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A protein superfamily, within which the sequences are recognizably related, usually 
encompasses all structures that diverged less than 400 million years ago and that  
changed mainly by point mutation. Many superfamilies extend throughout all 
eukaryotes or throughout a major division of bacteria, while the proteins of some 
superfamilies occur in all living organisms. All proteins may belong to fewer than 

000 distinct superfamilies. To illustrate the new understanding which emerges from 
such an organization, four important superfamilies are presented: two groups of 
hormones, the immune-system proteins, and the c-type cytochromes. 

In humans there may be over 1000 types of differen- 
tiated cells, each capable of expressing from the 
genome a particular set of proteins. The total comple- 
ment of proteins is estimated to exceed 50000. If all of 
the available DNA of the genome were used for 
templates, more than 2000000 proteins of 500 residues 
[52] could be produced. Even the genome of the 
simplest free-living form, the mycoplasma, could code 
500 such proteins [57]. Currently there is an enormous 
effort, involving thousands of research scientists, to 
elucidate the chemical structures and functions of the 
proteins in biological organisms. From the chemical 
structures themselves much can be inferred about the 
phylogenetic history of living species and the develop- 
ment of complex metabolic function and organization. 
We are confident that  this additional level of detM1 
will make the totality of biological knowledge much 
simpler to comprehend. 

Protein Families ang Su, per/amilies 

For some years we have maintained a reference-data 
collection of protein sequences so that all of this 
information would be readily available to many 
workers in diverse specialties. We classify each newly 
determined sequence as being either unrelated, 
distantly related or closely related to the others, and 
we organize the related sequences into superfamilies 
and families according to the two degrees of relation- 
ship. The closely relate d sequences of families are so 
similar that  sophisticated tools need not be employed 
to confirm the similarity; 50% or more of the amino 
acid residues are identical when the two sequences are 
Migned. These sequences originated from a single 
ancestral gene by one of two major mechanisms, the 
divergence of species or the duplication of a gene 
within a single species. When species diverge, the 

function and architecture of the genome are usually 
little affected and the corresponding proteins are re- 
cognized as homologous in the new species. In the 
process of gene duplication, particularly within a 
chromosome, the control of expression may be modi- 
fied. In both cases, subsequent mutations are accepted 
independently in the separate proteins and the struc- 
tures become increasingly different as they evolve over 
miKions of years. The accumulated change in two 
divergent proteins may be so great that their common 
origin can no longer be recognized; therefore, we would 
classify the two sequences as unrelated, along with 
those that actually did not have a common origin. 
To distinguish the distantly related sequences of 
superfamilies from unrelated sequences we use statisti- 
cal methods. One such method, which has proven very 
useful, is based upon the score of the best alignment 
of two sequences [6, 58]. The score may be derived by 
counting identities, but more sensitive methods are 
available which take account of the varying degrees of 
similarity between the amino acids. The score of the 
real sequences is compared with the distribution of 
scores from random sequences produced by scrambling 
the order of the amino acids in the real sequences. The 
probability that the real score could have been pro- 
duced by a chance arrangement is then derived. This 
probability is usuMly less than 0.001 when only t0 to 
t5 % of the residues in two related sequences are 
identical. Pairs of model sequences t00 residues long 
produce such scores when separated by 500 muta- 
tions ~19~. 
The sequences elucidated so far can be organized into 
150 families, based on the probability that the ob- 
served similarity would have originated by chance. 
A number of these are distantly related to each other, 
for example, thyrotropin and gonadotropin beta chains 
(p ~ t0-6), growth hormone and prolactin (p ~ t0-6), 
immunoglobulins and the common portion of the 
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major histocompatibility antigens (p ~ t0-4), and 
eukaryote cytochrome c and bacterial cytochrome % 
(/5< t0-6). The t50 families can be combined into 
90 superfamilies. Although we estimate that there may 
be 10 ~~ or 10 ~ different protein structures in living 
forms, the number of families is much smaller and the 
number of superfamilies may be less than 1000. 

Rates o/ Change o~ Proteins 

From the number of differences between homologous 
sequences in biological lines whose times of divergence 
can be estimated from other data, the average rates of 
change due primarily to point mutation can be derived 
(see Table t) [52]. Although there is an 800-fold differ- 

Table  t.  The  ra tes  of ami no  acid m u t a t i o n  accep tance  in 
p ro te ins  g iven  in PAMs,  or  accepted  po in t  m u t a t i o n s  per  
t00  res idues ,  e s t i ma t ed  to h a v e  occurred in 100 mil l ion years  
of evolut ion.  Obse rved  changes  h a v e  been corrected for super -  
imposed  m u t a t i o n s .  I n  cMcuta t ing  t he  average  ra tes  for m o s t  
families,  we used  t he  difference a c c u m u l a t e d  s ince t h e  diver-  
gence be tween  t he  m a m m a l i a n  orders  a t  75 mill ion years  ago. 
For  some  pro te ins  we used  t he  e s t i m a t e d  divergence  t imes  of 
o the r  l ines : amylo id  A pro te ins  f rom m a n  and  rhesus  monkey ,  
20 m y a ;  p ro lac t in  f rom pig and  sheep,  60 m y a ;  h i s tone  IV 
f rom p lan t s  and  an imals ,  I 500 m y a  El8, 52] " 

