
Refences and Notes

1. V. N. Zharkov and V. P. Trubitsyn, Physics of
Planetary Interiors (Pachart, Tucson, Ariz.,
1978), p. 308.

2. W. B. Hubbard, J. J. MacFarlane, J. D. Ander-
son, G. W. Null, E. D. Biller, J. Geophys. Res.
85, 5909 (1980); W. B. Hubbard and J. J. Mac-
Farlane, ibid., p. 225.

3. W. B. Hubbard, Rev. Geophys. Space Phys. 18,
1 (1980).

4. _ _, W. L. Slattery, C. L. DeVito, As-
trophys. J. 199, 504 (1975).

5. W. B. Hubbard, Astron. Zh. 51, 1052 (1974).
6. H. Mizuno, Prog. Theor. Phys. 64, 544 (1980).
7. F. Perri and A. G. W. Cameron, Icarus 22, 416

(1974).
8. S. K. Sharma, H. K. Mao, P. M. Bell, Phys.

Rev. Lett. 44, 886 (1980); Carnegie Inst. Wash-
ington Yearb. 79, 358 (1980).

9. D. J. Stevenson and E. E. Salpeter, in Jupiter,
T. Gehrels, Ed. (Univ. of Arizona Press, Tuc-
son, 1976), pp. 85-112.

10. D. J. Stevenson, Phys. Rev. B 12, 3999 (1975).
11. G. S. Orton and A. P. Ingersoll, J. Geophys.

Res. 85, 5871 (1980).

12. R. Hanel et al., Science 212, 192 (1981).
13. G. W. Null, E. L. Lau, E. D. Biller, J. D.

Anderson, Astron. J. 86, 456 (1981).
14. J. L. Elliot, R. G. French, J. A. Frogel, J. H.

Elias, D. J. Mink, W. Liller, ibid., p. 444.
15. A. C. Mitchell and.W. J. Nellis, High Pressure

Sci. Technol. 1, 428 (1979).
16. L. Wallace, Icarus 43, 231 (1980).
17. M. Ross and F. Ree, J. Chem. Phys. 73, 6146

(1980).
18. W. B. Hubbard and J. J. MacFarlane, Icarus 44,

676 (1980).
19. Supported by NASA grant NSG-7045.

of nucleic acid may be short, corre-

sponding to a few amino acids, or exten-
sive enough that microscopically visible
pieces of chromosome are involved. De-
pending on whether or not the duplicated
portions of the base sequence coexist
within the boundaries set by the start and

Summary. The systematic comparison of every newly determined amino acid
sequence with all other known sequences may allow a complete reconstruction of the
evolutionary events leading to contemporary proteins. But sometimes the surviving
similarities are so vague that even computer-based sequence comparison proce-
dures are unable to validate relationships. In other cases similar sequences may
appear in totally alien proteins as a result of mere chance or, occasionally, by the
convergent evolution of sequences with special properties.

have evolved from a very small number
of archetypal proteins. The premise is
based on the notion that it is simpler to
duplicate and modify proteins genetical-
ly than it is to assemble appropriate
amino acid combinations de novo from
random begnnings. In present-day living
systems the invention of new proteins
depends on gene duplications that lead to
specific amino acid sequences being cod-
ed for by more than one segment ofDNA
(or RNA) in a given genome. The dupli-
cations are the results of various break-
age and reunion events that occur more

or less randomly in the genetic material
(1).

Amino acid sequence studies have re-

vealed that gene duplications occur in all
kinds of organisms, prokaryotic and eu-

karyotic alike. The duplicated segment
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stop signals for protein synthesis, the
duplication may lead either to (i) an

elongated polypeptide chain or (ii) two
separate copies of the protein. The dis-
tinction between the two kinds of dupli-
cation-contiguous and discrete-is an

important one. In the first case, the result
is a larger protein fashioned at the ex-

pense of the preexisting gene product.
Many examples of this phenomenon are

recognizable in existing protein se-

quences (2), and there is little doubt that
this process has been the major route to
larger proteins. In the second case, two
independent gene products result, for
one of which there ought to be a relax-
ation of the evolutionary restraints im-
posed by natural selection. As such, it is
free to mutate, most often to random
oblivion, but occasionally to a form

adapted to some new role. The muta-
tions that lead to divergence are mostly
single base substitutions that engender
individual amino acid replacements, al-
though other events leading to deletions
or insertions also occur.
Examples of creating a new protein

with a new function by this route suggest
that the new protein usually retains
many of its preexisting features, the
structural adaptations for new roles of-
ten being quite subtle, such as the sundry
polypeptide chains that constitute the
vertebrate hemoglobin system (3). The
general shapes and folding patterns of
these proteins are similar, and they all
bind heme in essentially the same way.
But small differences in their structures
affect their interactions and their oxy-
gen-binding properties. Similarly, exami-
nation of the deep-rooted phylogenetic
tree of serine proteases reveals that the
fundamental catalytic machinery is virtu-
ally identical for all these enzymes, but
differences in the substrate binding re-
gion allow for an elegant selectivity of
action for-the diverse gene products that
have descended from a host of duplica-
tions in the past (4). Even when the
function of the "new" protein changes
radically, as in the case of haptoglobin, a
vertebrate transport protein clearly de-
scended from serine protease stock (5),
key structural features are retained. In
this case the protein, whose present role
is the salvaging of spent globins, has
sharpened its ability to bind specific
polypeptides but has lost its capability
for hydrolyzing them (6, 7). Similarly, a-
lactalbumnin, a cofactor in the lactose
synthetase system that has evolved from
the polysaccharide-splitting enzyme ly-
sozyme, has retained its ability to bind a
saccharide component but has iost its
hydrolytic capability (8). By compari-
son, it ought to be much more difficult to
fashion a new protein with a specific
function de novo. In the case of en-
zymes, the likelihood of assembling a
stable constellation of amino acids that

The author is a professor in the Department of
Chemistry, University of California, San Diego, La
Jolla 92093.

