was noted again, and the spheres be-
came complex (Fig. 3). The prepara-
tion was then allowed to dry again. We
carried out another rehydration with
water, and the same phenomena were
observed except that the spheres ob-
tained seemed to be even more complex
in regard to internal structure. After
three or four more cycles of dehydra-
tion and rehydration the degree of com-
plexity in the spheres seemed to have
reached a maximum. When the fore-
going steps were repeated in the pres-
ence of methylene blue, the spheres
concentrated the stain.

The factors which may cause the de-
velopment of complex morphological
forms in the system are numerous.
During the drying process, there are
localized high concentrations of pro-
teinoid material. The first rehydration
with buffer seems to be an important
factor in causing development of com-
plexity. This change is probably due to
interaction of the buffer ions with the
proteinoid.

Thus simple environmental changes
of dehydration and rehydration can in-
deed cause the development of com-
plexity in an experimental prebiological
system; this finding seems to support
the suggestion of Hinton and Blum (2).
We believe that we have developed,
from thermal proteinoid, a system
which behaves like coacervates (5, 6).
The large spheres described above
have several properties in common
_ with coacervates: complex morphology,
selective adsorption as evidenced by
concentration of methylene blue, and
ability to coalesce. Our experiments
may possibly link the seemingly differ-
ent concepts of the origin of life, the
coacervates of Oparin (6) and the pro-
teinoids of Fox (1).

AporLpH E. SMITH
FREDERICK T. BELLWARE
Physics Department,
Sir George Williams University,
Montreal 25, Quebec
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Evolution of the Structure of Ferredoxin Based

on Living Relics of Primitive Amino Acid Sequences

Abstract. The structure of present-day ferredoxin, with its simple, inorganic
active site and its functions basic to photon-energy utilization, suggests the in-
corporation of its prototype into metabolism very early during biochemical evolu-
tion, even before complex proteins and the complete modern genetic code existed.
The information in the amino acid sequence of ferredoxin enables us to propose
a detailed reconstruction of its evolutionary history. Ferredoxin has evolved by
doubling a shorter protein, which may have contained only eight of the simplest
amino acids. This shorter ancestor in turn developed from a repeating sequence
of the amino acids alanine, aspartic acid or proline, serine, and glycine. We
explain the persistence of living relics of this primordial structure by invoking a
conservative principle in evolutionary biochemistry: The processes of natural
selection severely inhibit any change in a well-adapted system on which several

other essential components depend.

Many of the principles of organic
evolution have long been known and
are productively used in the organiza-
tion of biological concepts, but are sel-
dom used to full advantage in bio-
chemistry. In nature, biochemistry is
included in biology. An organism is a
functioning system composed of the
structures, organs, tissues, and organ-
elles of classical biology. These in turn
are composed of metabolites, macro-
molecules, enzyme aggregates, and bio-
chemical feedback systems. Biochemi-
cal details concerning these compo-
nents have only recently become acces-
sible. Potentially, a much greater
amount of information relevant to evo-
lution is available in biochemistry than
in classical biology.

According to evolutionary theory,
each structure or function of an organ-
ism is subject to occasional changes
or mutations, but the infrequency of
these mutations necessitates that they
will almost always occur, and be se-
lected for, one at a time. Each change
or addition must be an improvement,
or at least not too severe a disadvan-
tage, in order that the processes of nat-
ural selection permit its survival. This
limitation has a very conservative ef-
fect. If its ecological niche stays the
same, a well-adapted organism strongly
resists change. Thus we find familiar-
looking fossil shells a third of a billion
years old. If its niche changes, new
functions evolve, but the most primi-
tive structures tend to remain un-
changed, since these older components
have already come to be relied upon
by several later additions. Any change
in a very old component, even though
it might be advantageous in some way,
would coincidentally disturb so many
other things that it would almost al-
ways be extremely disadvantageous to
the organism. This conservatism is well

illustrated in the amino acid sequences
of proteins. For example, we can com-
pare the amino acid sequences of cyto-
chrome c¢ from vyeast (I) and from
horse (2), position by position. In 64 of
the 104 positions the amino acids in
the two chains are identical. Between
horse and human cytochrome ¢ (3)
there are only 12 amino acid differ-
ences.

