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The chemical behavior of contemporary living systems contains vestiges
of the history of living chemistry on planet Earth. To read this "palimp-
sest" is a challenge of the first order (Benner et al. 1989). Some of the
historical record has been written over by the demands of natural selec-
tion that have forced the evolution of new chemical structures to meet
new biological challenges. Some has been lost in the noise arising from
random events, the "neutral drift" that characterizes the structural
divergence of biological molecules following the divergence of their host
organisms (King and Jukes 1969; Kimura 1982). Some has undoubtedly
been confused by lateral transfer of genetic information between phylo-
genetically distant organisms (Doolittle et al. 1990) and by "sequence
- convergence," the independent emergence of polypeptide sequences that
offer unique chemical solutions to particular biological problems.

Three advances of the past decade have greatly improved our ability
to deconvolute the information about earlier life forms written in the
biological chemistry of contemporary organisms. First, substantial prog-
ress has been made toward an integration of structural theory from
chemistry and evolutionary theory from biology (Benner and Ellington
1990b). The integrated theory allows us to proceed past the classic ques-

*A palimpsest is a parchment that has been inscribed two or more times, with the previous texts
imperfectly erased and therefore still partially legible.

3Present address: Department of Chemistry, University of Nebraska, Lincoln, Nebraska 68588.
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tions in biological chemistry (what happens at a chemical level in a
living system) to ask why it happens. A number of questions in biological
chemistry have been addressed within the context of the integrated
theory, and models are now available to understand the evolutionary
status of many molecular aspects of living systems. Most of these
hypotheses are directed to specific behaviors in biological macro-
molecules: Catalytic activity, stereospecificity, and thermal stability are
three examples.

Second, there has been an explosion of sequence data (Bairoch and
Boeckmann 1992), both from individual investigators reporting se-
quences of individually chosen proteins and from genome projects now
beginning to yield results (Oliver et al. 1992; Sulston et al. 1992). The
recently completed organization and exhaustive matching of the protein
sequence database (Gonnet et al. 1992) make systematic analysis of these
sequence data possible in their entirety for the first time. This analysis
has in turn provided better methods for aligning homologous protein se-
quences, one of the more important tools for understanding the evolution
of living systems. '

Finally, substantial progress has been made in developing a manipula-
tive understanding of how biological macromolecules work. It is now
possible to predict many details of the folded structure of proteins de
novo from sequence data (Crawford et al. 1987; Benner 1989b; Bazan
1990; Niermann and Kirschner 1990; Benner and Gerloff 1991;
Knighton et al. 1991; Thornton et al. 1991; de Vos et al. 1992). Further-
more, the design of polypeptides that fold in solution and catalyze reac-
tions, at least at some rate, is now possible, and the first examples of
designed peptides whose structure in solution has been rigorously proven
have recently appeared (Johnsson et al. 1990; Osterhout et al. 1992).

With these tools, a detailed reconstructed history of the evolution of
biological macromolécules back to the protogenome, the genome from
the most recent common ancestor of today’s archaebacteria, eubacteria,
and eukaryotes (Benner and Ellington 1987, 1990a; Benner et al. 1987,
1989), becomes a tangible research goal. The organism most closely cor-
responding to this reconstructed ancestor lived over a billion years ago.
Using chemical assumptions, a somewhat less detailed history back to
the "breakthrough organism," the last organism in the RNA world to use
RNA as the sole genetically encoded component of biological catalysis
(Benner et al. 1989), is available. The breakthrough organism lived per-
haps 2.5 billion years ago (Benner et al. 1989). In this chapter, we outline
contemporary tools for reconstructing models for ancient forms of life
and provide examples of the use of these tools to solve specific problems
in the history of life.
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THE TOOLS

Contemporary Methods for Analyzing
Sequence Data

Central to historical reconstructions of earlier episodes in the history of
life are alignments of the sequences of homologous proteins and nucleic
acids. Although sequence alignments have been constructed for 30 years
(Edwards and Cavalli-Sforza 1963; Zuckerkandl and Pauling 1965; Fitch
and Margoliash 1967) and are routinely used in laboratories throughout
the world, alignments available to most biochemists are in fact quite
problematic (Thorne et al. 1992). In particular, the tools available for
constructing alignments, both the matrices that allow the scoring of
mutations and formulae for scoring gaps in alignments, remain primitive.
As a result, much research is handicapped by suboptimal alignments; and
the literature contains seemingly endless arguments over evolutionary is-
sues that might be resolved by well-constructed alignments.

Recently, the protein sequence database was reconstructed using a
"patricia tree" data structure (Gonnet et al. 1992). This made possible an
exhaustive cross-matching of every subsequence in the database with
every other subsequence. From this came 1.7 million aligned pairs of se-
quences of potentially homologous proteins. This large collection of
aligned sequence pairs was the starting point for a broadly empirical
study of macromolecular evolution, providing the most advanced tools to
date for constructing alignments.

Mutation Matrices, Gap Penalties, and Statistiéally
Rigorous Alignments

A "log-odds" (or Dayhoff) matrix is a 20 X 20 table that shows the

logarithm of a probability (multiplied by 10) of each pair of the 20
proteinogenic amino acids being matched in an alignment (Table 1). The
matrix is defined for a particular evolutionary distance between the two
proteins. Thus, a 1% mutation matrix describes pairwise probabilities of
amino acids in two protein sequences that have undergone one point
mutation per 100 amino acid residues. In such a matrix, the sum of all the
off-diagonal terms is equal to 1%.

Such matrices are named in honor of Margaret Dayhoff, who pro-
posed their use some 20 years ago (Dayhoff et al. 1978). Versions of the
1978 matrix are used by most commercially available computer align-
ment packages. However, two methodological problems make the 1978
matrix suboptimal for the alignments that are most interesting in the con-
text of this article. First, and unavoidably in 1978, the amount of data
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available to Dayhoff was small. Thus, the elements of the 1978 Dayhoff
matrix have large variances. '

Second, to ensure that the alignments yielding mutation data were of
high quality, Dayhoff constructed matrices from pairs of proteins that
were themselves quite similar (typically 90-95% identical) in sequence
and then extrapolated the matrices to give a matrix suitable for aligning
distant proteins. Data from the exhaustive matching of the contemporary
sequence database (Gonnet et al. 1992) show that this extrapolation was
problematic. The probability of certain substitution pairs turns out to be a
strong function of evolutionary distance, apparently because constraints
imposed by the genetic code influence the mutation matrix for closely re-
lated proteins but not distantly related proteins (Gonnet et al. 1992). A
revised Dayhoff matrix suitable for aligning distant sequences is shown
in Table 1.

Insertions and deletions also create problems in constructing align-
ments. If gaps are introduced into an alignment at no cost, any random
sequences can be aligned. Classically, therefore, gaps have been penal-
ized. The penalty most commonly used involves a gap cost calculated
from a formula of the form (ak+b), where £ is the length of the gap and a
and b are arbitrarily chosen parameters. At an intuitive level, such scor-
ing is well known to be inadequate, because most biochemists "tweak"
computer-produced alignments to achieve a more pleasing disposition of
gaps. Data from the exhaustive matching show why such adjustment is
necessary. The probability of a gap of length k declines as a function of
k=17 (Gonnet et al. 1992 and in prep.), not exponentially as implied by
the gap cost calculated using the (ak+b) formula. Thus, the classic for-
mula is an inadequate approximation for constructing alignments con-
taining gaps.