0036-8075/81/1009-0149$01.00/0 Copyright 1981 AAAS

Similar Amino Acid Sequences:
Chance or Common Ancestry?

Russell F. Doolittle

The ultimate goal in the study of pro-
tein evolution is the reconstruction of
past events that have given rise to the
vast inventory of proteins in existence
today. It is altogether likely that the
overwhelming majority of extant pro-
teins-and certainly most enzymes-
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can catalyze a given reaction at a rate
comparable to those produced by other
modem enzymes must be very small (9).
Thus, gene duplications leading to amino
acid sequence redundancies have been a
major driving force in both the elonga-
tion of small primitive polypeptides and
in expanding the available repertoire of
gene products.
Many investigators have considered

the possibility of tracing protein evolu-
tion back to its primeval roots by com-
paring present-day sequences. By focus-
ing on pairs of amino acid sequences at
various divergence stages subsequent to
a duplication and noting the degree of
surviving correspondence, it should be
possible to reconstruct a protein geneal-
ogy in the same way that sequences of
the "same" protein from different spe-
cies have been utilized to give a phyloge-
ny of organisms. However, there are a
number of complications and technical
problems that have hindered efforts in
this regard, not the least of which is the
very large number of proteins, only a
relatively few of which have been se-
quenced. In this article, I consider some
of the approaches to the problem and
some of the factors that have most im-
peded progress so far-The article is
especially concerned with those distant
relationships in which the sequences be-
ing compared fall between 15 and 25
percent identity where it is difficult to
decide between chance similarity and
genuine common ancestry.

The Current Data Base

It can be estimated that there ought to
be at least 106 "unique" proteins in
existence today, give or take an order of
magnitude (10). For how many of these
do we have sequences at this point? For
a start, the currently available Atlas of
Protein Sequence and Structure (11) lists
1081 entries. Of these, however, many
are redundant, including the special case
of the immunoglobulins (124 sequences
listed). Entries for the "same" protein
from different species (a vital part of the
Atlas, it must be added) further lower the
number of genuinely different entries.
For example, there are 106 cytochrome c
entries, as well as 43 fibrinopeptides A
and 35 fibrinopeptides B. In fact, exclu-
sive of the immunoglobulins and species
differences, the Atlas only contains
slightly more than 300 different peptide
or protein sequences (Table 1).
Another limitation to our current data

base has to do with the sizes of the
proteins whose sequences have been de-
termined. In this regard, the proteins
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listed in the current Atlas are significant-
ly smaller than the "average" protein, a
natural consequence of investigators'
undertaking the most manageable prob-
lems first (J2, 13). Also, the organisms
represented are not necessarily the most
appropriate for the reconstruction of a
system that can be rooted back to ances-
tral types. Ideally we would like to have
at our disposal sequence data for various
mainstream enzymes and proteins that
exist in both prokaryotic and eukaryotic
organisms (14).
Any attempt at proving the basic

premise that all enzymes and proteins
are descended from a small number of
prototypes will be at risk if the data base
is not representative and sufficiently
large. Accordingly, I have assembled a
supplementary atlas consisting of recent-
ly published sequences, called Newat
(Table 1). Redundant structures wer
purposely de-emphasized in this collec-
tion, to the virtual exclusion of immuno-
globulins and neurotoxins. Apart from
expanding the data base significantly,
the supplementary atlas also provides an
independent control for other aspects of
comparing protein sequences that might
be biased by a particular kind of data
base, including the types of organisms
represented, sizes of the proteins, and
the like (15).

Comparing Distantly Related

Sequences: State of the Art

The comparison and matching of dis-
tantly related, or unrelated, amino acid
sequences can be hazardous. Some of
the obstacles include problems associat-
ed with the lengths of sequences, their
amino acid compositions, the stopping
and starting places, and, most frustrating
of all, the occurrence of interruptions in
either or both of the sequences being
compared. As a result of these complica-
tions, relationships have been described
that do not hold up to statistical verifica-
tion. For example, there have been nu-
merous reports, pro and con, of an al-
leged relation between the sequences of
vertebrate lysozymes and ribonucleases
(16). For the most part the alignments
were achieved by overzealous "gap-
ping." In contrast, during the last two
decades, we have witnessed the discov-
ery of a number of unexpected but signif-
icant resemblances between functionally
dissimilar proteins that a priori were not
suspected of having common ancestry.
Some of the nmore interesting of these
have included avian lysozymes and
mammalian lactalbumins (8), plasma
albumin and a-fetoprotein (17), ,B-throm-

boglobulin and platelet factor 4 (18), in-
sulin and relaxin (19), parvalbumin and
troponin C (20), plastocyanin and azur-
in (21), proinsulin and nerve growth fac-
tor (22), the serine proteases and hapto-
globulin (5), and ovalbumin and anti-
thrombin III (23).
Many of these relationships were

chance findings and not the products of a
systematic search aimed at establishing
families of protein sequences. Now a
determined computer-based search of all
available sequences is being pressed on
several fronts. There are delicate judg-
ments to make in the search for relation-
ships, however, and it is not merely a
matter of searching the data base for one
sequence that resembles another. Defini-
tive criteria are necessary for deciding
what constitutes an authentic relation-
ship.