P ro te ins  P AM S  per  
100 mil l ion years  

Amylo id  A 48 
Growth  h o r m o n e  35 
Immnl log lobu l in  C and  V regions 32 
Lu te in iz ing  h o r m o n e  fl cha in  30 
Pro lac t in  17 
T h y r o t r o p i n  fl cha in  8 
Cy toch rome  c 3 
Adrenocor t i co t rop in  (ACTH) t .7 
H i s tone  IV 0.06 

ence in rates between the slowest and the fastest 
changing families, the rate of change of proteins within 
a family seIdom varies by more than a factor of 2, 
particularly when the proteins fill the same functional 
niche in different organisms. In the presently available 
data, the most strongly conserved family is eukaryote 
histone IV; only two differences in 102 residues are 
found between the green pea and bovine sequences. 
The most rapidly changing protein family is amyloidA; 
its normal function, if any, is unknown, but its ab- 
normal production and deposition is pathological [27]. 
Even its rate of 48 PANs/t00 million years is only one 
point mutation/t00 residues/2 million years. So slow 
is this rate of change that  homologues of all such 
proteins that were present in the first ancestral verte- 
brate should still be recognizable in living vertebrates 
as members of the same protein superfamily. Proteins 
within a few" superfamilies, such as cytochrome c, have 
changed so slowly that members are recognizable in 
the whole world of living creatures. 

Evolutionary Trees Derived/rom. In/ormation in Protein 
Sequences 

Evolutionary trees can be derived objectively from the 
sequence information in related proteins. Each point 
on such a tree represents a definite time, a particular 

species, and a predominant protein structure within 
the individuals of this species. There is a "point  of 
earliest t ime" on any such tree. Time increases on all 
branches radiating from this point. Protein sequences 
from living organisms lie at the ends of branches, which 
represent the present time. The series of branchings in 
the tree then indicates the relative order in which the 
protein sequences (and the species containing them) 
became distinct from one another. The location of the 
point of earliest time, that  is, the connection of the 
trunk to the branching structure, cannot be inferred 
directly from the sequences, but  must be estimated 
from other considerations. 
The construction of a tree starts with an alignment of 
the related sequences; each amino acid position is 
considered as an independent trait with 20 potential 
levels of distinction. Two main approaches are used, 
the ancestral-sequence method and the matrix-of- 
difference method, with minor variations in each. For 
the first, the determination of the best tree is by a 
process of double minimization. For each possible 
pattern of connection of the branches (topology), 
ancestral sequences are determined such that the 
number of changes that  must be inferred (tree size) is 
minimal. The tree sizes for alternative topologies are 
then compared and the smallest is chosen as the best 
tree. From studies with systems of "evolving" model 
sequences we find that this method closely approxi- 
mates the correct answer for sequences within a 
family. I t  is particularly interesting because it pro- 
vides the ancestral sequences at the branch points, a 
catalogue of the sites of mutation and of the amino 
acid substitutions on each branch, and a count of 
repeated mutations. The other method is based on a 
matrix of the numbers of differences (corrected for 
presumed superimposed mutations) between the se- 
quences. A double minimization is again pursued. For 
each topology, the tree that  fits the matrix most 
closely is constructed. The topology which corresponds 
to the smallest tree size is chosen. Model systems indi- 
cate that  this method is also accurate for closely 
related sequences. The estimated precision of the two 
methods depends on the topology and dimensions of 
the tree and on the nature of the model of the point- 
mutation process used. 

Hormones 

Three superfamilies of proteins secreted by the adeno- 
hypophysis, or anterior pituitary gland, have been 
studied extensively: the gonadotropin-thyrotropin 
group, the growth hormone-prolactin group, and the 
adrenocorticotropin-lipotropin group. In higher pri- 
mates the gonadotropin and growth-hormone groups 
each contain an additional related protein that  is 
produced by the fetal component of the placenta. 
Available data from these two groups already permit a 
number of interesting evolutionary inferences, which 
we will explore below. 
All three of these groups of protein hormones produce 
their effects by a common mechanism: they are 
secreted into the blood stream and bind to specific 
receptor sites on particular target-cell membranes. 
This binding results in activation of adenyl cyclase 
within the target cell. The adenyl cyclase catalyzes 
intracellular conversion of ATP into cyclic AMP 
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(cAMP), which then activates the particular function 
of the target cell [22, 60, 74]. The coordinated set of 
membrane receptor proteins of the target ceils must 
have evolved with the adenohypophyseal hormones. 
However, the structures of these membrane proteins 
have not been elucidated. 
Each hormone is produced and secreted by a particular 
cell type within the adenohypophysis. Small peptide- 
releasing factors are secreted by the hypothalamns an d 
carried directly to the nearby adenohypophysis by the 
portal blood system [26, 7t]. The binding of a parti- 
cular releasing factor to a specific membrane receptor 
on the appropriate adenohypophyseal cell type triggers 
the sequential production of cAMP and of specific 
activity within the cell [22, 50]. Thus a set of mem- 
brane proteins that recognize the releasing factors for 
the various adenohypophyseal hormones must also 
have evolved along with them. The complex mecha- 
nisms controlling expression of the releasing factors are 
not entirely understood. Either hypothalamic release- 
inhibiting peptides or the end products of the target 
organs inhibit secretion from the adenohypophysis 
[26, 50, 711 ; in some cases there is also neuronal control 
of the releasing-factor production. 