When we consider evolution retro-
spectively, the constraints are even
more severe. One basic evolutionary
principle is that every living organism
or structure or function had ancestors
very similar to itself, but simpler. (This
is true even if it had more complex
immediate ancestors.) In a particular
case there are generally only a few
plausible slightly simpler ancestors. As
we trace the changes in a structure or
function back through time, we must
bear in mind that all of the structures
and functions of the cell may be sim-
pler. We are then dealing with primi-
tive components ancestral to those seen
today. ;

The amino acid sequence of ferre-
doxin from Clostridium pasteurianum,
a nonphotosynthetic anaerobic bacte-
rium, has been reported (4). This pro-
tein seems to have arisen at an earlier
times than many others which have
been studied. We draw this inference
from the following considerations.

1) Ferredoxin occurs in primitive
anaerobic organisms, both photosyn-
thetic and nonphotosynthetic (5). It
must have been present in simpler or-
ganisms, the extinct common ancestors
of these.

2) Ferredoxin contains iron and sul-
fur, bonded to the protein at its active
site (6). Ferrous sulfide, FeS, is a widely
dispersed mineral, a catalyst which
would have been readily available to
the most primitive organism,
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3) The functions of ferredoxin are
basic to cell chemistry. The reduction
of ferredoxin is the key photochemical
event in photosynthesis by chloroplasts
(5). All the energy is channeled through
this compound to other cellular energy-
storage mechanisms. Ferredoxin is the
most highly reducing stable compound
so far found in the cell, having a re-
ducing potential near that of molecular
hydrogen (5). This suggests that its
function may have evolved at a very
early time when the earth’s atmos-
phere was still strongly reducing. It
reduces nicotinamide adenine dinucleo-
tide (NAD) (5), a ubiquitous reducing
agent in the cell. Therefore, it may be
even more primitive than NAD. It cata-
lyzes adenosine triphosphate (ATP) for-
mation by radiation (5). This indicates
possible relation to primitive energy
transfer processes. It catalyzes the syn-
thesis of pyruvate from carbon dioxide
and acetylcoenzyme-A (5). This indi-
cates its involvement with one of the
simplest, most primitive synthetic proc-
esses in intermediary metabolism, the
fixation of CO,. It participates in nitro-
gen fixation (7) and hydrogenase-linked
reactions (5).

4) Ferredoxin contains an unusually

1 5
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30 35

Phe.Val.Ilu.Asp.Ala.Asp.Thr,Cys.I1lu.Asp

1 5 10 15
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5. AvV D
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7. A
8. D

C

A

A
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high proportion of the smaller, more
thermodynamically stable (8) amino
acids, such as glycine, alanine, cysteine,
serine, and aspartic acid. Furthermore,
their synthesis from inorganic substrates
by autotrophic organisms requires only
a small number of endothermic steps.

5) Ferredoxin is smaller than most
other enzymes, having only 55 amino
acid units. It appears to have some
sort of repeating structure, so that it
may once have been still smaller.

Let us now consider the amino acid
sequence of ferredoxin. Applying the
constraints imposed by the principles
of evolution, can we find traces of its
ancestry?

Figure | shows the reported sequence
of ferredoxin (4) and some manipula-
tions with it. For the purposes of our
study, a single-letter notation (9) is
much more suitable than the usual
three-letter notation (row 1). If links
30 to 55 (row 3) are placed under
links 1 to 29 (row 2), it is evident that
the number of coincidences (row 4) far
exceeds that which would be expected
by chance (P << .001). It appears that
this protein has evolved by doubling
of the nucleic acid (gene) which deter-
mines it. Smithies, Connell, and Dixon

15

20

showed how nonhomologous . crossing
over of chromosomes could produce this
effect, and proposed it as the explana-
tion of the apparent doubling which
they detected in haptoglobin mole-
cules (10). Because of the very high
statistical improbability of the chance
occurrence of the twelve coincidences,
we consider for this study that the two
halves of the ferredoxin sequence are
in fact homologous, and attempt to
decipher some details about their com-
mon ancestor. Presumably the ancestral
sequence contained all those amino
acid units which are common to both
parts. Where the units are different.
probably one of the two was present
originally,

The ancestral sequence of 29 units
must itself have had a simpler ancestor.
An attempt was made to discover this
by the same process, but no further
regularities could be found by super-
imposing quarters of the chain.