PAM Distances and Evblutionary Trees

Reconstructions of ancient protein sequences generally require align-
ments of several sequence pairs and arrangement of the sequences on an
evolutionary tree constructed from a measure of evolutionary distance
between sequence pairs. Often, evolutionary distance is defined by the
fraction (or percent) sequence identity. It is well known that this measure
is imperfect. Inspection of the revised Dayhoff matrix (Table 1) shows,
for example, that conservation of a cysteine is more significant than con-
servation of an alanine. Furthermore, due to reverse mutations and multi-
ple mutations at individual residues, evolutionary distance is not a simple
function of percent identity after modest evolutionary divergence.
Evolutionary distance between two homologous protein sequences is
best measured in PAM units, indicating the number of accepted point
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mutations per 100 amino acid residues separating the two sequences.
Two protein sequences 1 PAM unit distant differ by 1 accepted point
mutation per 100 amino acid residues. For two sequences separated by a
PAM distance of x, transformation of the first sequence via the 1% muta-
tion matrix (see above) x times gives the second sequence with the high-
est probability. PAM distances and trees constructed from them can both
be subjected to a rigorous statistical analysis.

Given a set of homologous proteins, a PAM distance table (Fig. 1)
can be constructed tabulating the PAM distances between each. pair of
aligned sequences. A tree is constructed from these distances, where
vertices in the tree represent ancestral sequences from ancient organisms.
If three sequences are available, the length of individual segments of the
tree (in PAM distance units) connecting these vertices can be obtained by
solving the set of linear simultaneous equations derived from the PAM
distance data. With more than three sequences, the solution is overdeter-
mined, and the best tree is obtained from a least-squares fit of the data
(Gonnet et al. 1992). An idealized example of the process for construct-
ing these trees is shown in Figure 1. A representative tree for the super-
family of proteins that includes aspartate aminotransferases (AAT), tyro-
sine aminotransferases (YAT), aminocyclopropanecarboxylate synthase,
and histidinol phosphate aminotransferases (HPAT) is shown in Figure 2.
A segment of the corresponding alignment is shown in Figure 3.

A-B distance
a+b =12
A-C distance
a+c+d=47
B-C distance
b+c+d=49

- A-D distance
a+c+(e+f)=76
B-D distance
b+c+(e+f)=74

C-D distance
d+(e+f)=78

D b

B c -
S‘ii e c =18
d =24
c |78 esf= 53

Figure 1 A hypothetical tree reconstructed from a hypothetical PAM distance
table (below). Note that in the simultaneous equations, (e+f) always appear as a
pair, and the data do not permit assignment of the relative magnitudes of e and f
(that is, the data do not permit the rooting of the tree). However, the remaining
distances are calculated with known statistical parameters.
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Figure 2 The most probable evolutionary tree relating HPAT, AAT, YAT, and
a number of other enzymes. The bar represents an evolutionary distance of 50
PAM units. Key: (a) 1-Aminocyclopropanecarboxylate-1C synthetase, tomato;
(b) AAT, Sulfolobus solfataricus; (c) YAT, human; (d) YAT, rat; (¢) CobC pro-
tein, Pseudomonas; (f) lysine decarboxylase, Hafnia alvei; (g) ornithine decar-
boxylase, E. coli; (h) HPAT, Bacillus subtilis; (i) HPAT, E. coli; (j) HPAT,
Haloferax volcanii; (k) HPAT, Salmonella typhimurium; (1) HPAT, Streptomy-
cete; (m) HPAT, Saccharomyces cérevisiae; (n) hypothetical protein, B. subtilis;
(o) aromatic amino acid aminotransferase, E. coli; (p) AAT, E. coli; (q) AAT, S.
cerevisiae, cytoplasmic; (r) AAT, chicken, cytoplasmic; (s) AAT, horse, cyto-
plasmic; (t) AAT, human, cytoplasmic; (u) AAT, mouse, cytoplasmic; (v) AAT,
pig, cytoplasmic; (w) AAT, rat, cytoplasmic; (x): AAT, chicken, mitochondrial;
(y) AAT, turkey, mitochondrial; (z) AAT, horse, mitochondrial; (A) AAT, hu-
man, mitochondrial; (B) AAT, mouse, mitochondrial; (C) AAT, pig, mitochon-
drial; (D) AAT, rat, mitochondrial; (E) AAT, lupine, P2-root; (F) AAT, lupine,
Pl-root; (G) AAT, alfalfa, leaf; (H) AAT, Panicum miliaceum, isoenzyme 1; (I)
AAT, P. miliaceum, isoenzyme 2; (J) AAT, P. miliaceum, isoenzyme 3.
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223 ..296
HNPTGTLFSPNDVKKIVDISR—DNKIILLSDEIYDNFVYEGKMRSTLE-—DSDWRDF-LIYVNGFSKTFSMTGWRLG
- SNPCGSVFSKRHLQKILAVAA—RQCVPILADEIYGDMVFSDCKYEPLA——TLSTDVP-ILSCGGLAKRWLVPGWRLG
- SNPCGSVFSKRHLQKILAVAE—RQCVPILADEIYGDMVFSDCKYEPLA——NLSTNVP-ILSCGGLAKRWLVPGWRLG
NNPTGRALAPAELLAI—AARQKASGGLLLVDEAFGDLE-P———QLSVA—'GHASGQGNLIVFRSFGKFFGLAGLRLG
NNPTGTYTSEGELLAFLE—-RVPSRVLVVLDEAYYEYV—TAEDYPETV——PLLSKYSNLMILRTFSKAYGLAALRVG
HNPTGSVLPREELVELAE~—SVEEHTLLVVDEAYGEFA———-EEPSAI—TDLLSEYDNVAALRTFSKAYGLAGLRIG
NNPTGQLINPQDFRTLLELTRGK—-AIVVADEAYIEFC-PQA—-—SLA-—GWLAEYPHLAILRTLSKAFALAGLRCG
NNPTGQLINPQDLRTLPELTRGK——AIVVADEAYIEFC—PQA———TLT-—GWLVEYPHLVILRTLSKAFALAGLRRG
GNPTGAKIKTSLIEKVLQ-NWDN——GLVVVDEAYVDFC—GGS——~T-A——PLVTKYPNLVTLQTLSKSFGLAGIRLG
NNPTGTAVPAETVLALYEAAQAAKPSMVVVDEAYIEFS—HGA—-—SLL—~PLLDGRPNLVVSRTMSKAFGAAGLRLG
HNPTGVDPTLEQWEQIRQLIRSKSL-LPFFDSAYQGFASGSLDADAQPVRLFVADGGELLVAQSYAKNMGLYGERVG
HNPTGVDPTTEQWEQIRKLLRSKAL—LPFFDSAYQGFASGSLDIDAQAVRLFVADGGELLLAQSYAKNMGLYGERVG
HNPTGVDPTIDQWEQIRQLMRSKSL-LPFFDSAYQGFASGSLDKDAQPVRMFIADGGELLMAQSYAKNMGMYGERVG
HNPTGIDPTPEQWEKIADVIQEKNH—IPFFDVAYQGFASGSLDEDAASVRLFVARGLEVLVAQSYSKNLGLYAERIG
HNETGVDPRPEQWKEIATLVKKNNL—FAFFDMAYQGFASGDGNKDAWAVRYFIEQGINVCLCQSYAKNMGLYGERVG
HNPTGVDPRPEQWKEMATLVKKNNL—FAFFDMAYQGFASGDGNKDAWAVRHFIEQGINVCLCQSYAKNMGLYGERVG
HNPTGVDPRPEQWKEIATVVKKRNL-FAFFDMAYQGFASGDGDKDAWAVRHFIEQGINVCLCQSYAKNMGLYGBRVG
HNPTGVDPRPEQWKEIASVVKKKNL-FAFFDMAYQGFASGDGDKDAWAVRHFIEQGINVCLCQSYAKNMGLYGERVG
HNPTGVDPRPEQWKEMAAVVKKKNL—FAFFDMAYQGFASGDGDKDAWAVRHFIEQGINVCLCQSYAKNMGLYGERVG
HNPTGVDPRQEQWKELASVVKKRNL-LAYFDMAYQGFASGDINRDAWALRHFIEQGIDVVLSQSYAKNMGLYGERAG
HNPTGVDPRPEQWKEMATLVKKNNL—FAFFDMAYQGFASGDINRDAWAVRHFIEQGINVVLSQSYAKNMGLYGERAG»
HNPTGVDPTEEQWREISHQFKVKKH—FPFFDMAYQGFASGDPERDAKAIRIFLEDGHQIGCAQSYAKNMGLYGQRVG
HNPTGVDPTEEQWREISHQFKVKKH—FPFFDMAYQGFASGDPERDAKAIRIFLEDGHQIGCAQSYAKNMGLYGQRVG
HNPTGTDPTPDEWKQIAAVMKRRCL—FPFFDSAYQGFASGSLDKDAWAVRYFVSEGFELFCAQSFSKNFGLYNERVG
HNPTGTDPTPEQWKQIASVMKRRFL-FPFFDSAYQGFASGNLDRDAWAVRYFVSEGFELFCAQSFSKNFGLYNERVG
HNPTGTDPTPEQWKQIASVMKRRFL-FPFFDSAYQGFASGNLEKDAWAIRYFVSEGFELFCAQSFSKNFGLYNERVG
HNPTGIDPTPEQWKQIASVMKRRFL-FPFFDSAYQGFASGNLERDAWAIRYFVSEGFEFFCAQSFSKNFGLYNERVG
HNPTGTDPTPEQWKQIAAVMQRRFL-FPFFDSAYQGFASGDLEKDAWAIRYFVSEGFELFCAQSFSKNFGLYNERVG
HNPTGTDPTEEEWKQIAAVMKRRFL-FPFFDSAYQGFASGDLEKDAWAIRYFVSEGFELFCPQSFSKNFGLYNERVG
HNPTGLDPTSEQWVQIVDAIASKNH-IALFDTAYQGFATGDLDKDAYAVRXXLSTVSPVFVCQSFAKNAGMYGERVG
HNPTGIDPTLEQWQTLAQLSVEKGW-LPLFDFAYQGFARG-LEEDAEGLRAEAAMHKELIVASSYSKNFGLYNERVG
HNPTGADLTNDQWDAVIEILKAREL-IPFLDIAYQGFGAG—MEEDAYAIRAIASAGLPALVSNSFSKIFSLYGERVG
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Figure 3 Segment of a multiple alignment of the proteins in the tree in Fig. 2,
excluding four (proteins a, f, g, and n) that do not give significant alignments in
this region. The key is as in Fig. 2. A deletion is represented by a dash.