Thyrotropin, Lutei~izing Hormone and Chorionic 
Gonadotropin 

The hormones of the gonadotropin-thyrotropin group 
include thyrotropin (TSH), which stimulates the 
thyroid cells to produce and secrete thyroxine, and 
luteinizing hormone (LH), or the identical interstitial 
cell-stimulating hormone (ICSH), which stimulates the 
secretion of the appropriate steroid hormones by the 
ovarian follicles and by the corpus luteum in the 
female and by the testicular interstitial cells in the 
male. Follicle-stimulating hormone (FSH), which is 
similar in function to LH but whose sequence has not 
been analyzed, is also secreted by the adenohypo- 
physis. In addition, the placenta of primates produces 
a related protein, chorionic gonadotropin (CG), which 
prevents the involution of the corpus luteum at the 
end of the sexual month and stimulates it to produce 
estrogens and progesterones [77]. 
The hormones of this group are dimers, having an alpha 
chain that is apparently identical in all these hormones 
within a species and a beta chain that  confers the 
characteristic activity of each hormone. The alpha 
chain sequence is not recognizably related to any of the 
beta chain sequences, but the beta chains are all de- 
finitely related to each other [5, t8, 21, 65, 80]. 
The evolutionary tree derived from the beta chains is 
shown in Fig. 1. It  is immediately evident that the 
earliest event was the gene duplication from which 
distinct thyrotropin and gonadotropin beta chain genes 
arose. We estimate from the average rates of change of 
the proteins that this divergence occurred between 350 
and 550 million years ago, long before the mammalian 
radiation. I t  probably preceded the divergence of 
amphibians from the other vertebrates and possibly 
antedated the divergence of the bony fishes. Whether 
there was a simultaneous duplication of all structures 
now present in the feedback systems or whether there 
were independent duplications remains to be investi- 
gated. As information from other species accumulates, 
it should be possible to deduce the detailed evolution 

LUTEINIZ1NG HORMONE ,8 

CHORIONIC Pig Sheep Bo 
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I 

Fig. 1. E v o l u t i o n a r y  t ree  of t he  g o n a d o t r o p i n - t h y r o t r o p i n  be ta  
cha in  super fami ly .  The  b r a n c h  l eng ths  are p ropor t iona l  to the  
a m o u n t  of evo lu t iona ry  change,  w i th  t he  p ig -LH b r a n c h  
cor responding  to 8 PAhis .  The  two t e rmina l  l eng th  changes ,  
the  loss of 7 res idues  in T S H  compared  to  L K  and  t h e  add i l ion  
of 29 res idues  in CG, were coun ted  as single changes .  The  
gonado t rop in  tree was cons t ruc t ed  by  t he  ances t ra l - sequence  
me thod .  Because  the  ances t ra l  line be tween  t he  T S H  an d  t h e  
L H - C G  tree is ve ry  long,  one canno t  place i ts  a t t a c h m e n t  to 
the  m a m m a l i a n  L H - C G  tree wi th  ce r ta in ty .  The  topo logy  
shown,  wi th  CG appear ing  before the  m a m m a l i a n  radia t ion ,  
gave  the  smal les t  t ree  by  t he  ances t ra l - sequence  m e t h o d ;  th is  
gene dupl ica t ion  is represen ted  by  a d i amond .  Because  i t  is of 
pa r t i cu la r  in te res t  w h e t h e r  th i s  gene divergence  m i g h t  be 
un ique  to p r ima tes ,  we e x a m i n e d  t he  p rob lem by  doing a 
n u m b e r  of e x p e r i m e n t s  w i th  mode i  sequences .  The  m a t r i x  
m e t h o d  al lowed the  e s t ima t ion  of t he  bes t  pos i t ion  for a t t ach -  
meri t  and  t he  d e t e r m i n a t i o n  of a m e a s u r e  of precision. The  
connec t ion  of t he  ances t ra l  line to the  L H - C G  tree fell wi th in  
the  l eng th  b racke t ed  by  dashed  lines ill 2/a of t he  cases for 
s imu la t ed  trees.  The  l eng th  of t he  ances t ra l  lille f rom the  T S H  
to t he  L H - C G  tree was  e s t ima t ed  f rom the  n u m b e r  of differ- 
ences observed  be tween  sequences  in t he  two families.  The  
po in t  for the  ear l ies t  gene dupl icat ion,  r epresen ted  b y  a 
d i amond ,  was  a rb i t ra r i ly  centered.  If we a s s u m e  t h a t  t h e  
average  of the  ra tes  of change  in these  two families r epresen t s  
t he  average  ra te  over  t he  whole tree,  t h e n  t he  earIiest  d ivergence  
would  have  occurred  abou t  350 mil l ion years  ago. On  the  o the r  
hand ,  if we omi t  the  region of a p p a r e n t  rap id  change  in t h e  
a r t iodac ty l  L H  line, b u t  average  the  ra tes  on t he  o ther  T S H  
and  L H  lines, t h e n  t he  earl iest  d ivergence  Would be a b o u t  
550 mil l ion years  ago. For  sequence  references see [14, 15, 38, 
39, 44-47,  55, 70, 72]; some  sequences  are also p resen ted  in 
[40, 21] 

