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I. INTRODUCTION
A. ROLE FOR HISTORY IN MOLECULAR BIOLOGY

The structures that we find in living systems are the outcomes of random
events. These are filtered through processes described by population
dynamics and through natural selection to generate macroscopic,
microscopic, and molecular physiology. The outcomes are, of course,
constrained by physical and chemical law. Further, the outcome is limited
by the Darwinian strategy by which natural selection superimposed on
random variation searches for solutions to biological problems. The
Darwinian strategy need not deliver the best response to an environmental
challenge; indeed, it may deliver no response that allows a species to avoid
extinction. The outcomes of evolutionary mechanisms therefore reflect
history as much as optimization.

It is therefore not surprising that biology finds its roots in natural history.
The classical fields in this classical discipline include systematic zoology,
botany, paleontology, and planetary science. Here, seemingly trivial details
(such as the physiology of the panda’s thumb) have proven enlightening to
naturalists as they attempt to understand the interplay of chance and
necessity in determining the outcome of evolution (Gould, 1980; Glenner
et al., 2004). These roots in natural history are not felt as strongly in modern
molecular biology, however. Molecular biology emerged in the twentieth
century as an alliance between biology and chemistry. The alliance has
been enormously productive, but largely without reference to systematics,
history, or evolution. Today, we have the chemical structures of millions of
biomolecules and their complexes: as small as glucose and as large as the
human genome (Venter et al., 2001). X-ray crystallography and nuclear
magnetic resonance spectroscopy locate atoms within biomacromolecules
with precisions of tenths of nanometers. Biophysical methods measure the
time course of biological events on a microsecond scale (Buck and Rosen,
2001). These and other molecular characterizations, written in the language
of chemistry, have supported industries such as drug design and foodstuff
manufacture, all without any apparent need to make reference to the history
of their molecular components or the evolutionary processes that generated
them.

The success of this reductionist approach has caused many molecular
biologists to place a lower priority on historical biology. Indeed, the
archetypal molecular biologist has never studied systematics, paleontology,
or Earth science. The combination of chemistry and biology has generated
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so much excitement that history seems no longer to be relevant, and
certainly not necessary, to the practice of life science or the training of life
scientists.

Nearly overlooked in the excitement, however, has been the failure of
molecular characterization, even the most detailed, to generate something
that might be called ‘“‘understanding.” The human genome provides an
example of this. The genome is itself nothing more (and nothing less) than a
collection of natural product structures. Each structure indicates how
carbon, hydrogen, oxygen, nitrogen, and phosphorus atoms are bonded
within a molecule that is special only in that it is directly inherited. It has
long been known to natural product chemists that such biomolecular
structures need not make statements about the function of the biomolecule
described, either in its host organism or as the host organism interacts with
its environment to survive and reproduce. This has poven to be true for
genomic structures as well.

Genomic sequences do offer certain opportunities better than other
natural product structures when it comes to understanding their function.
Comparisons of the structures of genes and proteins can offer models for
their histories better than comparisons of the structures of other natural
products (Hesse, 2002). As was recognized nearly a half century ago by
Pauling and Zuckerkandl (1963), a degree of similarity between two gene
or protein sequences indicates, to a degree of certainty, that the two proteins
share a common ancestor. Two homologous gene sequences may be aligned
to indicate where a nucleotide in one gene shares common ancestry with a
nucleotide in the other, both descending from a single nucleotide in an
ancestral gene. An evolutionary tree can be built from an alignment of
many sequences to show their familial relationships. The sequences of
ancestral genes represented by points throughout the trees can be inferred,
to a degree of certainty, from the sequences of the descendent sequences at
the leaves of the tree.

The history that gene and protein sequences convey can then be used to
understand their function. In its most general form, the strategy exploits the
truism that any system, natural or human-made, from the QWERTY
keyboard to the Federal Reserve banking system, can be better understood
if one understands both its structure and its history.