Secondary structures predicted for proteins b, c, d, e, h, j, k, 1, and m (the left .

branch of the tree in Fig. 2) are shown below the alignment (1), above secondary
structures determined by crystallographic analysis for proteins p (2) and r (3).
Especially noteworthy is the prediction of an af unit preceding, and an o, unit
following, the segment where the alignment is statistically significant. The
alignment in these regions is not shown. :

Reconstructed Sequences of Ancient Proteins

Points in an evolutionary tree correspond to protein intermediates in the
evolution of the protein family. Using the appropriate Dayhoff matrix,
sequences for these ancient proteins can be reconstructed in a probabi-
listic form. In a reconstructed sequence, each position is represented by a
vector of unit length in 20-dimension space, where the component of the
vector in each of the 20 dimensions is the probability that each of the 20
amino acids was present in this protein at this position. Part of the prob-
abilistic sequence for the reconstructed histidinol phosphate aminotrans-
ferase from the most recent common ancestor of Bacillus (a eubacteri-
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um), Haloferax (an archaebacterium), and Saccharomyces (a eukaryote)
(the left branch of the tree in Fig. 2) is given in Table 2.1

With many contemporary sequences, a high branching order of the
tree, and a slow rate of divergence, ancestral sequences can often be
reconstructed with remarkable precision. For example, for the protein
family that includes elongation factor la, more than 71% of the 478
positions in the reconstructed proto-eukaryotic sequence are recon-
structed with more than 90% probability (Table 3). An ancient protein
with a well-defined probabilistic sequence can be made and studied in
the laboratory. The first example of an ancestral protein from an extinct
organism to be made and studied was a ribonuclease from the most
recent common ancestor of swamp buffalo, river buffalo, and ox, corres-
. ponding in the fossil record approximately to the fossil organism
Pachyportax latidens (Stackhouse et al. 1990).

Predicting and Designing Protein Folds

Converting sequence data into conformational data has been among the
most difficult challenges in structural biology. In fact, there are two chal-
lenges. The first is to design de novo proteins that fold in solution in a
productive way (i.e., to form stable folded structures and catalyze reac-
tions). The second is to predict de novo (i.e., without input of crystal-
lographic data) the folded structure of natural proteins. Both problems
have now been addressed in specific cases, and there is reason to believe
that the approach that yielded the best solutions will apply, if not to all
protein structures, at least to a large subset of them. For the purposes of
this chapter, it is important only to know that solutions to these problems
have improved substantially and to understand how they might be used
in reconstructing ancient forms of life.

In protein design, the first polypeptides designed to fold in solution
and catalyze reactions have been prepared, and their structure in solution
has been proven (Johnsson et al. 1990). In one case, the catalytic mech-
anism of the designed enzyme has been explored in detail (Johnsson et
al. 1990; K. Johnsson, unpubl.). These experiments provide a chemical
basis for assumptions regarding how catalytically active proteins
originated (see below). Likewise, the design of catalytic proteins yields

ISequence data allow the calculation only of the most probable sequences for specified points in
an evolutionary tree. These trees are, however, "umrooted"; the sequence data alone do not define a
point on the tree that is geologically the most ancient protein sequence. Such points can only be
specified given additional biological information and are less precisely defined for more ancient
branch points than for more recent branch points. As a convention, we reconstruct here ancient se-
quences indicated by the circle on the tree, representing the center of gravity of the tree. This is a
formalism; probabilistic sequences corresponding to all other points are also available. However, this
point generally falls within the region of the tree where the root is likely to lie.
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Table 3 Ancestral sequences of elongaﬁon factors 1o and Tu

Probability of most
) . No. of sequences Length of probable amino acid®
Protein in family ~ ancestral sequence  90-99% 99%  100%
Proto-eukaryotic EF-1a 26 478 36 1243 65
Proto-eubacterial ET-Tu 19 475 85 115 0
Proto-archaeal EF-1a/Tu 6 442 35 226 2
Protogenomic EF-1a/TuP 51 530 115 41 0

#Value indicates the percent probability of the most probable amino acid at this position in fam-
ily ancestral sequence.
See footnote 1.

an understending of which reactions are easy to catalyze, which are dif-
ficult to catalyze, and what chemical structures are needed for catalysis.
This brings at least some much-needed chemical rigor to speculations
concerning primitive catalysts (see below).

Likewise, methods for predicting de novo the folded structure of
proteins have advanced substantially over the past 5 years. To date,
structures of at least three protein families have been predicted before
crystallographic data were available where the predictions were shown to
be remarkably accurate by subsequently determined crystal structures:
the ap-barrel domain of tryptophan synthase (Crawford et al. 1987;
Hyde et al. 1988), the catalytic domain of protein kinase (Benner and
Gerloff 1991; Knighton et al. 1991), and the extracellular domain of the
human growth hormone receptor (Bazan 1990; de Vos et al. 1992). The
only successful methods to date for predicting de novo the folded struc-
ture of proteins start with an alignment of homologous sequences. The
most reliable of these methods extracts information from patterns of vari-
ation and conservation within a set of aligned homologous sequences
(Benner 1989b; Benner and Gerloff 1991). Secondary structure can now
be predicted with reasonable certainty for proteins for which a number of
homologous sequences are known. Assignments of active-site residues,
covariation analysis, and biochemical information (positions of S-S
bonds and cross-linking studies) allow the predicted secondary structural
units to be assembled to yield a model of the folded protein.