of the present systems and the characteristics of the 
single feedback system which preceded the duplication. 
I t  is quite probable that the TSH beta chain resulting 
from this duplication has evolved to stimulate release 
of the thyroid hormones in amphibians as well as in 
mammals, even though thyroid control of meta- 
morphosis has developed in the former while the 
thyroid hormones are involved in quite different 
functions, including the regulation of body tempera- 
ture, in mammals. 
The gene duplication giving rise to CG beta chain 
occurred either just prior to the mammalian radiation 
or, less likely, early on the primate line. Both positions 
are consistent with the occurrence of a protein of 
similar function, structure and control of expression in 
various Old and New World monkeys and in the 
apes [30, 76]. So far a homologous protein with similar 
control of expression has not been found in other 
orders of mammals, even though the duplicated gene 
was probably available in an ancestral form. Gonado- 
tropins of pregnancy have been reported in some other 
orders, but are produced by the uterus of the mother 
rather than by the fetal component of the placenta [77]. 
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Growth Hormone, Prolactin and P/ace~tal Lactogel~ 

Growth hormone (GH) is produced throughout life in 
humans, and all of the body cells are sensitive to it in 
varying degrees. The serum level of GH rapidly 
increases or decreases in relation to the state of 
nutrition. GH appears to influence transport, especi- 
ally of amino acids, across the cell membrane. It  leads 
to an increased rate of protein synthesis, the conser- 
vation of carbohydrates and the utilization of fat 
within the cell. I t  promotes increased cell size or 
increased mitosis [77]. 
Prolactin (PL), in contrast to GH, affects only a 
limited group of target cells. The production of the 
human hormone in large quantities in the mother 
immediately after the birth of a baby is induced by the 
sudden drop in estrogen and progesterone levels, 
leading to tile onset and maintenance of lactation. The 
secretion of PL is also dependent on the continued 
nursing of the infant, which produces nerve impulses 
that suppress the secretion of protactin release- 
inhibiting factor [77]. 
The evolutionary tree of this group of proteins is 
shown in Fig. 2. Using the average rate of change of 
PL and GH, we estimate that  the approximate time 
of divergence of the two proteins was about 350 million 
years ago, preceding the divergence of the mammalian 
line from the bird line. The complete development of 
the two separate human systems also necessitated 
duplications in at least four other protein and peptide 
components of the system. At least one osmoregu- 

PLACENTAL 
PROLACTIN LACTOGEN 

GROWTH HORMONE 

�9 Bavine Shee- P1g~ //~" v Human Human 
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Fig. 2. Evolutionary tree of tile growth hormone-prolactin 
superfamily. The branch lengths are proportional to the 
amount of evolutionary change, with the pig-PL branch 
corresponding to 10 PAMs. The terminal length change of 
8 residues between the two families was counted as a single 
change. This topoIogy is clearly the best one, for all others 
require substantially more mutations. Tile branch lengths 
within each of the two families were derived separately by the 
ancestral-sequence method. The length of tile ancestral line 
between the two families was estimated from the number of 
differences observed between sequences. I t  is not possible to 
calculate the exact junctions of the ancestral line connecting 
tile two families, nor the point of the earliest divergence ; these 
were arbitrarily centered and dashed lines indicate the areas of 
uncertainty. The two diamonds represent gene duplications. 
Some residues in tile horse-GH sequence were positioned by 
homology with bovine OH. For sequence references see 
[10, 33-37, 59, 78, 79, 84]; most sequences are also presented 
in [40, 21] 

latory system, including a protein denoted as PL, was 
already available in fishes [2@ In many orders of 
birds PL acts synergistically with estrogen and pro- 
duces the engorged defeathered areas in brooding birds 
of both sexes ; in pigeons PL stimulates the production 
of crop milk, presumably through the engorgement of 
the crop lining [77]. Clearly many tissues have readily 
adapted to control by the regulated production of PL 
that follows reproductive activities. 
A very recent addition to the GH-PL group is placental 
tactogen [t0, 35, 59], which arose in the primate line 
from a gene duplication of the growth hormone cistron. 
This duplication preceded the divergence of the human 
and rhesus-monkey lines, as a homologous protein has 
been partially characterized from the latter [591. 
Placental lactogen resembles GH most closely in 
chemical structure [t 0] ; however, its time of expression 
is more like that of PL, as it is secreted by the fetal 
placental cells from about the fifth week to the end of 
pregnancy [77]. It  performs some of the functions of 
both GH and PL; it affects transport through cell 
membranes, promotes cellular growth, and plays a role 
in maternal breast development [77]. Because it ap- 
pears to be changing rapidly, placental lactogen may 
be a good choice to illuminate the relative order of 
divergence among chimpanzee, gorilla and man; this 
point has not yet been resolved from other sequenced 
proteins, which change much more slowly [54]. 