The Gap Problem

Consider an idealized comparison of
two hypothetical sequences. The aim is
to distinguish between cases of authentic
relationship resulting from (i) prior gene
duplications and (ii) spurious similarities
resulting from chance or convergence.
For the moment let us assume that the 20
amino acids occur with equal frequen-
cies (.05 each) and that proteins come in
definite sizes-that is, they start and
stop at specific points-and that descen-
dants of a given gene duplication always
have exactly the same lengths. A corol-
lary of this last stipulation is that dele-
tions and insertions are not permitted in
this hypothetical case.

Let us consider the limits expected for
distinguishing genuine relationships in
such a situation. Obviously, two unrelat-
ed sequences of the same lengths and
overall compositions will exhibit, on the
average, 5 percent identity. The distribu-
tion of percent identities, however, if we
consider a large number of such compar-
isons, ought to approximate a normal
curve, and the spread encompassed by
two standard deviations on either side of
the 5 percent mean ought to be calcula-
ble. As it happens, this spread, or disper-
sion, is a function of the lengths of the
two sequences being compared. Thus, if
the two sequences are each 50 residues
long, then 95 percent of the comparisons
will have identities in the 0 to 11 percent
range, but if the two sequences are each
200 residues long, then the same 95 per-
cent range will only be from 0 to 9
percent. The point is that the signifi-
cance of a "percent identity" in assess-
ing the authenticity of a relationship
is very much a function of the lengths
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of the sequeces fbeins compared (24).
Proteins do i in neatly defined

packages of e4ctly the same lengths,
and it will ae4qpe that the descend-
ants of a givea gene duplication do not
have sequewce that start and stop at
exactly the same points. One or the other
may have lost ak.few residues at either
end, leading to t*rminal overhangs. In
such a case it is necessary to shift the
two sequencs reltive to each other in
order to put thdr common residues in
register. But e the two sequences
being cared a not the descendants
of a gee tion; what does the
shifting do to expectations for ran-
dom perceat idudtities? Naturally the
number of cdences will be higher. If
the two sequences are each 100 residues
long, nd if it is permitted to shift either
of then up to five residues in either
directip, tien the average percent iden-
tity expc d is raised from 5 to 8 per-
cent; and 95 percent of random compari-
sons wil fa4 between 4 and 12 percent
(24). Viewed the other way, one compar-
ison in every 50 will likely exceed 12
percet identity even when only random
sequenes are Jeing examined.

If we e another step closer to
reality and pwrmit the existence of inter-
nal and insertions (gaps), the
sitntiom becomes more complicated. It
is obvious that gaps increase the match-
in of uwulted sequences as well as
related ones, and if unlimited gaps are
alowed, two unrelated sequences that
ae very long can be arranged in a fash-
Wm that achieves virtual identity over
their aligned portions. Clearly, some sort
of pealty has to be imposed every time
a Wp is allowed in a sequence. But
delons and insertions do occur during
th evolution of proteins, and gaps must
be introduced in many cases if a prop-
er dignment of sequences is to be
sebved. Finding the appropriate bal-
awe point for when a gap is warranted
_n when it is not is a part of the present

ait.

CAnrgence and Divergence

How likely is it that resemblances in
m_ne acid sequences are the result of
evewionary convergence, as opposed to
dience from a common ancestor,

d what impact would such adaptive
mats have on statistical expectations
-SW chance similarities? Convergence, as
_.4 bere, implies natural selection for 'a

set of amino acids that can provide a
particular structure, as opposed to the
chance sequence resemblances that can
be expected in any large-scale compari-
9 OCTOBER 1981

Table 1. Breakdown of various data sources by type of protein.

Data bank* Atlas of Protein
(crystal Sequence and Newatt

Source structures) Structuret

Unique Total§ Unique Total§ Unique Total§

Enzymes 33 64 62 118 52 76
Redox proteins 11 15 23 166 5 12
Toxins, inhibitors 4 4 59 143 6 6
Transport, binding (not 11 28 26 139 10 15

immunoglobulins)
Immunoglobulins 1 4 - 124 1 1
Hormones 3 6 65 158 2 2
Structural proteins I 1 15 79 9 14
Miscellaneous 1 1 60 154 39 58

Total 65 123 31011 1081 114 184

*From (70). tFrom (11) as supplied on purchased magnetic tape; covers volume 5 and supplements I to
3. tCompiled from the original literature, mostly covering the period 1978-mid-1980. Does not include
more than 50 ribosomal protein sequences compiled in a separate index (32). §The "total" is different
from the "unique" in that it includes various forms or derivatives of some proteins, as well as the same
protein from various species. IlNot including immunoglobulins.

son. For example, there might be partic-
ular constellations of amino acids that
are repeatedly selected for use as "el-
bows" or turns. Alternatively, there
might be some combinations of amino
acids that do not occur because of struc-
tural instability or steric problems.
A further problem is that the 20 amino

acids do not occur with equal frequen-
cies. King and Jukes (25) showed that, in
a set of 53 mammalian proteins, the
occurrence of the amino acids was
roughly proportional to the average oc-

0-

0

0.