It is well known that secondary and tertiary structure in proteins
diverges less rapidly than primary structure (Chothia and Lesk 1986).
Motifs and consensus sequence elements also can indicate distant rela-
tionships that are sometimes not identified by sequence comparisons
(Dever et al. 1987; Bairoch 1992), although these methods have proven
on occasion to be quite unreliable (Bork 1992). If crystal structures are
available for two families of proteins, alignments emphasizing structural
similarities can establish homology in cases where sequence alignments
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alone might be unconvincing (Taylor and Orengo 1989; Valencia et al.
1991). Reliable structure predictions can replace crystal structures in this
process.

For example, the evolutionary tree in Figure 2 joins proteins in two
connected components? of the protein sequence database. Homology be-
tween these two sets of protein sequences is not strongly supported by
sequence similarity, as evident from inspection of the segment of the
multiple alignment (Table 2) produced by computational analysis. No
crystallographic data are available for any protein in the left branch of
the tree. It is possible, however, to predict de novo a secondary structure
for proteins in this branch using methods developed in Ziirich (Benner
1989b; Benner and Gerloff 1991). The predicted secondary structure for
the aligned and flanking regions is shown beneath the alignment in Fig-
ure 3. The secondary structure predicted for the left branch of the tree
(Fig. 2) corresponds well to the secondary structure obtained crystal-
lographically for aspartate aminotransferases from eubacteria and
eukaryotes from the right branch. The correspondence between a reliable
predicted secondary structure in one branch of the tree with crystal-
lographically determined secondary structures of representative proteins
in a second branch secures what would otherwise be a marginal
hypothesis regarding homology between the two branches.

Models for Understanding the Evolution of
Protein Structure and Behavior

" Natural selection targets the properties of the folded sequence that con-

tribute to survival and reproduction in the host organism. Issues related
to function and survival are formulated in three ways (Benner and Elling-
ton 1988). First and most classically, the sequence of a macromolecule
determines its behavior, and much work in contemporary biochemistry
focuses on the relationship between sequence and behavior. Second, be-
havior determines survival value. Finally, the survival value is itself
determined by protein sequence. This final relationship has been the
most difficult to probe, although much of the discussion of macro-
molecular evolution (e.g., molecular clocks) has been based on assump-
tions regarding this relationship (Lewin 1988). :

It is now possible to distinguish (at least at the level of hypothesis)
adaptive, neutral, and historical behaviors in biological macromolecules
(Benner and Ellington 1990b). The stereospecificity of metabolic trans-

2Connected components are families of proteins within the database related by specific criteria,
in this case a PAM distance of less than 200, a similarity score of >125, and a match length of >80
positions.
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formations (Benner et al. 1990), the kinetic details of enzymatic reactions
(Albery and Knowles 1976; Benner 1989a), and the form and nature of
metabolic pathways (Benner et al. 1989) are three that have been exam-
ined in special detail. Adaptive differences influence survival. Neutral
differences do not. Historical behaviors are those that, although not
themselves adaptive in the contemporary world, are vestiges of ancient
structures that were adaptive or that arose as a result of particular con-
straints in the evolution of earlier forms of life. The last are the most
relevant here, as constraints imposed in a world where RNA was the sole
genetically encoded macromolecule, or those imposed by nonbiological
chemical reactions, can greatly influence models of the organisms that
arose in these environments.

The Reactivity of Organic Molecules

Structure-reactivity theory from organic chemistry constrains specula-
tions concerning what types of reactions are plausible in primitive
catalytic systems. Such constraints are often lacking in the discussion of
catalysis, especially by RNA molecules. A few comments are relevant in
the present context. ,

First, most functionalized macromolecules catalyze reactions. The
catalytic power depends on what kind of functional groups the macro-
molecule bears and what the reaction is. Some reactions are considerably
more difficult to catalyze than others, and an understanding of structure-
reactivity theory, in particular stereoelectronic theory, allows one to
evaluate which reactions belong to which classes (Benner 1988). Proteins
presumably came to be the predominant catalysts in the modern world
because they carry more encoded functional groups than RNA molecules
(Benner et al. 1987). Even with RNA, however, structure theory suggests
that the problem is to control catalytic power in RNA, not to create it.

An understanding of chemical reactivity is also crucial for
reconstructing ancient forms of life. For example, the most convincing
case for an RNA world comes from the fact that many biological cofac-
tors contained RNA fragments that play no role in the chemical reac-
tivity of the cofactor in the contemporary world (White 1976; Visser and
Kellogg 1978; Benner et al. 1989). Such behavior is presumably a
vestige of a world where RNA was the primary biological macro-
molecule, because the absence of a function in the contemporary world
(and, indeed, abundant examples of alternative structures in con-
temporary organisms that performed the same chemistry without the
RNA fragment) precludes any functional reasons to create such struc-
tures in any other environment.
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Finally, chemistry becomes a still more powerful tool by allowing
scientists to ask "What if?" and "Why not?" Many of these questions are
directed toward nucleic acid structure. For example, Figure 4 shows six
isomorphic Watson-Crick base pairs constructed from 12 different purine
and pyrimidine base analogs. In principle, oligonucleotides could in-
corporate all 12 bases, potentially providing an RNA molecule with
much of the structural versatility of proteins (Switzer et al. 1989; Pic-
cirilli et al. 1990). The only way to learn why Nature did not avail itself
of this structural banquet is to make, by chemical synthesis, the bases
themselves and to study their chemistry. Hexose DNA (Eschenmoser and
Loewenthal 1992), floppy DNA (Schneider and Benner 1990), DNA
with unnatural bases, DNA with altered linking groups (Huang et al.
1991), and a variety of other unusual structures (Van der Woerd et al.
1987) now grace the chemical literature, all synthesized to answer the
question "Why not?"

GENERAL VIEWS CONCERNING DIVERGENT EVOLUTION
IN PROTEINS

A systematic analysis of divergent evolution of protein macromolecules
casts new light on a wide range of widely held beliefs concerning macro-
molecular evolution. We cannot review more than a few of these, but the
discussion below should encourage caution throughout.

Molecular Clocks

If the rate of accumulation of point mutations is a constant function of
time, it should be possible to assign a chronological date to the
divergence of two lineages simply by a comparison of protein sequences.
In the absence of dated fossils, this is one of the few approaches avail-
able for obtaining such chronology. Not surprisingly, many have hoped
that such a "molecular clock" exists (Lewin 1988).

Although the divergence of nonfunctional (neutral) aspects of macro-
molecular sequences (e.g., codon use) may display clock-like behavior, it
is clear from rigorously constructed evolutionary trees (e.g., Fig. 2) that
this is not generally the case for functional sequences (see also Jukes and
Holmquist 1972). In such trees, the lengths of the lines (representing the
number of accepted point mutations) between the ends of the branches
(representing contemporary sequences) and the common branch points
are variable, even though the time interval in each case is identical. Thus,
assigning chronological dates for branch points in an evolutionary tree
remains problematic (see below).
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Exon Shuffling

In essentially all protein families that participate in central metabolism,
divergence of function has been accomplished through the accumulation
of point mutations, insertions, and deletions. Overall, these processes be-
have approximately statistically. The family of proteins represented by
the tree in Figure 2 is an excellent example of this.