7mmunoglobulins and Histocompatibility Antigens 

One of the most complex superfamilies of proteins 
found in vertebrates includes the immunoglobulin (Ig) 
chains and the major histocompatibility antigens. Cells 
that make antibody contain membrane-bound receptor 
proteins that  recognize and bind a particular antigen 
[62, 69]. The binding of antigen to the receptors can 
result in either a tolerogenic or immunogenic response. 
In both cases there is an activation of adenyl cyclase 
and an increase in the level of cAMP in the cell. This 
alone can cause cell death and, consequently, paralysis 
of the immune response to that  particular antigen; 
but, if simultaneously the cell receives a chemical 
signal from a co-operating cell, gnanyl cyclase is also 
activated and internal levels of cyclic GMP (cGMP) 
increase. The increase in both cAMP and cGMP in the 
proper proportions stimulates cell division and sub- 
sequent antibody production [82]. The membrane- 
bound proteins that recognize particular antigens and 
transmit to the cell a signal to activate adenyl cyclase 
are known to be imnmnoglobulins [62, 69]. I t  is pos- 
sible that  the membrane-bound proteins that recognize 
particular hormones with consequent activation of 
intracellular adenyl cyclase also share a remote 
common ancestor with the immunoglobulins. During 
differentiation of the hormone-responsive tissues, ideal 
receptor proteins could be formed by joining a portion, 
common to all cell types and mediating the common 
intracellular mechanism, to various other portions that 
would recognize particular hormones. 
The soluble Ig molecules of all vertebrates are com- 
posed of two identical heavy and two identical light 
chains, or a multiple of this basic structure ~48]. These 
chains are coded by three distinct genetic systems [8], 
one for heavy chains and one for each of the two types 
of light chains, kappa (~) and lambda (2). The chains 
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produced by each system consist of an amino-terminal 
V (or variable) region about J t0 amino acids long and 
a carboxy-terminal C (or constant) region which 
contains one to four "domains"  of about t t 0  amino 
acids [24]. The V region is the portion of an Ig chain 
that  is specialized, by reason of its particular sequence, 
to recognize a particular antigen. The various types 
and sub-types of C regions are specialized to perform 
"effector"  functions. The C region of membrane-bound 
antibodies must have a role in the activation of adenyl 
cyclase. Each genetic system contains one or a few 
(perhaps up to ten) C genes closely linked to a larger 
number of V genes. In an antibody-producing cell the 
transcription of a single messenger-RNA chain from 
two genes implies the existence at the DNA or RNA 
level of a "joining mechanism", which attaches a V 
gene to a C gene [31]. 
It  should be obvious that  a system of such complexity 
did not spring into being with the emergence of the 
first vertebrate forms. Although no proteins related to 
vertebrate immunoglobulins have yet been isolated 
from invertebrates, it seems likely that  such proteins 
do exist. Currently, it appears that invertebrates 
probably do not have specific, inducible, soluble 
immunoglobulins [28]. However, certain organisms, 
particularly annelids and echinoderms, reject grafts 
from other individuals of the same species, and such 
rejection exhibits "immunologic memory" ,  i.e., a 
second graft is rejected more quickly [28]. Therefore 
we believe that  cell-mediated immunity and graft 
rejection are more primitive aspects of the immune- 
response system than is the production of soluble anti- 
bodies. Interestingly, the antigen-responsive cells of 
vertebrates are of two distinct types, B-cells which 
secrete antibody and T-cells which mediate cellular 
immunity and participate in other complex aspects of 
the immune response. The antigen receptors on the 
B-cells are like the antibody secreted [51]. Whether 
those on the T-cells represent products of a fourth Ig 
genetic system [16] remains to be established. 
The maj or histocompatibility antigens in mammals are 
coded by two closely linked genetic loci at which any 
of multiple alleles can be present [4]. A given indi- 
vidual produces up to four different antigenic proteins 
having molecular weights of 50000, from each of which 
a chain called the common portion, of m.w. t 1000, can 
be separated. The first 24 residues of this piece have 
been sequenced [75] and found to be the same as those 
of/~2-microglobulin, a protein of previously unknown 
origin whose sequence is distantly related to those of 
the C-region domains of Ig chains [7, t 7]. When com- 
plete sequences of several histocompatibility antigens 
are determined, we should know if they are products 
of a genetic system corresponding to those that  control 
the structure of the Ig chains. 
An evolutionary tree constructed from the sequences 
of fi2-microglobulin, the C regions of z and 2 chains, 
and a single domain of the C regions of three classes of 
heavy chains, all from humans, is shown in Fig. 3- 
The main points of divergence, beginning with the 
earliest, are (t) between fi2-microglobulin and the Ig 
chains, (2) between light- and heavy-chain systems, 
(3) between the two light-chain systems, x and ,~, and 
(4) between three heavy-chain C genes. 
In mammals the three well-characterized Ig genetic 
systems (heavy, ~ and 2) are each located on a different 
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Fig. 3. E v o l u t i o n a r y  t ree  of C regions of t he  Ig  famil ies  an d  
of /~2-microglobulin, the  c o m m o n  por t ion  of the  m a j o r  h is to-  
compa t ib i l i t y  an t igen .  The  sequences  used  for th is  t ree  are 
f rom 61 to 84% different .  A l t h o u g h  the re  are five classes of 
h e a v y  cha ins  in h u m a n s ,  comple te  sequences  are k n o w n  for 
only  two, g a m m a  [24, 67] and  m u  [68, 81]. The  las t  118 res idues  
of t he  epsi lon chain,  con ta in ing  one comple te  domain ,  h a v e  
been  sequenced  [9]. A lpha  and  del ta  chains  do no t  appear  on 
th is  t ree  because  on ly  f r a g m e n t a r y  sequence  d a t a  are avai lable  
for t h e m .  Because  t he  d o m a i n s  used  are  t he  m o s t  closely 
re la ted  por t ions  of g a m m a  and  mu ,  the i r  b r a n c h  l eng ths  
appea r  shor te r  t h a n  if o the r  regions  h a d  been  used.  The  po in t  
of a t t a c h m e n t  of t he  long b r anch  (to t he  h i s tocompa t ib i l i t y  
ant igen)  could no t  be resolved by  t he  ances t ra l - sequence  
me thod .  The  conf igura t ion  shown  is suppo r t ed  by  o the r  
evidence.  Us ing  t he  s ame  topology and  one of t he  sequences ,  
we genera ted  mode l  sequences  for the  o ther  b r anches ;  recon-  
s t ruc t i on  of t rees  f rom these  mode l  sequences  indica tes  t h a t  t h e  
po in t  of a t t a c h m e n t  of t he  long b r a n c h  would  n o t  be  resolved.  
The  earl iest  d ivergence  (node t), t h a t  of the  h i s tocompa t ib i l i t y  
an t igen  f rom the  ances to r  of t he  Ig  chains,  was  p laced b y  
ba lanc ing  the  d i s tance  to i t  aga ins t  t he  d i s tance  to t he  s lowest  
chang ing  Ig  cha in  (~,). F r a g m e n t a r y  sequence  d a t a  f rom 
dog [73] indica te  t h a t  /52-microglobulin is chang ing  more  
s lowly t h a n  t he  k n o w n  Ig  chains.  I n  a modi f ica t ion  of t h e  
ances t ra l - sequence  m e t h o d ,  scores for posi t ions  a t  which  no 
two b ranches  h a d  t he  s ame  amino  acid were red i s t r ibu ted  so 
t h a t  t he  b r anches  wi th  more  ass igned  m u t a t i o n s  received larger  
p ropor t ions  of t he  u n c e r t a i n  scores. ~Residues t 09 -214  of t h e  
E U  ~ cha in  [24], t 0 7 - 2 1 t  of t he  K E R N  t cha in  [66], 344-448 
of t he  N I E  g a m m a  cha in  [67], 447-558 of the  OU m u  cha in  [68] 
and  t he  las t  t 10 res idues  of t he  N D  epsi lon cha in  [9] were used  
for this  t ree  