8.0

6.0

4.0

2.0

0

Amino acids

Fig. 1. (Top) Distribution of amino acids
found in 1081 peptides and proteins listed in
the Atlas of Protein Sequence and Structure
(11). (Bottom) Distribution of amino acids
found in 184 peptides and proteins compiled
from the original literature covering the peri-
od 1978 to mid-1980 (Newat).

currence of codons expected from the
base composition of mammalian DNA.
At this point all available data indicate
that the distribution of amino acids is
similar for all groups of organisms (Fig.
1). Thus, the three most frequently oc-
cumng amino acids-glycine, alanine,
and leucine-account for a quarter of all
residues and occur four times as often as
the least frequent amino acids-trypto-
phan, histidine, cysteine, and methio-
nine. Accordingly, a chance match of
one of the last named is much less likely
than a match for the first named. On the
average, however, the 5 percent identity
expected if all the amino acids occurred.
equally is only shifted upward to about 6
percent when the observed distribution
is taken into account. Moreover, in com-
parisons of sequences more than 100
residues long, the results obtained with
scoring procedures that take account of
amino acid frequencies differ very little
from those that do not.

Other complications can be anticipat-
ed, however. For example, the surface
covering of many globular proteins is
composed of a-helical segments in which
every third or fourth residue is nonpolar
and is directed toward the interior of the
protein, whereas most of the other side
chains tend to be polar and project into
the surrounding solvent. The natural
rhythm of residues in these a-helices
may be common enough to offset the
expectations of how often the same ami-
no acid would be expected to be matched
on a strictly random basis. Similarly,
peptide sequences associated with mem-
branes or protein interiors will have dis-
proportionate numbers of nonpolar resi-
dues and will resemble each other more
than would be expected by chance alone
if it were presumed that all 20 amino
acids were contributing with their uni-
versal frequencies (26).
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Shuffling Segments:

Complications of Splicing

Many cells have the wherewithal to
engage in the rearrangement of segments
of the genome (27). The rearrangements
may involve segments coding for entire
polypeptide chains or, alternatively, seg-

ments that code for only a part of a

polypeptide chain. Rearrangements of
the latter type could conceivably result
in different parts of various enzymes and
other proteins becoming genetically
fused. As such, various combinations of
binding sites and catalytic units might be
put to good advantage in the construc-
tion of new enzymes or other proteins.
In other cases, the elongation of some

polypeptide chains may have come

about as the result of gene fusions rather
than by gene duplication per se (28).
Finally, in eukaryotes gene rearrange-
ments and splicing appear to be intimate-
ly associated with the existence of un-

translated intervening nucleotide se-

quences.

The notion that enzymes having the
same cofactors may all be related is
long-standing, and one might expect a

priori that all the dehydrogenases that
use pyridine nucleotide cofactors would
share a common ancestry, or that all the
heme binders might stem from a com-
mon structure, or, similarly, biotin bind-
ers or pyridoxal binders, and so forth.
Thus, if the cofactor binding portions of
a set of enzymes have similar structures
or amino acid sequences, the question
then arises whether the entire enzyme
protein is derived from a common source

in every case, or whether the various
components of an enzyme were assem-

bled by a series of gene fusions (29).
The possibility of shuffled segments

presents a number of problems, foremost
of which is the assignment of boundaries
in a given sequence. Given a polypeptide
chain, portions of which may have de-
scended from two or more different an-

cestral proteins, where do the different
sequences start and stop? Moreover, the
rearranged segments may be relatively
short, a factor that bears heavily on the
statistics of comparisons. Thus, although
it may be easier to find a match for a

short sequence, it will be proportionately
more difficult to prove its validity. On
another count, it has been suggested that
the existence of intervening sequences in
eukaryotic genes may be the mechanistic
basis for internal gaps in proteins, small
deletions resulting from base substitu-
tions changing the splice points (30). If
this proves to be so, then the junction
between introns and exons will be
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blurred and the comparisons will become
more difficult. Worse, extrachromosom-
al elements can transpose segments be-
tween the genomes of different organ-
isms (31), further confusing the situa-
tion.

Computer-Assisted Comparison:

Methodology

Explorative studies for establishing se-

quence relationships generally assume

three aspects. First, the available data
base (such as the Atlas or Newat) must
be searched with a regimen that is pur-

posely set in a liberal mode so that all
possibly related sequences can be identi-
fied. Different investigators use some-

what different schemes, but in our stud-
ies (32) we have employed a sliding seg-

ment approach similar to that introduced
by Fitch (33). It can be set to count any

number of identities, x, over the course

of any segment, y, so long as x - y. It
should be understood that such searches
usually retrieve a number of sequences
that are only marginally similar to the
sequence being tested and resemble it
merely by chance.
Once two sequences have been select-

ed for rigorous comparison, the next task
is to align them optimally. Several proce-

dures have been devised for determining
the optimum match of two sequences

(34-36); most impose a "gap penalty"
every time a skip is made in one or the
other sequences in order to improve the
degree of matching. The matching itself
may be of a sort whereby only identities
are scored, or it may involve a weighted
scale that gives partial credit for matched
amino acids that are structurally similar
or that are genetically or evolutionarily
favored. All these factors are taken into
account-that is, matched identities or

similar residues counting positively and
gaps counting negatively-and an align-
ment score may be computed.
The optimum alignment of two se-

quences does not prove that they are

evolved from a common ancestor. In
order to ascertain whether the two se-

quences are more similar than could rea-

sonably be expected on the basis of
chance alone, some variation on the fol-
lowing procedure is usually undertaken.
Sets of scrambled sequences whose
compositions and lengths are identical to
those of the two proteins under study are

generated by the computer and subjected
to the same alignment and scoring proce-

dure used for the authentic alignment.
The maximum alignment scores of all the
scrambled comparisons are determined

and averaged, and a sta\dard deviation
is computed. The alignz ent score ob-
tained with the genuine 7sequences is
then compared with the mean scrambled
score, and the number of,:standard devi-
ations above (or below) Es noted. Scores
that are 3.0 or more stathdard deviations
above the scrambled inean scores can
reasonably be expected to represent au-
thentic relationships (3Z7). In many cases
the results are indecisive and fall be-
tween 0 and 3 standard deviations above
the mean value of the scramble compari-
sons. This does not 'tecessarily mean
that the two proteins h"ve not diverged
from a common ancestiral protein, but
merely that any similarities between
them are too weak to be statistically
significant. The empirical process of
computer scrambling tak;es into account
two major variables in sequence match-
ing-lengths of sequences and amino
acid composition.