There is essentially no evidence in metabolic enzymes for modular
behavior (e.g., domain shuffling), either for developing primitive
catalysts or for altering the function of advanced enzymes. Rather,
modular behavior is observed primarily in proteins involved in advanced

" regulatory systems in advanced organisms; in particular, proteins in-

volved in the immune system, blood clotting, and other regulatory path-
ways that emerged only within the last 400 million years. The particular
attention paid to these types of proteins by contemporary molecular
biologists has, we believe, created the illusion that domain shuffling is
more widespread (and more ancient) than it actually is.

Recruitment of Proteins and Deletion-replacement
Events

Protein families containing two (or more) types of catalysts suggest a
process of "recruitment," where an enzyme performing one function is
recruited (often following gene duplication) to perform a second func-
tion. Recruitment presents special challenges in reconstructive efforts,
because it is difficult to decide which of the two functions was performed
by the common ancestral protein (i.e., which function is "primitive" and
which is "derived"). Preparation of the ancestral proteins in the
laboratory (see above) is possible only in special cases. Furthermore,
whereas the derived function might have been created for the first time
by recruitment, it is also possible that the ancestral organism had
catalysts for both reaction types. If so, the recruitment was the second
step of a "deletion-replacement" event, where the gene encoding the en-
zyme for one reaction was lost and a replacement was obtained by
recruitment. Deletion-replacement events occurring on the laboratory
time scale have been well studied (Li et al. 1983).

The frequency of deletion-replacement events is unknown, although
inspection of the connected components obtained from the exhaustive

- matching (Gonnet et al. 1992) can provide a guess. Of the approximately

70 connected components that contain an archaebacterial sequence and a
sequence from at least one other kingdom (Table 4, A-E), 16 (22%) con-
tain enzymes catalyzing more than one type of reaction. It is difficult to
know whether this overestimates or underestimates actual recruitment
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events. The criteria used to construct the connected components are quite
liberal (footnote 2), and several of these trees almost certainly include
proteins that are not homologs as a result (see notes to Table 4). This ’
suggests that we will overestimate the frequency of deletion-replacement
events by using this sample. However, the connected components may
not include some homologous proteins that perform different functions
where significant sequence similarity no longer remains. Furthermore,
the sequence database is far from complete. These factors suggest that
we have underestimated the frequency of deletion-replacement events.

Nevertheless, deletion-replacement events follow rules (Benner et al.
1989). For an existing enzyme performing a specific biological function
to be replaced, it first must be deleted to yield an organism that lacks, at
least for a time, this function. The more "lethal" the deletion is, the more
difficult a deletion-replacement event. Furthermore, deletion-replace-
ment events are more likely in an organism that already contains an en-
zyme that catalyzes a reaction chemically similar to that catalyzed by the
deleted enzyme; this enzyme is ready to be recruited following a relative-
ly small number of structural alterations. This implies that deletion-
replacement events occur most rapidly in an organism that has a wide va-
riety of enzyme types.

Although the literature occasionally focuses on conservation of bind-
ing sites (Yeh and Ornston 1980), conservation of catalytic mechanism is
far more important during divergent evolution. For example, in the
evolutionary tree indicated in Figure 2, at least three reaction types are
represented. All require pyridoxal cofactors, however. The tree also sug-
gests a solution to a particular biochemical puzzle in the literature: What
is the enzymatic function of the cobC (entry e in Fig. 2), a genetic entity
involved in the biosynthesis of vitamin By, in Pseudomonas? (Crouzet et
al. 1990). The literature suggests, on the basis of complementation and
other biological data, that cobC encodes an amidase. However, there is
clear homology between the cobC protein and several aminotransferases
and decarboxylases dependent on pyridoxal. This evolutionary informa-
tion coupled with chemical information concerning the biosynthesis of
B,, makes it more likely thaf cobC protein is a threonine decarboxylase.

RECONSTRUCTING EARLY FORMS OF LIFE

With these tools in hand, we can begin to reconstruct detailed models for
~ the biochemistry of ancient forms of life. This reconstruction proceeds
stepwise; the metabolism of the "proto-mammal," the "proto-animal," the
"proto-plant," the "proto-fungi," and the "proto-eukaryote" are recon-
structed in this order. The prefix "proto-" is used exactly as in the field of
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historical linguistics (Lehmann 1973; Benner and Ellington 1990a),
where it designates a language reconstructed from descendant languages
using a principle of parsimony and rules for transformation (e.g., "proto-
Indoeuropean").

Most interesting in the context of this volume is the organism contain-
ing the "protogenome," the genome in the most recent common ancestor
of archaebacteria, eubacteria, and eukaryotes (Benner and Ellington
1990a). We therefore jump directly back to this organism, a leap that
takes us back over 1 billion years and omits, unfortunately, much impor-
tant discussion of evolution in the intervening period.

The Protogenome: The Most Recent Common
Ancestor of Archaebacteria, Eubacteria, and -
Eukaryotes

Reconstruction of the protogenome (Benner and Ellington 1990a) begins
with sequence data for proteins performing analogous functions in the
three kingdoms of life (Balch et al. 1977; Woese and Fox 1977). Two
situations can exist. First, proteins having analogous biological functions
in archaebacteria, eubacteria, and eukaryotes might be found in
homologous forms in all three kingdoms. In this case, the protogenomic
sequence can be reconstructed (see above), and the function can be
placed in the protogenome. The possibility that the protein appéars in
homologous form in all three kingdoms via lateral transfer of genetic in-
formation is generally discounted, unless the gene is plasmid-encoded or
if lateral transfer is indicated on other grounds. For example, the gas
vacuolar protein is homologous in the archaebacterium Halobacterium
halobium and the eubacterium Pseudoanabaena (Horne and Pfeifer
1989). However, because a version of the gene is plasmid-borne (Das-
sarma et al. 1987), the contact between these organisms in brines is in-
timate, and the gene is unconnected with a metabolic pathway, the pos-
sibility of lateral transfer cannot be ignored.

Second, proteins performing analogous biological roles in archaebac-
teria, eubacteria, and eukaryotes might not be homologous in all three
kingdoms. In this case, either the protogenome did not encode the func-
tion at all (implying that the function arose by independent convergent
evolution in all three kingdoms or by lateral transfer between kingdoms),
or it did encode the function, but the molecule encoded in the proto-
genome was replaced in one or more of the derived kingdoms.

Multiple deletion-replacement events in the three lineages derived
from the protogenome are normally considered improbable, except in
one particular case. If a reaction was catalyzed in the protogenome by a
riboenzyme, the possibility of multiple deletion-replacement events is
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presumably larger. Protein enzymes are (again presumably) more effi-
cient than riboenzymes because they have a larger repertoire of encoded
functional groups (see above). Thus, if a metabolic pathway is clearly as-
signed to the protogenome on independent grounds, but is catalyzed in
the descendant kingdoms by nonhomologous proteins, and if the function
is critical and the reaction unusual (implying that deletion-replacement
events are slow), the hypothesis that a riboenzyme encoded by the proto-
genome was replaced independently in the three kingdoms is considered
- plausible. This is the case, for example, with ribonucleotide reductases
(Benner et al. 1989).