chromosome, as are the genes coding for the major 
histocompatibility antigens [16]. Nodes 2 and 3 on the 
tree represent the duplication of an entire genetic 
system: V and C genes, the joining mechanism, and 
probably other control mechanisms. We do not yet 
know which components of this system were present 
at the time of the earliest divergence shown (node t), 
but we can say that  all of them were present by the 
time of the divergence of heavy and light chains 
(node 2). This event preceded the divergence of the 
mammalian and lamprey lines about 450 million years 
ago, because all present-day vertebrates have soluble 
antibodies composed of light chains and heavy chains 
similar to mammalian mu chains [48]. One of the 
genetic systems formed by the duplication at node 2 
duplicated again to form the two light-chain systems 
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(node 3). The other underwent a major change: 
a series of internal duplications produced a C gene four 
times the length of the light-chain C genes. 
All mammals have both x and 2 systems [32]. These 
systems must have diverged well before the mam- 
malian radiation , because x and Jt chains from the same 
species are much more different t#an are mouse and 
human x (or ,~) chains. When the constant regions of 
light chains from a bird and a fish have been se- 
quenced, it should be possible to place the time of the 
x-2 divergence much more closely. 
The points at which the gamma and epsilon heavy 
chains diverge from the mu chain represent dupli- 
cations resulting in several C genes closely linked on a 
single chromosome. Most likely the gamma-chain gene 
underwent a shortening by way of unequal crossing- 
over after its divergence from the mu chain. Definitely 
identifiable gamma and mu chains are present in the 
echidna, which diverged from the line leading to 
eutherian mammals about t00 million years ago [48]. 
Ig molecules containing epsilon chains are difficult to 
detect as they comprise less than 1% of circulating 
immunoglobulins. However, the epsilon chain is 
thought to be present at least in all mammals [6t]. 
Again, the many changes which have occurred in these 
chains indicate that their divergence occurred well 
before the mammalian radiation. 