Acyl Carrier Proteins: Chance,.
Convergence, or Common Ancestry?

Clearly, there must be some point be-
yond which a resemblance for two his-
torically related sequences cannot be
verified statistically. For example, con-
sider the amino acid sequences of two
different acyl synthetase carrier proteins
that operate in two different systems.
One of these is the acyl carrier protein
for the citrate-lyase system, a 78-residue
protein that has been isolated from Kleb-
siella aerogenes. The other is the 77-
residue acyl carrier protein that partici-
pates in the fatty acid synthetase system
in Escherichia coli (Fig. 2). A number of
biochemical observations suggest that
the two proteins are descended from a
common ancestor, including their near-
identical sizes, large amount (> 50 per-
cent) of a-helix in both proteins, and
equivalent roles in their respective en-
zyme systems. In both cases a serine
residue serves as the attachment site for
a phosphoribosyl dephospho-coenzyme
A prosthetic group, although the serine
residues are located at different positions
(38, 39).
Optimal alignment of the two se-

quences, including a single gap, results
in only a 16 percent identity (Fig. 2).
Worse, 10 of the 12 identities involve the
six most commonly occurring residues
(Fig. 1). Moreover, an empirical scram-
bling approach for determining statistical
significance, with a simple identity scor-
ing system, reveals that the alignment
score falls 1.0 standard deviations below
the mean of the scramble-comparisons
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(Table 2). In fact, a biotin carrier protein
is at least as similar to the fatty acid
synthetase acyl carrier protein as is the
citrate-lyase protein (Fig. 2). Has the
point of proving common ancestry been
passed for these sequences? Or can we,
by various devices, establish common
ancestry for them on the basis of amino
acid sequence data alone?

Attempts at Image Enhancement

In theory there are several possibilities
for improving the sensitivity of sequence
comparison schemes so that genuine an-
cestral relationships can be distinguished
from chance resemblances. For exam-
ple, one can extend the comparison be-
yond the simple matching of identities,
awarding positive credit for matched
amino acids that are structurally similar
or are known to interchange frequently
during evolution (6, 37, 40). Such weight-
ed scales have their drawbacks. For ex-
ample, the rewarding of paired residues
that are interchangeable as a result of
single-base substitutions (33) ignores the
fact that only about one-third of the 75
replacements so allowed involve struc-
turally similar amino acids (6). Even with
a system that weights differences on the
basis of their apparent frequency among
amino acid replacements observed in the
"same" protein from different species
(37), there is no assurance that any im-
provement will result. Thus, whereas in
the case of similar sequences it is differ-
ences that are interesting, it is identities
that are most significant in comparisons
of very dissimilar sequences. As a result,
such weighting systems may give rise to
a background interference that can actu-
aRly mask significant similarities. In the
case of the acyl carrier proteins, use of a
weighted matrix failed to establish a val-
id relationship.
Comparing ancestral sequences. Pau-

ling and Zuckerkandl (41) long ago sug-
gested that homologies that were not
readily apparent might be revealed by
comparisons of ancestral sequences. In-
deed, it seems only logical that a truer
gauge of relationship would be obtained
if the sequences compared were those
existing more closely in time to the puta-
tive duplication. By using present-day
species differences, a topology can be
derived that goes back to a hypothetical
ancestral sequence. This approach suf-
fers from several problems, however,
and it has not yet provided the general
solutions that were originally hoped for.
First, data have to be available from a
variety of species. Second, even then the
9 OCTOBER 1981

ACP-CL

ACP-FS

BCP-EC

ACP-CL

ACP- FS

BCP-EC

MEN K I D A L A TIES S D V MVR I G P A Q P GIQj E I Ijs IjK
S T I RVKKI I G E QL VK Q E E VT D N A S F V EDL 6AJL D T

A A iIS 6 H I V R S P " E F Y R T P S P O K A FEE E Q K V NE1DG

Q F G A I Q Q V V R E T LA Q L G V K E CD NVQ RjQ A A A L R Q Q

V E VY AEL E E E F D T E IP n E E A E K I T T V Q A A I D Y I N G H Q A

NTC I V E A Of N Q IS E A DIt S G LEJES Q P V E F D E P L V V I E

Fig. 2. Amino acid sequences of three small "carrier proteins": ACP-CL, acyl carrier protein,
citrate lyase system from Klebsiella aerogenes (38); ACP-FS, acyl carrier protein, fatty acid
synthetase system from E. coli (39); BCP-EC, biotin carrier protein from E. coli (71). 'The
asterisks (*) denote the active sites of the acyl carrier proteins at which the serine residues (S)
become phosphorylated. The dagger (t) indicates the lysine residue (K) at which biotin becomes
attached in the biotin carrier protein. None of the sequences is homologous with any of the
others at a statistically significant level. The single letter code is that recommended by IUPAC
(72).

method is exceedingly error-prone, cal-
culated ancestral sequences always fa-
voring the most commonly occurring
amino acids (42).