Another kind of simplicity would
be that the ancestor had fewer kinds
of amino acids. During the evolution
of the genetic code there must have
been a time when the genetic mech-
anism could discriminate fewer amino
acids. Perhaps those which coincide in

25

.Cys.Gly.Ala.Cys.Ala,.Ser.Glu.Cys.Pro.Val.Asn.Ala.Ilu.Ser.Gln.Gly.Asp.Ser.I1u,
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Fig. 1. Evidence of the primitive ancestry of ferredoxin. At the top the amino acid sequence of ferredoxin from Clostridium pas-
teurianum is shown in conventional notation (4). Row 1: The sequence is translated into a one-letter code (9), a notation more
suitable for this type of study. Rows 2 and 3: The two halves of the chain compared by alignment. Row 4: Twelve amino acids
which are identical in both halves. If the sequences were unrelated, one would expect only two or three such identities. The prob-
ability of finding as many coincidences as this by chance is negligible. Row 5: The same seven simple amino acids found in row 4,
plus serine, whenever they occur in either chain. Row 6: A simple repeating sequence of four amino acids (with a discontinuity
at position 15) from which row 5 appears to be derived. Row 7: Thirteen amino acids from row 5 which conform to row 6. Row
8: The four amino acids which do not conform to the cyclic pattern. The chance probability of as many coincidences as this would
be very small if the pattern in row 6 had been independently given. Since it was derived from this study itself, the coincidence is less
extreme, but still seems to be good evidence for the validity of the cyclic pattern.
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the two halves of the ferredoxin se-
quence (glycine, cysteine, alanine, pro-
line, valine, aspartic acid, and gluta-
mine) may be survivors of this early
stage. And perhaps when any of these
occurs in either half, it is also likely
to be a survivor of the earlier stage.
Therefore, we record the positions and
occurrence of these seven amino acids
or serine {see below) in the paired
ferredoxin sequences (row 5 of Fig. 1).
In this arrangement, two regular pat-
terns emerge. Cysteines occur in a
cycle of three, and alanines occur in
a cycle of four. A discontinuity in
both patterns occurs at the midpoint,
position 15. None of the other amino
acids confirms a cycle of three. How-
ever, the cycle of four is confirmed
by glycine, proline, aspartic acid, and
serine. A repeating sequence of four
amino acids (with a break at position
15) has been written in row 6. The
combined halves agree with this cycle
in 13 positions (row 7); they disagree
in only four positions (row 8). Alto-
gether 17 occurrences of these four
simple amino acids in the living ferre-
doxin chain agree with this cycle, and
five disagree with it. Figure 2 shows
the reported sequence rewritten in
groups of four for direct comparison
with the repeating pattern.

The probabilities involved in a pat-
tern of this kind are difficult to com-
pute, because the pattern was discovered
rather than predicted. Some sort of pat-
tern can always be found if random
data are examined in fine detail. In prin-
ciple, one should modify the computed
probability to reflect all the other pat-
terns which would have been consid-
ered equally good if they had been
discovered. This number is difficult to
determine and must be somewhat arbi-
trary. However, in this case it does not
seem to be very large, and the number
of coincidences still seems beyond or-
dinary chance. We consider the ob-
served number of coincidences to be
good evidence for the pattern of a
cycle of four,.

Using a computer program, we have
matched the sequence of ferredoxin
against itself in all combinations, and
against the various possible cycles. The
result of this objective method is the
same as found by inspection. Only
cysteines occur in a cycle of three.
Alanine, aspartic acid, serine, and gly-
cine agree with a cycle of four; and
proline in three places occupies the
position of aspartic acid. This substitu-
tion is reasonable stereochemically, since
the two side-chains have a very similar
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Position
1 AOKT
30 FVID
5 ADSc
34 ADrTC
9 VS CG
38 IDcCcG
13 Ac
L2 Nc
15 ASE
Lh ANV
18 CPVVHN
L7 CPVG
22 ATSQ
51 APVag
26 GDSTI
55 E
Cycler ADSG
p