Table 4 lists connected components in the current database containing
sequences from both archaebacteria and at least one other kingdom.
These are therefore families of proteins that might have common an-
cestors encoded by the protogenome. The list suggests two conclusions
of immediate significance. First, an analysis of the multiple alignments
for these connected components permits the reconstruction of more than
6,000 amino acids derived from at least 18,000 base pairs in the proto-
genome.3 The encoded proteins include at least 16 ribosomal proteins
and 20 enzymes, including proteins involved in replication (DNA-

gyrase), protein synthesis (DNA-directed RNA polymerases, elongation

factors), amino acid biosynthesis (tryptophan synthase, histidinol
phosphate aminotransferase), glycolysis (phosphoglycerate kinase), the
urea cycle (argininosuccinate lyase, carbamoyl phosphate synthase),
redox reactions (ferredoxins, NADH-ubiquinone oxidoreductase), and
ATP synthesis (ATP synthase). '

Table 4 also establishes that the metabolism encoded by the proto-
genome was rather complex (Fig. 5). Two enzymes from the glycolytic
pathway leading to the citric acid cycle (phosphoglycerate kinase and
citrate synthase) are rigorously reconstructed in the protogenome; a third
(glyceraldehyde-3-phosphate dehydrogenase) is tentatively assigned.
These reconstructions suggest that the protogenome coded for the full
glycolytic pathway as phosphoglycerate (the product of the reconstructed
phosphoglycerate kinase) is not likely to be an end product of metabo-
lism, nor is acetyl CoA (one substrate for the reconstructed citrate
synthase) likely to have been obtained from the diet. Such a hypothesis,
of course, is experimentally testable. For example, archaebacterial lactate

“dehydrogenases and enolases should exist and should be homologous to
their eubacterial and eukaryotic counterparts.

3To obtain this estimate, positions in the multiple alignments deleted in any of the proteins were
ignored. It must be noted that the 6000 amino acids representing 36 proteins do not indicate an aver-
age protein size of 166 amino acids for these proteins in the last common ancestor of the three king-
doms, but rather that the amino acids can be reliably assigned in an average of 166 positions per
protein.




Reconstructing Ancient Life Forms 55

glucose ---------= »  glyceraldehyde-3-P
1,3-di-P-glycerate

|

3-P-glycerate

COg + NH4
—
\ 0AA

Y - Asp
- citruline ~.__ . citrate
. ) A

carbamoyl-P S~ N K

1] ;' \ k
A ot \ [
- - h .. '
. T
H arginino malate !
L}
\ succinate A i

l\ . ll

N ' ‘
~ A ’
N A ’
S N . .
So - N ~ ’ l'
-~ N
- Arg -~ L’ ‘
fumarate «____.--

Figure 5 Diagram of the central metabolism encoded by the protogenome, the
most recent common ancestor of the genome found in archaebacteria, eubac-
teria, and eukaryotes. Solid lines indicate metabolic reaction steps catalyzed by
enzymes that can be reconstructed in the most recent common ancestor of ar-

chaebacteria, eubacteria, and eukaryotes. Broken lines indicate metabolic steps.

implied on chemical grounds from the reconstructed enzymes but catalyzed by
enzymes yet to be reconstructed by sequence comparisons of homologous en-
zymes in all three kingdoms. The reconstruction of an ancestral malate
dehydrogenase enzyme catalyzing the oxidation of malate to oxaloacetate is
only poorly reconstructed. -

Furthermore, the reconstructed tryptophan synthase, aspartate
aminotransferase, and histidinol phosphate transaminase support the as-
sumption that the protogenome encoded the biosynthesis of the full
repertoire of amino acids. This assumption is, of course, also suggested
by the fact that the reconstructed proteins encoded by the protogenome
include all 20 proteinogenic amino acids found in contemporary
organisms.

The reconstructed protogenome all but disproves the prevailing view
that the most recent common ancestor of archaebacteria, eubacteria, and
eukaryotes was a "progenote," an organism with highly imprecise mech-
anisms for replicating and translating genetic information (Woese and
Fox 1977). Genome size and fidelity of handling of genetic information
are directly correlated (Eigen and Schuster 1977). A genome of a size
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needed to encode such a metabolism is sustainable only by reasonably
precise mechanisms for copying and translating genetic information.
 Rather interesting evidence that the protogenome did not live in a
progenote comes from the field of peptide design (see above). It has
proven relatively easy to prepare relatively small polypeptides that
catalyze the decarboxylation of oxaloacetate (Johnsson et al. 1990). It
therefore appears that a substantial fraction of random functionalized
polypeptides will catalyze destruction of oxaloacetate. An organism
without reasonable control over what peptides it makes would therefore
find oxaloacetate a problematic metabolic intermediate, because
oxaloacetate would not survive in a cell where proteins with imprecise
structures were being prepared. From the reconstruction, however, it is
clear that the protogenome lived in a cell with oxaloacetate as a metabol-
ic intermediate; at least two enzymes that use oxaloacetate as a substrate
(citrate synthase and aspartate aminotransferase) can be reconstructed
and placed in the protogenome. This implies that the protogenome en-
coded proteins that effected a metabolism involving oxaloacetate as a
metabolic intermediate, suggesting in turn that the protogenome was not
in a progenete.

Many pathways in contemporary organisms are missing from the
reconstructed protogenome, however. Enzymes requiring biotin are ab-
sent in the reconstruction at this point. Pathways for the biosynthesis of
straight-chain fatty acids are also absent; presumably, the protogenome
resided in cells with terpenoid membranes, as do contemporary ar-
chaebacteria. In contrast, there is no evidence to reconstruct enzymes in-
volved in methanogenesis, the classic metabolic pathway found in a
major branch of archaebacteria. Thus, archaebacteria appear to display
only some primitive traits, a statement that applies to each of the main
kingdoms, suggesting a certain inappropriateness of the name "ar-
chaebacteria" (and, unfortunately, its more recently suggested alterna-
tive, "Archaea") (Woese et al. 1990).

Assigning a chronological date to the protogenome is, of course, ex-
tremely difficult in view of the absence of a reliable molecular clock (see
above). It is possible, however, to reconstruct certain enzymes in the
protogenome that suggest that it lived in an environment where molec-
ular oxygen was available. Superoxide dismutase, gas vacuolar proteins,
and the C5 pathway involved in the synthesis of chlorophyll (Friedmann
et al. 1987; Kannangara et al. 1988) can all be assigned to the proto-
genome with varying degrees of reliability. Each of these is related in
some way to oxygen in the atmosphere. Superoxide dismutase removes
toxic products of oxygen metabolism. The gas vacuolar protein allows an
organism to float at a position in water relative to an oxygen-containing
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atmosphere. Chlorophyll is essentlal (at least in the contemporary world)
in the photosynthetic generation of molecular oxygen. Regardless of
whether these arguments are definitive, making a connection between the
protogenome and molecular oxygen is important in efforts to determine
when the protogenome lived. Geological records suggest that molecular
oxygen appeared on earth approximately 2.5 billion years ago. Fossil
records make almost certain that the three kingdoms diverged before 1
billion years ago. Thus, if the protogenome lived in an oxygen atmo-
sphere, it must have lived within these two limiting dates.

The Last Ribo-organism

In the metabolism encoded by the reconstructed protogenome, RNA is a
more important component of catalysis than in contemporary organisms.
RNA cofactors of all sorts are reliably placed in the protogenome, as is
ribosomal RNA. Additional catalytic activities (e.g., ribonucleotide
reductase) are also assigned to the protogenome in a riboenzymatic form
(Benner et al. 1989). It is now well recognized that these facts are con-
sistent with the presumption that the protogenome is itself derived from a
more ancient genome that encoded RNA catalysts exclusively (Rich
1962; White 1976; Visser and Kellogg 1978; Gilbert 1986; Orgel 1986).
It is useful to punctuate the episode in the history predating the
protogenome by a breakthrough: the invention of a translation apparatus
to translate an encoded mRNA (Benner et al. 1989). The breakthrough
organism separates life that possessed an mRNA from life that had RNA
as the sole genetically encoded component of biological catalysts.