Multiple comparison methods. Some-
times, as in the case of the acyl carrier
proteins, pairwise comparisons fail to
give statistically significant scores, even
when other considerations strongly im-
ply a relationship. The availability of
a third distantly related sequence can
sometimes be used to prove a relation-
ship (32, 43). In these cases it is the
coincidence of residues occurring at the
same locations in all three of the se-
quences that can be statistically most
meaningful. As it happens, the acyl carri-
er protein for a third enzyme system,
citramalate lyase, has been isolated from
Clostridia tetanomorphum (44), and it
will be interesting to see whether its
sequence provides a connection for es-
tablishing an overall evolutionary rela-
tionship. Acyl carrier proteins have also
been isolated from plants (45), and it is
possible that the sequences of these pro-
teins could reveal a provable connection.
Comparing DNA sequences. It might

seem that direct recourse to the DNA
sequence, when it is available, might
offer better data for establishing homolo-
gies. Unfortunately, there are inherent
drawbacks to the comparison of DNA
sequences, starting with the fact that
there are only four bases. Random se-
quences ought to exhibit 25 percent iden-
tity on the average. But, as in the case of
all sequence comparisons, there will be a
dIistribution of resemblances. Add to this
the well-known degeneracy of the code,
whereby different triplets code for the
same amino acid, and a situation devel-
ops wherein comparisons of the order of
lengths that are of most interest (roughly
100 to 1000 nucleotides), the dispersion
is usually sufficient to mask the subtle

relationships we are seeking (46). Final-
ly, the gap problem is at least as much of
a stumbling block in DNA comparisons
as it is in amino acid sequence studies.

The three-dimensional predictive
schemes. Resemblances between and
among proteins are often (but not neces-
sarily always) more definitively per-
ceived on the basis of their crystal struc-
tures than by comparisons of their amino
acid sequences (47). Unfortunately, the
number of crystal structures available is
small (Table 1). Indeed, the DNA se-
quence explosion that is now just begin-
ning is making available sequences of
proteins that have never been isolated,
let alone crystallized. If we were able to
predict accurately the three-dimensional
structure of a protein from its amino acid
sequence, however, we might have a
more reliable guide to ancestral relation-
ships. At this point, however, current
predictive schemes (48) are not nearly
accurate or precise enough to be of any
usefulness.

Survey of Some Evolutionarily
Related Proteins

Even though ancillary biochemical ev-
idence may strongly support common
ancestry, two sequences may have di-
verged so much that current comparison
procedures cannot demonstrate a statis-
tically certifiable relationship. In such
a case, the possibility of independent
(functionally convergent) evolution can-
not be ruled out, at least not until addi-
tional sequence data, either from other
potentially related proteins or the same
proteins from other species, provide
bridges that are statistically valid. But
many protein relationships do bear up to
scrutiny, and these can be tallied with an
eye to eventual ancestral reconstruction.
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For example, Table 2 shows 55 different
pairs of proteins whose sequences indi-
cate common ancestry.
The comparisons drew heavily from

the approximately 200 sequences assem-
bled from the original literature appear-
ing in the period 1978 to 1980 (Newat),
although a number of previously com-
pared and familiar pairs are included that
are meant to serve as benchmarks for the
reader, including eight different and
wide-ranging hemoglobin comparisons
and ten different serine protease-type
comparisons. All comparisons were
made with a simple computer-compari-
son scheme that emphasizes identities
(49). The computer generates an optimal
alignment, a normalized alignment score
(NAS), and a measure of the statistical
significance of the match.

All the protein pairs listed in Table 2,
in my view, are genuinely related and
have evolved from common ancestors,
although in a few cases, such as the acyl
carrier proteins and certain of the viral
coat proteins, the evidence is biological
or biochemical and is not based on the
sequence comparisons alone. Of the
more than two dozen new comparisons,
most of the resemblances were noted by
the investigators themselves (50). In
some cases, however, they pointed out
some possible similarities of sequence
but were hesitant about the significance
of the match (51), and in still others, the
resemblances to previously reported se-
quences were apparently overlooked
(52).
The data in Table 2 suggest that an

NAS greater than 200, which is equiva-
lent to an adjusted 20 percent identity,
almost always indicates a genuine rela-
tionship. The significance of scores be-
tween 140 and 200 depends on the
lengths of the two sequences being com-
pared; if they are longer than 200 resi-
dues, the evidence for common ancestry
is very strong (Table 2). When the NAS
drops below 140, however, a relationship
can only be alleged if there is strong
ancillary evidence.
Not unexpectedly, there is an inverse

relation between the number of gaps per
unit length and the degree of identity
(Fig. 3). The data indicate that for all but
the shortest (in residue length) of com-
parisons, it would be unreasonable if
gaps did not occur once the identity falls
below 50 percent. But is there a general
rule for how many gaps can be expected?
Obviously, the tolerance for deletions or
insertions will be dependent on struc-
ture-function aspects of the particular
proteins being compared. Of the 55 se-
quence pairs listed in Table 2, the highest
number of gaps observed per unit length

9 OCTOBER 1981

in any comparison is approximately 4 out
of 100 residues. Any comparison involv-
ing that number of gaps ought to achieve
a minimum of 25 percent identity in
order to be statistically significant, even
if it involves very long sequences, inas-
much as the introduction of every gap
means that the cutoff mark for signifi-
cance is shifted upward.
The listing in Table 2 also provides

some insight into the size of gaps intro-
duced in protein sequences as a function
of their relatedness (53). A complete
survey of the gaps introduced in all the
comparisons revealed that small gaps
were, not surprisingly, more frequent
than large gaps (Fig. 4). Larger gaps
were only slightly more frequent in the
comparison of very distantly related se-
quences than in cases of moderately dis-
tant relationships. On another note, the
frequency of gaps in prokaryotic se-
quences was not significantly different
from that in eukaryotic ones, contradict-
ing notions (30) that intervening se-
quences play a major role in the occur-
rence of internal deletions (54).