Much understanding can come first by analyzing the sets of homologous
sequences themselves. Thus, credible models for the folded structure
of a protein can be predicted from a detailed analysis of the patterns of
variation and conservation of amino acids within an evolutionary family
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(Benner et al., 1997a; Gerloff et al., 1999; Rost, 2001), if these are set
within a model of the history of the family (Thornton and DeSalle, 2000).
The quality of these predictions has been demonstrated through their
application to protein structure prediction contests as well as through the
use of predicted structures to detect distant protein homologs (Benner and
Gerloff, 1991; Gerloff et al., 1997; Tauer and Benner, 1997; Dietmann
and Holm, 2001). More recently, analysis of patterns of variation and
conservation in genes is used to determine whether the gross function of a
protein is changing and which amino acids are involved in the change
(Gaucher et al., 2001, 2002; Bielawski and Yang, 2004).

Computer analysis of protein sequences from an evolutionary
perspective has emerged as a major activity in the past decade. Here, sets
of protein sequences are studied computationally within the context of an
evolutionary model in an effort to better connect evolving sequences with
changing function. Our purpose is to review strategies that go beyond
simple computational manipulation of gene and protein sequences. In this
review we explore experiment as a way to exploit the history captured
within the chemical structures of DNA and protein molecules.

Our focus will be the emerging field known variously as experimental
paleogenetics, paleobiochemistry, paleomolecular biology, and paleosys-
tems biology. Practitioners of the field resurrect ancient biomolecular
systems from now-extinct organisms for study in the laboratory. The field
was started 20 years ago (Nambiar et al., 1984; Presnell and Benner, 1988;
Stackhouse et al., 1990) for the specific purpose of joining information
from natural history, itself undergoing a surge of activity, to the chemical
characterization of biomolecules, with the multiple intents of helping
molecular biologists select interesting research problems, generating
hypotheses and models to understand the molecular features of biomole-
cular systems, and providing a way of experimentally testing historical
models.

The field has now explored approximately a dozen biomolecular
systems (Table 1). These include digestive proteins (ribonucleases,
proteases, and lysozymes) in ruminants to illustrate how digestive function
arose from nondigestive function in response to a changing global
ecosystem, fermentive enzymes from fungi to illustrate how molecular
adaptation supported mammals as they displaced dinosaurs as the dominant
large land animals, pigments in the visual system adapting to function
optimally in different environments, steroid hormone receptors adapting to
changing function in steroid-based regulation of metazoans, and proteins
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TABLE 1
Examples of Molecular Resurrections®

Extant Genes

Ancestral Gene
Resurrected

Approximate Age
(million years)

References

Digestive
ribonucleases

Digestive
ribonucleases
Lysozyme

L1 retroposons
in mouse
Chymase proteases

Sleeping Beauty
transposon

Tcl/mariner
transposons

Immune RNases

Pax transcription
factors
SWS1 visual
pigment
Vertebrate
rhodopsins
Fish opsins
(blue, green)
Steroid hormone
receptors
Yeast alcohol
dehydrogenase
Green fluorescent
proteins
Isocitrate
dehydrogenase
Isopropylmalate
dehydrogenase
Isocitrate
dehydrogenase
Elongation factors

Ancestor of buffalo
and ox

Digestive RNases in
the first ruminants

Ancestral bird
lysozyme

Ancestral rodent
retrotransposon

Ancestral ortholog
in LCA of mammals

Active ancestral
transposon from fish

Ancestral paralog
genomes of eight
salmonids

Ancestral ortholog
LCA of higher
primates

Ancestral paralog

Ortholog in LCA
of bony vertebrates
Archosaur opsins

Fish opsins
Ancestral paralog

Enzyme at origin of
fermentation

Ancient fluorescent
proteins

Ancestral eubacteria

Ancestral
archaebacteria

Ancestral
archaebacteria

LCA of eubacteria

5

40

31

600

400

240

30-50

600

80

ca. 20?

2500

2500

2500

3500

Benner, 1988;
Stackhouse et al.,
1990

Jermann et al., 1995

Malcolm et al., 1990

Adey et al., 1994

Chandrasekaran
et al., 1996

Ivics et al., 1997

Ivics et al., 1997

Zhang and Rosenberg,
2002

Sun et al., 2002

Shi and Yokoyama,
2003

Chang et al., 2002

Chinen et al., 2005b

Thornton et al., 2003

Thomson et al., 2005

Ugalde et al., 2004

Zhu et al., 2005

Miyazaki et al., 2001

Iwabata et al., 2005

Gaucher et al., 2003

“LCA, last common ancestor. Ages are approximate, and in some cases conjectural.
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from very ancient bacteria, helping to define environments where the
earliest forms of bacterial life lived.

