

Rabbit Rabbit Chicken 

11 11 

Sl.DW 
SKELETAL 

Rabbit 

~ Duplications producing three separate genes 

+ Approximately 500 mil lion years ago 

and separate evolution correlate with the development of the 
muscle types. 

Lactate dehydrogenase catalyzes the reduction of pyruvate 
to lactate, which is the final step in anaerobic glycolysis. 
The active enzyme is a tetramer of varying numbers of two types 
of chains, Hand M. The five possible isozymes, which exhibit a 
range of activities, are found in different tissues and at vari­
ous stages of development. The M4 amd M3H forms, which catalyze 
the reduction of pyruvate at higher rates than do the other 
isozymes, are characteristic of tissues, such as fast skeletal 
muscle and embryonic tissues, that depend on anaerobic gly­
colysis for energy production. MH 3 and H4 isozymes are char­
acteristic of tissues with aerobic energy production, including 
cardiac muscle. The evolutionary tree shown in Fig. 9 indicates 
that the duplication that produced separate genes for Hand M 
chains occurred perhaps '550 mya, before the emergence of the 
vertebrates but after the duplications that produced separate 
cardiac and skeletal muscle forms of troponin C and troponin I. 
Evidently, the structures of the lactate dehydrogenase chains 
and their control of expression have evolved to provide appro­
priate activity in different types of muscle tissues. 

Fig. 9. Evolutionary tree of lac­
tate dehydrogenase Hand M chains. 
Some of the residues of chicken H 
and M chains ('5% and 13%, respec­
tively) are undetermined and were 
excluded from the calculations. 
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PERSPECTIVE 

The genes that code for the protein components of a phys­
iological mechanism are organized in the genome in ways that are 
to a considerable extent essential for the orderly differentia­
tion and proper functioning of the mechanism. This genetic 
organization is the result of an evolutionary history that in­
cludes different types of duplications, deletions, point muta­
tions, and crossover events. By constructing evolutionary trees 
from the related protein components of important physiological 
mechanisms, we can identify the genetic duplications and date 
their time of occurrence. Eventually, evolutionary histories 
constructed from protein sequences will be correlated with each 
other and with other data to trace the evolution of increasingly 
complex physiological mechanisms and to discern the functional 
and structural characteristics of the ancestral mechanisms, the 
origins of which may be much more ancient than was originally 
suspected. 
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Below : Ors . Barker and Smith in the discussion group. 


	stadler11p0125
	stadler11p0126
	stadler11p0127
	stadler11p0128
	stadler11p0129
	stadler11p0130
	stadler11p0131
	stadler11p0132
	stadler11p0133
	stadler11p0134
	stadler11p0135
	stadler11p0136
	stadler11p0137
	stadler11p0138
	stadler11p0139
	stadler11p0140
	stadler11p0141
	stadler11p0142
	stadler11p0143
	stadler11p0144