C-type C ytochromes 

Eukaryote cytochrome c is coded by nuclear DNA and 
functions in the respiratory chain of the mitochondrion 
to transport electrons between cytochromes q and 
aa~ [43]. Homologous cytochrome c sequences have 
been determined from more than 50 diverse organisms: 
animals, green plants, fungi and unicellular flagellates. 
Cytochrome c~ of Rhodospirillum rubmm is an electron 
carrier in bacterial photosynthesis [43] and its se- 
quence is definitely related to those of eukaryote 
c [23]. 
Because cytochrome c has changed rather slowly in the 
course of evolution, it is possible to construct from this 
protein a phylogenetie tree that  outlines the history of 
the diverging eukaryote kingdoms;. The phylogeny 
presented in Fig. 4 was developed from one described 
in detail by McLaughlin and Dayhoff [53], which 
consisted of five main branches to the five kingdoms, 
but did not include the more recently determined 
sequence from the mitochondrion of the green alga 
Euglena. 
When the Eugle~a sequence is added as a sixth main 
branch, there are t05 possible configurations of the 
main branches, all of which were examined. The topo- 
logy shown in Fig. 4 has the minimum number of 
mutations and thus is considered the one closest to the 
real picture of evolutionary events. The order of 
divergence of the five kingdoms is the same as that 
found previously; it is not changed by the addition of 
the Euglena branch, whose preferred location is on the 
Crithidia branch. A common origin for these two 
dissimilar flagellated protistans is indicated by a 
striking feature that  both sequences possess: alanine 
(position 23 in Crithidia) replaces the first cysteine in 
the Cys-X-Y-Cys-His heine-binding region that  is 
common to all of the other cytochrome c sequences 
and to the % 

Fungi 
Animalia Ascomycetes Basidiomycetes 

and \Ustilago Chordata 
Deuteromycetes ~ / Molluscct /(241 Ptantae 

[5). ~ ~ \Heh'x/ , Protiste 
\ ~ Arthro-\ /Angiospermae Crithidm 

3ymno- . 
spermae/ E/uglencl Monere ~ illum c 2 

t 

t 

\ I z 
\ . k /  

Divergences to 
distcmt c-type 
cytochromes 

Fig. 4. The  d ivergences  of the  five k ingdoms  based  on  cyto~ 
ch rome  e arid c 2 sequence  da ta .  I n  th is  phy logene t ic  tree,  
der ived by  t he  ances t ra l - sequence  m e t h o d ,  the  order of 
b r anch ing  requi res  t he  m i n i m u m  n u m b e r  of m u t a t i o n s .  Th e  
two represen ta t ives  of the  P ro t i s t a  arose f rom the  s ame  stock,  
even  t h o u g h  one is a p h o t o s y n t h e t i c  f lagellate and  t he  o ther  a 
paras i t ic  zoomast ig in id .  Of t he  possible a l t e rna t ive  conf igura-  
t ions,  t he  several  wi th  the  bes t  scores show the  two P ro t i s t a  as 
ear ly  d ivergences  f rom the  euka ryo t e  s t e m  and  all mul t i -  
cellular k i n g d o m s  as a close group of la ter  divergences.  F i t ch  
cons t ruc t ed  a s imilar  t ree  b y  a di f ferent  m e t h o d  [25], us ing  t h e  
possible  codons  for each amino  acid. I t  differs f rom our  
phylogene t ic  t ree  basical ly  in lacking  Rhodospirillum an d  in 
h a v i n g  t he  d ivergence  of t he  F u n g i  precede t h a t  of  t h e  p l an t s  
and  an imals  (like our  th i rd  bes t  topology) .  The  n u m b e r s  in 
pa r en the se s  u n d e r n e a t h  the  n a m e s  of t a x a  are t he  n u m b e r s  of 
sequences  used.  The  b r anch  l eng ths  are  p ropor t iona l  to  t h e  
a m o u n t  of evo lu t iona ry  change ,  wi th  the  b r anch  to Euglena 
cor responding  to 38 PAMs.  Most  sequences  are p resen ted  in 
c20] and  E40]. Addi t iona l  new sequences  are Helix aspera 
(snail) [12], Humicola lanuginosa (fungus) [56], Ustilago 
sphaeroge~a (rust) [11], and  Euglena gmcilis [63]. The  earl iest  
junc t ion ,  which  is essen t ia l ly  a " b e n d "  on the  line to Rhodo- 
spiritlum, was placed by  cons t ruc t ing  ano the r  tree,  which  
inc luded two d i s t a n t l y  re la ted  sequences ,  Pseudomonas mendo- 
cina cy toch rome  c s [2] and  Monoehrysis lutheri cy toch ro m e  
% [42] 