To date, approximately 20 narratives have emerged where specific
molecular systems from extinct organisms been resurrected for study in the
laboratory. In general, understanding delivered by experimental paleoge-
netics was not accessible in other ways. After a brief introduction of the
strategies and problems in experimental paleoscience, we review each of
these narratives.

Our goal here is also to strengthen awareness among molecular and
biomedical scientists of the ability of experimental paleogenetics to place
meaning on biological data. We believe that current efforts falling under the
rubric of “systems biology” can be complemented and strengthened when
combined with a historical prespective. Understanding will not, we suspect,
arise from still more, and still more quantitative, molecular, chemical, and
geometric characterization of cellular, organ, and organism-defined
systems. At the very least, the analysis must go further, to include the
organism, the ecosystem, and the physical environment, which extends
from the local habitat to the planet and the cosmos (Feder and Mitchell-
Olds, 2003). Without an understanding of the history, we expect that efforts
in reductive systems biology are likely to fall short of their promise to
deliver understanding.

The same applies to the broader scientific community. Reviewing the
first paleomolecular resurrections (Stackhouse et al., 1990; Jermann et al.,
1995) a decade ago, Nicholas Wade, writing in the New York Times
Magazine (Wade, 1995), expressed displeasure. “The stirring of ancient
artiodactyl ribonucleases,” he wrote, ““is a foretaste of biology’s demiurgic
powers.” He then suggested that biomolecular “resurrection [remain] an
unroutine event.”” Given the absence of hazard presented by paleomole-
cular resurrections (pace Jurassic Park), it seems unwise to forgo
understanding that comes from bringing into the laboratory for study
biomolecules from the past. As the size of the genome sequence database
grows, and the gap between chemical data compilations and biological
understanding increases, we suspect that experimental paleogenetics will
be the key tool to bridge the gap.

B. EVOLUTIONARY ANALYSIS AND THE “JUST SO” STORY

After a half century of reductionist biology, evolutionary analysis must
struggle to enter the mainstream of discussion within the molecular
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sciences. As Adey noted a decade ago, many scientists view evolutionary
hypotheses as being inherently resistant to experimental test and therefore
fundamentally nonscientific (Adey et al., 1994). Certainly, neither the
sequence nor the behavior of a protein from an organism that went extinct a
billion years ago can be known with the same precision as the sequence or
behavior of a descendent living today. But much in science is useful even
though it is not known with certainty. Our job in paleogenetics, as with all
science, is to manage whatever uncertainty we encounter.

The arcane nature of the most prominent debate in molecular evolution
has also led many molecular biologists to shun evolutionary discussions.
Many biomedical researchers do not understand how their view of biology
might be different if it turns out that dog diverged from humans and rodents
before or after humans and rodents themselves diverged. Similarly, it has
always been unproductive in chemistry to ask whether alterations in
chemical structure generally have any specific impact on behavior;
productive discussions in chemistry focus on specific chemical structures
and specific changes. Yet the neutralist—selectionist debate that consumed
molecular evolution for nearly a decade asked precisely such questions
(Hey, 1999).

Further, the accidents that shape molecular biology cannot be
reproduced in the laboratory; they may, in fact, never be known in detail.
Complex biological systems are chaotic. Small differences in input can
have large impacts on the output. The notion that biology would be rather
different had a fly flapped his wings differently in the Triassic is a
compelling reason to marginalize historical narratives (Lorenz, 1963,
1969).

Further difficulties are encountered with historical narratives, even when
they do explain a biological fact. Here, they can easily be viewed as ‘“‘just
so” stories. This epithet is pejorative; it indicates that the narrative is
constructed ad hoc to explain a specific fact (how the zebra got his stripes),
makes no reference to facts verifiable outside the fact being explained (we
have no way to verify that an ancestral zebra took a nap under a ladder), and
could easily be replaced by a different story, just as compelling, explaining
a different observation (if the modern zebra had spots, the story might be
that the ancestral zebra took a nap beneath a philodendron such as
Monstera friedrichsthalii).