Less Likely and Unlikely Relationships

In contrast to those in Table 2, the
sequence pairs listed in Table 3 consti-
tute a group in which the relationships, if
any, are considerably more subtle, al-
though in most of the cases the two
sequences compared have been reported
to be "homologous." Approximately
half of the comparisons gave NAS's high
enough to warrant serious scrutiny. Sev-
eral were quite significant when tested
by the scrambled sequence approach,
although some others involved short se-
quences for which that test is not appro-
priate. In some cases the sequences,
taken alone, appear to meet the test of
statistical significance, but the biology of
the situation engenders caution if not
skepticism.
At the top of the list (Table 3), with

both the highest normalized score (NAS)
and the greatest statistical likelihood
(n = 5.2 standard deviations; see legend
of Table 2), is a pair consisting of diph-
theria toxin fragment B and a human
plasma apolipoprotein (55). The resem-
blance is striking, indeed, there being 18
identities over a stretch of 72 aligned
residues, with only a single gap of one
residue having been introduced. The
NAS is a commanding 215. Since the
initial observation, however, the se-
quence of the adjacent region of the
diphtheria toxin sequence (fragment A)
has been determined (56), and in this
case there is no apparent homology with

155

 o
n 

Ju
ne

 6
, 2

00
8 

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org


0
D

0

0

(D

4

3 3g

2

I~ 33I3

0 20 41
Perc

Fig. 3. Distribution of
a function of the perci
sequences. The 100
based on the mean ler
being compared. The
55 comparisons listed

the corresponding:
protein. When the
and fragment B s
with the apolipopr
to an unexciting jI

significance disapp
ed in Table 3 the rt

At present we ha
bacterial invaders
pieces of DNA (
from their eukaryc
is interesting that t
made on an extrac
that is thought no

corynebacterium g
time being, howev4
to consider the rese

mammalian lipid-binding protein and the
corynebacterium-associated toxin mate-
rial to be an extraordinary statistical
coincidence. It would also be premature
to consider this a case of convergence on

the basis of common functional require-
ments.

In a prescient paper on the subject of
the origin of life, Egami (58) suggested
that the cytochromes and ferredoxins
might have evolved from a common an-
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Fig. 4. Distribution ofgap sizes observed in 55
sequence comparisons listed in Table 2. Al-
though there is some redundancy in the data,
inasmuch as some sequences were involved in
more than one comparison, a more restricted
tally of gaps in comparisons in which no
sequence was used more than once had a
similar distribution.

various mammalian glycoprotein hor-
mones (62). The low significance of the
best possible matches of these proteins
makes the purported relationship highly
questionable, however (Table 3). In an-

other case, it has been reported that K

casein, from either sheep or cattle, is
homologous to the -y chain of human
fibrinogen (54). In neither case does the
alignment hold up to statistical evalua-
tion (63) (Table 3). Ironically, however,
when this problem was being studied,
the fibrinogen y-chain sequence was sub-

Table 3. Some protein pairs for which there are reports suggesting common ancestry. The comparison procedure is described in legend to Table 2.

Per-

Protein I Protein 11 cent Gaps /00 NAS (S.D.)
tity

Lipid binding protein, Al, human (125/245)* Diphtheria toxin fragment, Corynebacter (125) 25.0 1 0.8 215 5.2
,B-Thromboglobulin, human (81) Fibrinogen -y-chain, human (88/41 1)* 28.0 3 3.7 193 2.0
Cytochrome c3, Desulfovibrio vulgaris (107) Ferredoxin, Clostridium pasteurianum (55) 20.0 1 1.8 191 -0.6
Cytochrome C3, D. vulgaris (107) Ferredoxin, Clostridium butyricum (55) 27.3 3 3.7 191 -0.3
Brain-specific protein, bovine (91) Troponin C, bovine (161) 24.7 2 2.4 185 1.1
Phosphoglyceromutase, yeast (151/241)* Myoglobin, sheep (153) 20.7 3 2.0 155 2.4
Cholera toxin ,B, Vibrio cholera (103) Thyrotropin 1B, bovine (113) 17.7 2 1.9 146 1.2
Kappa casein, sheep (171) Fibrinogen y-chain, human (179/411)* 20.9 5 2.9 142 1.4
Lysozyme, chicken (129) Ribonuclease, pig (124) 14.3 2 1.6 134 W.4
ATP-Ribosyl transferase, Salmonella Lac repressor, E. coli (347) 18.4 7 2.3 127 0.8

typh. (299)
Cytochrome oxidase II, bovine Plastocyanin, spinach (99) 19.2 3 2.0 126 1.5
mitochondria (137/227)*

ATP-Ribosyl transferase, Salmonella Phosphoglyceraldehyde dehydrogenase, 15.0 4 1.3 119 1.6
typh. (299) pig (331)

Colicin E3, E. coli (97) Ribonuclease U2, Ustilago sphaerogena 14.4 1 1.0 119 -0.1
(113)

Lipotropin, human (91) Follitropin a, human (92) 14.6 1 1.1 116 0.0
Aldolase A, rabbit (360) Lactate dehydrogenase, dogfish (329) 14.7 4 1.2 115 1.0
Kappa casein, bovine (169) Fibrinogen -y, human (179/411)* 15.0 3 1.8 111 -0.8
Cytochrome oxidase V, bovine Cytochrome C3, D. vulgaris (107) 12.0 1 1.0 105

mitochondria (109)
Cytochrome oxidase II, bovine Azurin, Pseudomonasfluorescens (128) 11.3 0 0.0 93 0.1

mitochondria (137/227)*
*Only the fraction of the total sequence shown was used in the comparison.
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jected to the search routine and another
candidate, 0-thromboglobulin, a protein
found in blood platelets, turned up. The
alignment procedure produced a rather
high NAS and a not trivial statistical
significance (n = 2.0 S.D.). Given the
functional interdependence of proteins
involved in mammalian blood coagula-
tion, this may indeed be a genuine rela-
tionship. In any event, the alignment is
considerably more striking than when
the same y-chain sequence is compared
with K caseins.