Sequences from four other families of c-type cyto- 
chromes, two in pseudomonads [2, 3], one in Desul/o- 
vibrio [t3] and one in algal plastids [42], have been 
shown to be distantly related to eytochrome c and c 2 
[t9]. These distant cytochromes probably arose from 
one or more very early gene duplications. Two of them 
were used to estimate the earliest junction on the tree, 
which represents a divergence between a continuing 
prokaryote line leading to Rhodospirillum and a line 
that developed into the ancestral eukaryote stock. If 
comparable sequences were known from other bacteria, 
there would be further branchings along the Rhodo- 
spirillum stem for other lines of bacterial evolution. 
The main divergences in the rest of the tree outline the 
evolution of the different eukaryote kingdoms using 
the terminology in Whittaker's classification [83]. 
During this time the major features of the eukaryotes 
developed: the various cell organelles were formed, the 
main modes of nutrition were developed, and multi- 
cellularity arose. From the variety of speculations that  
exist about the course of evolution in this area, there 
emerge two main types of theories. One is that the cell 
organelles developed within one bacterial cell line by 
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enlargement, complication and "packaging" of their 
precursors. The basic eukaryote ancestor was a photo- 
synthetic flagellate (an "Uralga") which may have 
had a proto-mitoehondrion; the lines evolving into 
fungi and into unicellular and multicellular animals 
lost the photosynthetic apparatus and developed other 
means of nutrition, that is, ingestion of particulate 
food or a dependence on absorptive nutrition [t, 41]. 
The second is the symbiotic theory, according to which 
the primary ancestor of the eukaryotes was a non- 
photosynthetic flagelIate; the cell organelles arose 
from associations of prokaryotie endosymbionts ac- 
quired by a prokaryotic host cell [49]. 
Our phylogenetic tree is consistent with the symbiotic 
theory of eukaryote origins. By correlating this theory 
with our phylogeny, we see it is Iikely that  the basic 
eukaryote ancestor, before the divergence of some 
unicellular stock from the future multicetlular stem, 
was unicellular, flagellated, nonphotosynthetic, had 
absorptive nutrition, and had acquired proto-mito- 
chondrial symbionts. The multicellular-animM line 
developed a digestive system that  is completely un- 
related to digestive organetles evolved by the protistan 
line. Photosynthesis could have arisen from the ac- 
quisition of blue-green algae as symbionts in hetero- 
trophic hosts. Our phylogeny indicates that chloroplast 
symbionts were acquired on the branch to EugZe~a and 
again early on the multicellular-plant branch. 
Cytochrome %, which is very distantly related to eyto- 
chrome c and c z, is thought to be an electron carrier 
between photosystems I and II ;  only free-living blue- 
green algae and eukaryote chloroplasts have both of the 
systems and cytochrome % [43j. A comparison of the 
% sequences from the chloroplasts of Eugle~r [64] and 
a goIden alga [42] suggests that  the rate of change of 
cytochrome c a is comparable with that  of eyto- 
chrome c. If so, then the divergence of % from c 
occurred long before the development of the eukaryote 
kingdoms and even before the branching of the 
eukaryote and Rhodos])iril~um lines, as illustrated at 
the base of our tree. I t  remains to be established if the 
divergence of c 6 from c-% also preceded the divergence 
of blue-green algal and chloroplast %. Information 
from free-living organisms that  have % but lack c 
would be evidence in favor of the symbiotic theory. 

Conclusion 

The analysis of these four superfamilies provides the 
reader with some understanding of the information 
implicit in protein sequences. When the hundreds of 
superfamilies which exist have been examined, we will 
see a much more detailed picture. The phylogenetic 
tree of the eukaryotes will be well-defined and the 
details of their origin and development from pro- 
karyotes should be clear. The many proteins of the 
various prokaryote lines should contain more than 
sufficient information eventuMly to resolve the 
intriguing problem of chloroplast, mitochondriaI and 
nuclear origins and to permit the recognition of free- 
living organisms whose ancestors gave rise to other 
forms that  might have participated in any symbioses. 
There is hope that  at least the major outlines of 
bacterial phylogeny will also be revealed and, with 
these, the evolution of many of the pathways of inter- 
mediary metabolism. Protein evolutionary trees should 

also illuminate the development of key control systems 
and of differentiated cell types in the m ultieellular 
organisms. Particularly important in this history will 
be the peptides and proteins of the endocrine and 
nervous systems, the cell-membrane receptor proteins, 
the self-identification proteins for the whole organism 
and for the various tissues, and the immune-system 
proteins. 
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