Any narrative can be made more compelling by bringing many different
types of data to bear on a single system. A recent example of this use of
multiple lines of evidence attempted to bring biological meaning to the fact
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that modern swine have not one, but rather three, different genes for the
enzyme aromatase (Gaucher et al., 2004). Aromatases use cytochrome
P450 and molecular oxygen to convert androgenic steroids into estrogenic
steroids. These steroids play roles throughout vertebrate reproductive
biology.

Most mammals (including humans) have only a single aromatase gene.
Pigs, for some reason, have three. Here, a complete molecular
characterization of the three pig aromatases (the sequences of all three
are known) did not address the question: Why do pigs have three genes for
an enzyme, all catalyzing approximately the same reaction? A historical
narrative was needed. To build this narrative, a cladistic analysis was used
to suggest that the two duplications that created the three paralogous
aromatase genes in swine occurred after the suids diverged from oxen about
60 million years ago (Ma) (Arnason et al., 1998; Kumar and Hedges, 1998;
Foote et al., 1999). A silent transition redundant clock (Benner, 2003) was
then applied to date the duplications at 39 to 26 Ma, in the late Eocene to
mid-Oligocene. To help define further the timing of the duplications, gene
fragments were sequenced from other close relatives of the pig, including
the peccary and the babirousa.

Given the timing of the duplications that generated the three genes, it
was concluded that the three aromatases in pig were not needed to manage
the fundamental reproductive endocrinology of mammals, which arose
very early in vertebrates (perhaps earlier than 400 Ma). Nor did the three
aromatase genes arise in response to the domestication of pigs, which
occurred only a few thousand years ago.

Rather, the date of the duplication events correlated with the time in
history when the size of pig litters increased (Figure 1). This timing was
suggested by a cladistic analysis of reproductive physiology and litter size
and the fossil record, which includes fossils of pregnant ancestral animals
(O’Harra, 1930; Franzen, 1997). Since the period following the Eocene was
a time of global cooling, it is possible that an increase in litter size was an
adaptive change that contributed to the fitness of the pig lineage under a
changing climate.

From this analysis, an explanatory narrative emerged. The narrative
hypothesized that the gene duplications gave rise to functionally different
isozymes of aromatase that played specific roles to establish and maintain
large litter sizes in pigs.

At this point, most biologists would regard this as simply a “just so”
story. To avoid this epithet, structural biology was then recruited. A crystal
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FIGURE 1. Old World fossil suid shortly after the emergence of large litter sizes.

structure was not available for aromatase. Nevertheless, an approximate
homology model could be built from a homologous P450-dependent
enzyme. The sites in the aromatase protein that changed immediately after
the aromatase genes had duplicated were then mapped onto the homology
model. This map showed that many of the amino acid replacements
occurring shortly after the duplications were in or near the substrate
binding site. This, in turn, suggested that the substrate—product specificity
of the aromatase enzyme changed at this time. This change was confirmed
by experiment, where the ability of the different aromatases to catalyze the
oxidation of different androgens was shown to differ (Corbin et al., 2004).

The diverging catalytic properties of the aromatase proteins were then
observed to be consistent with the different physiologies of the three
enzymes. One aromatase is expressed in ovaries, as are aromatases in other
mammals (including human).

Another of the aromatases was expressed in the pig embryo, between
days 11 and 13 following conception. This is approximately the time of
implantation. It was proposed that estrogen created by this aromatase
isoform helped space multiple embryos around the uterine wall.

The third aromatase duplicate was expressed primarily in the placenta.
The estrogen that this aromatase releases was proposed to help the mother
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determine whether the pregnancy should be terminated, which happens in
pigs if too few embryos implant successfully.

Together, the narrative combined sequencing data, molecular evolution,
and paleontology with the geological records, genomic sequence analysis,
structural biology, experimental biochemistry, and reproductive physiol-
ogy, to create an answer to the question: Why do pigs have three
aromatases?

Some commentaries view this use of many lines of evidence of many
different types as able to elevate this narrative beyond a “just so’ story.
One commentary even called the combination a four de force (Faculty of
1000, 2004). Nevertheless, the argument embedded in the narrative remains
correlative. Correlations do not compel causality. It would therefore be
helpful to have an additional tool to expand such narratives further.