Because information concerning only a single descendant lineage of
the breakthrough organism (that leading to the protogenome) is available,
rules of parsimony cannot.assist reconstructions of the breakthrough
organism. Rather, reconstructions must rely on rules of transformation
alone. The simplest of these identifies components of the protogenomic
metabolism that involve RNA performing roles where RNA is not an op-
timal chemical solution to the particular biochemical problem (Benner et
al. 1989). RNA used in this capacity is presumed to be a vestige of an
earlier time where RNA was the only available encoded molecule: the
RNA world. Thus, these roles are assigned to a reconstructed metabolism
for the breakthrough organism.

By applying this simple rule, one is forced to conclude that the last
ribo-organism had a relatively complex metabolism that included oxida-
tion and reduction reactions, aldol and Claisen condensations, trans-
methylations, porphyrin biosynthesis, and an energy metabolism based
on nucleoside phosphates, all catalyzed by riboenzymes (Benner et al.
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-

1989). It should be noted that this reconstruction cannot be weakened
without losing much of the logical and explanatory force of the RNA
world model. Nevertheless, the reconstructed metabolism of the break-
through organism has proven to be the most controversial aspect of the
"palimpsest" model (Maizels and Weiner 1987). .

Many of the ribozymes in the breakthrough organism evidently were
replaced by protein-based enzymes during the time separating the break-
through from the protogenome. These are deletion-replacement events,
governed by the rules noted above. The rate of deletion-replacement pro-
cesses was determined by two factors: the degree to which a deletion of
the riboenzyme would be lethal, and the possibility of finding a protein
already participating in the metabolism that catalyzed a reaction chemi-
cally similar to the reaction of the deleted riboenzyme. In all cases, the
rate of deletion replacement undoubtedly accelerated as the protein-based
metabolism became more versatile. Some riboenzymes proved to be ex-
tremely difficult to replace; those involved in the ribosome-based
synthesis of proteins apparently have survived until the present day (Nol-
ler et al. 1992). Others, such as the riboenzymes that encoded the conver-
sion of ribonucleotides to 2’-deoxyribonucleotides (the ribonucleotide
reductases) apparently resisted replacement until well after the diver-
gence of the descendants of the protogenome (Benner et al. 1989).

It is impossible to estimate the time interval separating the proto-
genome from the breakthrough organism, other than to say that it must
have been substantial. Each of the 36 or more proteins (with a total of
6000 encoded amino acids) apparently developed de novo in the interval
separating the protogenome from the breakthrough organism. Thus, there
is no reason to view the protogenome and the breakthrough genome as
being close, either in time or metabolically.

Earlier in the RNA World

The reconstructions presented here bring us only to the end of the RNA
world, the focus of this volume. Extrapolation further back in time is ex-
tremely difficult. As with the breakthrough organism, parsimony is un-
available to help us reconstruct events in the RNA world. Furthermore,
transformation rules (e.g., mutation matrices) for reconstructing the
evolution of catalytically functional nucleic acids are simply unavailable
at present. Transformation rules might at best come from a better under-
standing of ribosomal RNA, RNAs from snRNPs, and other catalytic
RNAs that are presumably vestiges of the RNA world. Even here, the
process is risky, because many popular proposals that contemporary
RNA molecules are vestiges of the RNA world, including the self-
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splicing introns from Tetrahymena (as a primitive vestige of the first
- self-replicating RNA molecule) and genomic tags (Weiner and Maizels
1987), are at best only weakly supported at this time by rigorous evolu-
tionary analysis.

Nevertheless, the reconstructed metabolism of the breakthrough
organism can influence models of earlier events and structures in the
RNA world itself. For example, in most models, translation was as-
sembled in an environment that is either prebiotic or primitive metaboli-
cally. The reconstructed metabolism of the breakthrough organism sug-
gests that this view is incorrect. Rather, translation apparently arose in a
relatively complex metabolic background provided by the breakthrough
organism. It is, of course, much easier to design a new catalyst (including
a catalyst for translating an mRNA) in a complex metabolic environment
than in a simple one. Because none of the reactions involved in
ribosome-based translation are exceptional (phosphate anhydride ex-
change, carboxylate ester formation, and aminolysis of a carboxylate
ester being the only types), and because the reconstructed metabolism of
the breakthrough organism contains several pathways that must have in-
volved riboenzymes catalyzing similar reactions, there is no need to
struggle to build models describing the origin of translation in the primi-
tive world.

Indeed, specific RNA-catalyzed metabolic processes in the recon-
structed breakthrough organism are plausible precursors for components
in the first ribozyme. For example, the charging of amino acids is chemi-
cally similar to the first step in the pathway for preparing porphyrins
reconstructed first in the protogenome on biochemical evidence (Fried-
mann et al. 1987), and from there to the breakthrough organism (Benner
et al. 1989).4

THE PYRIDOXAL PARADOX

Reconstructions take on additional significance when directed toward
specific problems in biological chemistry. Pyridoxal is perplexing in the
context of the palimpsest model. It is present in all three kingdoms (Noll
and Barber 1988) and therefore might be assigned to the protogenome
according to a rule of parsimony. However, unlike nicotinamide cofac-
tors, flavin cofactors, CoA, and ATP, for example, pyridoxal does not

4Sequence data suggest that the pyridoxal-dependent enzymes catalyzing the condensation of
glycine with succinyl CoA in eubacteria and eukaryotes are not homologous, suggesting that this
competing pathway for preparing aminolevulinate (without the need for an RNA cofactor) was not
encoded by the protogenome (Li et al. 1989).
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have an RNA substituent that identifies it as a cofactor originating in the
RNA world (Orgel 1968; White 1976; Visser and Kellogg 1978). In this
respect, it is similar to biotin. However, pyridoxal is unlike biotin in that
its chemistry is easily modeled, a characteristic suggested by Visser and
Kellogg (1978) for cofactors that originated in the RNA world. Although
pyridoxal is formally accessible by combination of ribose and glycer-
aldehyde phosphate, its biosynthesis in contemporary organisms remains
obscure (Hill et al. 1987), as do possible routes for nonbiological
synthesis. .

The enzymology of pyridoxal presents similar paradoxes. With
ATPases, dehydrogenases (e.g., dihydrofolate reductase), enzymes that
catalyze Claisen condensations (e.g., citrate synthase), and many other
classes of enzymes (e.g., polymerases), analogous enzymes in the three
kingdoms are generally homologous.> Building both trees and the recon-
structed protogenomic sequences is direct. When enzymes catalyzing dif-
ferent reactions have been recruited from enzymes within these families,
the derived function is generally apparent and not encoded by the proto-
genome (e.g., the sulfoxide reductases of connected component 1735 and
the lactase-phlorizin hydrolase of connected component 1685; Table 5).
There is little evidence for deletion-replacement events in central meta-
bolic enzymes, and there is no evidence for large amounts of lateral
transfer of genetic information between kingdoms.

This is not the case with pyridoxal-dependent enzymes. Consider just
one family of pyridoxal-dependent enzymes, those in Figure 2. Aspartate
aminotransferases (AAT) in this tree are found in all three kingdoms.
However, the tyrosine aminotransferase (YAT) and AAT from two dif-
ferent kingdoms (archaebacteria and eukaryotes) are more closely related
than YAT and AAT from the same kingdom (eukaryotes) (Cubellis et al.
1989). Furthermore, the AAT of Escherichia coli shares a common an-
cestor with the aromatic amino acid aminotransferase of E. coli (Fig. 2)
that acts on tyrosine. Parsimony suggests that the protoeubacterial pro-
tein transaminated aspartate (Fig. 6). Therefore, the common ancestor of
the entire family was, according to parsimony, also an AAT, and YATs

5Enzymes such as malate dehydrogenase and glyceraldehyde-3-phosphate dehydrogenase are
found in all three kingdoms; sequence analysis indicates in one case that there may be no significant
homology and in the other that the region of significant homology between all three kingdoms is
very small. Although these activities might be tentatively assigned to the last common ancestor,
complete reconstruction of ancestral malate and glyceraldehyde-3-phosphate dehydrogenases is not
yet possible. Recent results from the Caenorhabditis elegans genome project indicate that an ex-
pressed protein in C. elegans is homologous to archaebacterial malate dehydrogenase (Waterston et
al. 1992). This suggests that a new class of malate dehydrogenase is present in at least two of the
kingdoms. Elucidation of the structure of this second class of malate dehydrogenases (either by crys-
tallography or prediction after more homologous sequences have been obtained) should resolve the
question of the relationship between the two classes of malate dehydrogenase.
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were derived more than once from the ancestral AAT. Similarly, histi-
dinol phosphate aminotransferases were also derived, in the most par-
simonious model, from the ancestral AAT.