Fig. 2. Evidence for a cycle of four in fer-
redoxin, The two half-chains, rows 2 and
3 in Fig. 1, are written in successive groups
of four, with a break at positions 15 and
44. Alanine (A) occurs mainly in the first
column, D and P in the second, S in the
third, and G in the fourth, Exceptions are
underlined. All other amino acids are
shown in italics. This good fit appears un-
likely to be due to chance, but a numerical
evaluation of the probability would involve
several arbitrary assumptions.

conformation, when aspartic acid folds
into a hydrogen-bonded intramolecular
ring. Aspartic acid is metabolically
simpler to synthesize than proline, and
therefore seems likely to have evolved
earlier.

We will now use these patterns and
the rules of evolution to reconstruct
the history of the ferredoxin molecule.
We first consider the prosthetic group,
or inorganic part, in a prebiological en-
vironment. Then starting with an ex-
tremely primitive living system, we fol-
low the development of the increasing
intricacy of the protein.

At chemical equilibrium in an ideal
gas mixture of a reducing nature at
standard temperature and pressure,
H.S, CH,, CO.,, H.O, and N, pre-
dominate; ammonia and organic com-
pounds occur in small amounts (77).
At equilibrium, FeS is stable in this
gas mixture. Possibly life may have or-
ganized about such a stable inorganic
catalyst, one that could participate in
capturing photons and in directing ener-
gy toward the reduction and fixation of
CO, and toward the synthesis of pyro-
phosphate. In this photon-activated sys-
tem, other, less stable catalysts may
then have been synthesized, permitting
development of more complex systems.

Regardless of how life originated,

there was at one time a very primitive
organism, far simpler than any known
to be living today. It was capable of
making and polymerizing some of the
simplest amino acids and nucleotides.
Perhaps the nucleic acids were made
of only two nucleotides, simpler than
the ones which occur in the present
genetic mechanism. A variety of such
polymers could be formed having use-
ful structural or catalytic functions, for
which natural selection preserved them.

One sequence of 12 nucleotides
doubled and redoubled itself, making
a longer, repetitive chain.

At about the same time, the primitive
amino-acid-polymerizing mechanism of
the cell began to utilize this nucleic
acid chain as a template, and it coded
for the amino acids alanine, aspartic
acid, serine, and glycine. If these events
occurred when the nucleotide chain was
still only 12 units long, the resulting
peptide would be A D S G, as in
Fig. 3, row 1. After the nucleotide
chain became longer, it coded for a
simple repeating protein, ADSG A D
S G . (row 2). This protein had
some advantageous, perhaps structural,
function in the cell, unrelated to the
present energy-transfer function of fer-
redoxin. An aberration in the nucleo-
tide sequence produced a break in the
cycle (row 2, underlined).

The synthesizing abilities of the or-
ganism became more versatile and more
efficient. The genetic code became more
complex, so that the genetic mechanism
was able to incorporate other amino
acids. Mutations occurred which modi-
fied and complicated the particular
amino acid sequence which we are fol-
lowing (row 3).

Cysteine was among these new amino
acids added to our sequence. The sul-
fide bond of the cysteine unit became
attached to iron sulfide. The protein
thus cooperated in the photon-coupled
catalytic function, which it still retains,
and became protoferredoxin. On the
principle that evolution proceeds one
step at a time, we assume that the cell
was already using iron sulfide as a
catalyst, probably attached to cysteine
alone, or to some peptide less suitable
than protoferredoxin. This new attach-
ment would merely have increased the
efficiency of this function.

Eventually four cysteines were add-
ed by mutation, and two identical
chains combined to make an intricate
protein-iron-sulfide complex of greatly
increased efficiency. It still retains es-
sentially this structure.