Table 3 also contains a number of
other comparisons where the original
investigators thought they perceived ho-
mology or common ancestry, including
the case of ATP (adenosine triphos-
phate) ribosyltransferase from Salmonel-
la that has been reported to resemble
both the lac repressor and phosphoglyc-
eraldehyde dehydrogenase (64). Either
of these would have been of considerable
interest in our search for root stocks, but
both fall below the level of likelihood.
Similarly, colicin E3 from Escherichia
coli has been reported to be a potential
ribonuclease, and comparisons of its se-

quence with those of other ribonucleases
hinted that it might resemble the ribonu-
clease U2 from the fungus Ustilago
sphaerogena (65). The resemblance is
below the level of verification, however.
Although cytochrome oxidase, subunit
II, has been reported (66) to be homolo-
gous to plastocyanin and azurin, this
result does bear up to scrutiny, even in a

tailor-made comparison where a large
unmatchable segment of cytochrome ox-

idase was omitted, and may be the result
of overgapping. A possible relationship
of aldolase A to lactate dehydrogenase
(67) does not endure either. Finally, the
perennial comparison of lysozyme and
ribonuclease was performed, and it also
fails to achieve significance.

Again, while it is possible to express

the likelihood of two proteins being gen-

uinely related on the basis of their amino
acid sequences, it is not possible to
prove that two sequences are not derived
from a common ancestor. The diverging
sequences may simply have changed so

much that the correlation cannot be
proved statistically.

Protein Families and Superfamilies

Several years ago Zuckerkandl pro-

posed that the number of "classes of
proteins" found in nature is probably
less than a thousand (68). He arrived at
this conclusion more or less intuitively
on the basis of the rate at which "differ-
ent" proteins were being found to be

9 OCTOBER 1981

Q9

Fig. 5. Symbolic representation of sequence
families and superfamilies. A family is defined
as any set of sequences that are demonstrably
homologous, regardless of the percent identi-
ty; they are denoted by the sets A, B, C, D, E
and F. Superfamilies are defined as compris-
ing two or more families, not all of whose
members are demonstrably homologous with
all the other members of each family. The top
section of the figure includes the superfami-
lies A-B and E-F. The middle section, which
depicts the situation after more sequences
have been added to the data base, includes the
superfamilies A-B-C and D-E-F. Finally, the
bottom section shows the situation when a

very large number of sequences have been
determined and a number of intersections
found for the six families, a single superfamily
now being evident.

homologous. Dayhoff et al. (69), using
the terms "families" and "superfami-
lies," arrived at a similar conclusion
regarding superfamilies. The arithmetic
leading to their conclusion was not alto-
gether clear, however, and their assign-
ment of protein sequences to families
and superfamilies was arbitrary, indeed.
Thus, by the definition of Dayhoff et al.,
proteins belong to the same family if they
differ at fewer than half of their amino
acid positions, whereas superfamilies
comprise those sequences that are de-
monstrably homologous but differ at
more than half of their positions.

It is questionable whether sharp per-

cent identity cutoffs in this context pro-
vide any useful information, and I would
like to propose a completely different
usage for the terms "protein family" and
"protein superfamily." In this new sys-

tem, let any sequences that are demon-
strably related to each other belong to
the same family, regardless of the per-
cent identity that they exhibit. Thus,

haptoglobin would belong to the same
family as the serine proteases (Table 2).
Moreover, if the sequence of a particular
protein from any species meets the sta-
tistical requirements for an authentic re-
lationship, then let that automatically
provide family membership for that pro-
tein from all species, unless other con-
siderations render the purported rela-
tionships illogical (59).

Superfamilies, on the other hand,
would be composed of two or more
families, not all of whose different pro-
teins are demonstrably homologous with
all the members of the other families in
the set:

Superfamily I = Family A U Family B

Obviously, this scheme allows a given
protein to belong to more than one fam-
ily (Fig. 5), a not unreasonable prospect
given the notion that all proteins are
derived from a small number of starter
types.
Do the data accumulated so far sup-

port such a notion? Of the 424 "unique"
proteins listed in Table 1, upward of 15
percent have already been found to re-
semble "other" proteins, not including
the "same" protein in other species.
More than 70 of these proteins appear in
Table 2. Although many of these rela-
tionships were more or less anticipated
on the basis of similar functions, as in the
case of the serine proteases or the glo-
bins or glycopeptide hormones, others
were wholly unexpected. As the data
base expands we can reasonably expect
more of the latter.
How many superfamilies can we ex-

pect? Certainly many will be identified
as more sequences are accumulated and
various families found to have common
members. But eventually the number of
observed superfamilies ought to reach a
maximum and then decline as the com-
bined sets themselves begin to intersect
(Fig. 5). In the limit, the number of
superfamilies as manifested by this
scheme should be the same as the num-
ber of archetypal proteins that served as
starter types.
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