This implies either that there was no enzyme spemflcally catalyzing
transamination reactions involving tyrosine or histidinol phosphate in the
protogenome or that the enzymes catalyzing these transformations were
deleted and replaced by an enzyme derived from the ancestral aspartate
aminotransferase. Because the biosynthesis of tyrosine and histidine was
almost certainly encoded by the protogenome (see above), the second
case is more probable. This conclusion could, of course, be profoundly
altered by additional sequence data; in particular, those for an archaebac-
terial YAT. However, we might predict that archaebacterial YATs were
derived from archaebacterial AAT, if they are members of this family of
proteins at all.

A small number of deletion-replacement events in a lineage are not,
of course, excluded in the palimpsest model (Benner et al. 1989). How-
ever, we have invoked no fewer than three deletion-replacement events
to account for the sequences in this tree. Still more must be invoked in
the most parsimonious model describing other families of pyridoxal-
dependent enzymes. For example, connected component 4018 (Table 5)
contains enzymes essential for the biosynthesis of tryptophan, threonine,
cysteine, and branched-chain amino acids. Again, multiple deletion-
replacement events are required to account for these data, because en-
zymes involved in the biosynthesis of all these amino acids were
presumably encoded by the protogenome.

The situation becomes still more complicated when other pyridoxal
reactions are included. For example, the tree in Figure 2 includes some
amino acid decarboxylases dependent on pyridoxal cofactors; other
amino acid decarboxylases are found in other connected components
(Table 5). The pattern has perplexed many authors (Martin et al. 1988;
Mehta et al. 1989). Although decarboxylation of amino acids cannot as a
pathway be reconstructed in the protogenome, recruitments were appar-
ently still more prevalent within' pyridoxal enzymes. To make matters
worse, many decarboxylases do not use pyridoxal cofactors, even though
the intrinsic chemistry involved would be well suited for pyridoxal
chemistry. Instead, they use an enzyme-bound pyruvoyl residue (Recsei
and Snell 1984). These include enzymes that decarboxylate aspartate,
histidine, and S-adenosyl methionine and that are found in both eubac-
teria and eukaryotes. Furthermore, at least one enzyme, glycogen phos-
phorylase (from eubacteria and eukaryotes), uses pyridoxal phosphate as
a Bronsted acid (Madsen and Withers 1986). In chemical terms, the func-
tion of this catalytically essential pyridoxal phosphate could be fulfilled
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Figure 6 Schematic representation of the evolutionary tree in Fig. 2. Biological
information suggests that the most recent common ancestor X lies above the
curved dotted line. Functional parsimony indicates that X transaminated
aspartate. Y and Z connected to the tree by broken lines indicate possible posi-
tions where an as yet not determined archaebacterial tyrosine aminotransferase
might be treed. Introduction of an archaebacterial sequence at position Z does
not change the most parsimonious interpretation of function on the tree, but it
does indicate that the protogenome encoded @ YAT. If an archaebacterial YAT
sequence is treed at position Y, then the most functionally parsimonious
reconstruction of X is as a tyrosine aminotransferase. However, no YAT can be
assigned to the protogenome. -

just as well by a simple phosphate ester such as a nucleoside phosphate
or a phosphoserine residue. . :

More sequences, especially from archaebacteria, could of course alter
the most parsimonious representation of the data presently available.
Should this representation hold, however, there are three ways to account
for the paradoxical behavior of pyridoxal enzymes. First, it may be in-
trinsically easy to delete and replace protein enzymes that use pyridoxal
as cofactor. In this view, the protogenome encoded a full set of protein-
based pyridoxal-dependent enzymes that were involved in multiple
deletion-replacement events in the derived kingdoms. Supporting this
view are several facts. Mutagenesis studies suggest that altering substrate
specificity in pyridoxal enzymes is relatively easy (Cronin and Kirsch
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1988). Pyridoxal-dependent decarboxylases could arise readily from a
pyridoxal-dependent transaminase (and vice versa) (Smith et al. 1991).
In fact, some enzymes (e.g., aspartate-B-decarboxylase; Novogrodsky
and Meister 1964) have been shown to decarboxylate some amino acids
while transaminating others. Amino acids might readily be obtained in
the diet while recruitment is under way.

A second possibility derives from the hypothesis, noted above, that
deletion-replacement events are likely to be especially facile if the en-
zyme being deleted and replaced is a riboenzyme. In this view, placing
pyridoxal in the protogenome by a rule of parsimony is correct, but the
protogenome-encoded aminotransferases dependent on pyridoxal cofac-
tors were riboenzymes. The large number of deletion-replacement events
in the derived lineages thus reflect this fact. In this view, RNA-based
transaminases encoded by the protogenome were vestiges of the RNA
world and were found in the breakthrough organism.

However, a third possibility should be considered. It is possible that
pyridoxal was not in fact present in the most recent common ancestor,
but rather was invented later and appeared in the three kingdoms fol-
lowed by extensive lateral transfer once it was available and its unique
chemical properties were appreciated. Just as with random peptides that
destroy oxaloacetate (see above), considerations of the chemical reac-
tivity of pyridoxal phosphate support this view. In the absence of any
protein catalyst, pyridoxal catalyzes many irreversible reactions
(Longenecker et al. 1957; Senda et al. 1977); this implies that sophisti-
cated protein-binding sites (Visser and Kellogg 1978) are needed to con-
trol the reactivity of the cofactor. Furthermore, if unconstrained by a
binding site, pyridoxal phosphate should lose the 5-phosphate group dur-
ing its catalytic cycle (Benner 1988). Finally, the existence and evolu-
tionary positions of pyruvoyl-dependent decarboxylases fit this view
well, as do available data concerning the biosynthesis of pyridoxal. '

We are unable to say at this time which model is correct, although the
last seems to us to be the most plausible. If it is true, the suggestion of
massive lateral transfer is most interesting, both for future efforts to use
simple parsimony analysis for the reconstruction of models for ancient
organisms and for evolutionary biology in general.

CONCLUSIONS AND PERSPECTIVES

A rigorous analysis of the divergent evolution of protein sequences and
an integrated theory combining structural theory from chemistry and
evolutionary theory from biology have provided the tools needed to ad-
dress several important problems in structural biology. We can now con-
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struct high-quality alignments of protein sequences, predict reasonably
well the conformation of proteins, design catalytic peptides de novo, and
manipulate macromolecular structure in both proteins and nucleic acids.
These and other tools sustain construction of preliminary models of the
history of life on earth following the breakthrough that produced the first
translation systems. The results of these reconstructions alter, often pro-
foundly, our view of how life has evolved. If sequencing, enzymological,
and design efforts continue at their present pace, and especially if they
include an increased focus on archaebacterial systems, it should be pos-
sible at the end of the next decade to obtain definitive models for the
protogenome and, perhaps, the breakthrough organism, tracing the
molecular history of life back approximately 2.5 billion years before
present.
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