The nucleic acid doubled in length

365



1. ADSG

2. ADSGADSG

=
o

SGADDSG

3. ADSDADS

=
{O
<<

[w)

CGACAS

|=<<
I3

4, ADSDADSCVDCGACASY
5. AOKITADSCVSCGACASE

ADSGADSGADSG
PVYGAPSQGDSG

CPVGAPSQGDSGADSDADSCVDCGACASVCPVGAPSQGDSG
CPVNAISQGDSIFVIDADTCIDCGNCANVCPVGAPVQE

Fig. 3. Proposed origin and evolution of ferredoxin (see text for fuller details). Row 1: Originally, in an extremely primitive or-
ganism, a short sequence of four of the simplest amino acids (alanine, aspartic acid, serine, and glycine) could be produced. Row
2: This sequence lengthened by doubling of the genetic material, and one discontinuity occurred (underlined). Row 3: The genetic
code becoming more versatile, mutations (underlined) occurred, but only to relatively simple amino acids (the same four, plus
cysteine, valine, proline, and glutamine). Tron sulfide was attached to the cysteines, which constituted the “active site” of the
respiratory function of this primitive ferredoxin. This configuration still persists. Row 4: By “chromosome” aberration, the whole
chain doubled. Row 5: The present more intricate genetic code having evolved, further mutations (underlined) to more complex
amino acids occurred. The last three links were deleted. The result was the present sequence of ferredoxin from C. pasteurianum

4.

by a process that was the prototype
of a chromosome aberration, resulting
in a protein of 58 units (row 4). In
the three-dimensional structure, the ef-
fect of this change was to attach the
two shorter chains end-to-end. They
must already have been in a configura-
tion which was only moderately dis-
turbed by this new constraint. The at-
tachment was an improvement but not
a radical change. We predict that when
the three-dimensional structure of fer-
redoxin is worked out, evidence will be
found for the previous stage, with its
two identical, cooperating, shorter
chains. The three end units may have
been lost at this time or later, to give
the present total length of 55 units.

Many functions of the cell improved
in efficiency and complexity, evolving
new capabilities. The genetic mechanism
also evolved and became capable of in-
corporating additional amino acids. Mu-
tations occurred and were selected, each
of which made a slight improvement
in the overall function, until the present
sequence was produced (row 5).

By this time there were many lines
of descent in the phylogenetic tree, and
different species must have produced
different mutational variations on the
earlier sequences. Comparison of amino
acid sequences of many ferredoxins
from diverse species should produce
clear “living-fossil” evidence of the
earliest stages of protein evolution.

At any of the stages, other aberra-
tions may have occurred, resulting in
additional -duplication and separation
of the genetic material, followed by
mutations. This would create new genes,
producing other proteins, which today
may have varying degrees of similarity
to ferredoxin.

Genes and their corresponding pro-
teins have not only become more nu-
merous but they have also become long-
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er. Duplication of nucleic acids such as
that inferred here in the ferredoxin
gene may have been a major means
of accomplishing this increase in
length. If so, we may expect to sece
evidences of duplication in other pro-
tein sequences, when ways of recogniz-
ing distant homologous relationships be-
come more precise than the mere count-
ing of the few identical amino acids
remaining. The diheme peptide of Chro-
matium may possibly be such a case
(12).

Just as the salt composition of our
tissue fluids is supposed to represent
a stabilized sample of ancient sea wa-
ter, so the simplest, metabolically most
ancient components of cellular metabo-
lism preserve some aspects of their
original environment. In modern organ-
isms, primitive reactions, such as those
involving glutathione or coenzyme-A,
operate under their primordial reducing
conditions, isolated from the harsh out-
er environment by later adaptations.
Such ancient systems are extremely con-
servative, because so many diverse later
reactions have become intricately de-
pendent on them that they are no long-
er “free” to evolve. A mutational
change which might be beneficial in
one way, in almost every case would
be a strong disadvantage in many other
ways. When such a mutation occurred,
the process of natural selection would
therefore reject it. This conservative
principle enables us to comprehend why
ferredoxin from a living organism could
still retain detectable details of its an-
cient origin.

Thus, in organisms still living there
may exist biochemical relics of the era
encompassing the origin and evolution
of the genetic mechanism. Determina-
tion of the sequences of proteins such
as ferredoxin and of nucleic acids such
as transfer RNA, whose prototypes

must have functioned at this early time,
should make possible a detailed recon-
struction of the biochemical evolution-
ary events of this era.
RicHArRD V. Eck
MARGARET O. DAYHOFF
National Biomedical Research
Foundation, 8600 16th Street,
Silver Spring, Maryland 20910
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