C. BIOMOLECULAR RESURRECTIONS AS A WAY OF ADDING TO
AN EVOLUTIONARY NARRATIVE

Experimental paleogenetics provides such a tool. Here, the sequences of
ancestral DNA or protein sequences are inferred from the sequences of
their descendents. Then, using molecular biological methods, an ancestral
gene sequence is synthesized in the laboratory and delivered to a biological
host where its behavior can be studied. If the interesting ancestral
biomolecule is a protein, the gene is expressed to deliver the corresponding
ancestral protein, which is then isolated for study.

Biomolecular resurrections allow the scientist to partially relive past
events. By doing so, we hope to generate evidence to confirm or deny a
hypothesis about past or current function. For example, we might
hypothesize that lysozymes or ribonucleases in modern oxen function to
support ruminant digestion. This hypothesis might be supported by
arguments analogous to those used for aromatase if the ribonucleases
and lysozymes emerged at the time when ruminant digestion arose. But a
paleobiochemical experiment with ribonucleases and lysozymes resur-
rected from an animal just beginning to create ruminant digestion may
contribute more. If the experimental properties of these resurrected ancient
enzymes show that particular digestive behaviors emerged in the ancient
proteins at the time when ruminant digestion arose in the ancestral
organisms, the narrative is strengthened.

Alternatively, we might suspect that ancestral bacteria lived at an
elevated temperature. Resurrection of proteins from those ancestors, and
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determining the temperature at which they function best, might confirm or
deny that hypothesis.

II. PRACTICING EXPERIMENTAL PALEOBIOCHEMISTRY

We review next the process of drawing inferences about the past from
information obtained from the present. More details surrounding the
process can be found in the literature (Benner, 2003).

A. BUILDING A MODEL FOR THE EVOLUTION OF A PROTEIN FAMILY
1. Homology, Alignments, and Matrices

The basic element of an evolutionary analysis is the pairwise sequence
alignment. Here, two gene or protein sequences are written next to each
other so that their similarities are the most perspicuous.

Although any two sequences can be aligned, an alignment makes
evolutionary sense only if the two sequences themselves share a common
ancestor, that is, if the two sequences are homologous. Indeed, the goal of
sequence alignment is often to determine whether or not two sequences are
homologous. To make this determination, all possible alignments of two
sequences are made, each is given a score, and the alignment with the
highest score is chosen and examined statistically to determine if the score
surpasses a threshold to answer the question: Are these sequences related
by common ancestry? (yes or no).

An alignment is correct if it accurately represents the history of
individual aligned sites. It is an assumption (often arguable) that the
highest-scoring alignment is the correct alignment. If so, it is possible to
map the sites in the sequence of two homologous descendents of an
ancestral protein onto the sites in the sequence of the ancestor. Except for
sites that are gained by insertions, each site in a descendent is mappable
into a single site in the ancestral sequence. Except for sites that are lost by
deletions, each site in an ancestor is mappable into a single site in the
descendent sequence. Correct alignment involves a transitive mapping,
aligning the sites in one descendent to sites in the other if the sites are
mapped onto the same site in the ancestor.

We shall not review here the literature discussing the process of
searching possible alignments to find the one with the best score.
Calculating a score for a pairwise alignment requires, however, a theory
of evolution that describes how biomolecular sequences divergently evolve
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naturally. The details of the theory often have an impact on the sequences
that are inferred for ancestral proteins. It therefore becomes important
conceptually to understand how inferences about ancestral sequences are
made. Thus, it is useful to summarize the use of scoring functions.

Nearly all strategies for scoring a pairwise alignment incorporate some
notion of minimum motion. Thus, identities, where two biomolecules have
the same nucleotide or amino acid at an aligned site, are considered to be
stronger signals of homology than are nonidentities.

Most theories also include parameters that permit some nonidentities to
be stronger indicators of homology than others, however. For example, two
aligned hydrophobic amino acids (e.g., a Leu and a Val) are presumed to be
stronger indicators of homology than is a hydrophobic amino acid aligned
with a hydrophilic amino acid (e.g., a Leu and a Glu). Scores that
incorporate such additional parameters are said to measure the *“‘similarity”
between two sequences.

A 20 x 20 matrix (such as the matrix in Figure 2) is generally used to
score identities and nonidentities in an alignment. The diagonal elements of
such matrices hold the scores for identities in the matched sites; the off-
diagonal elements hold the scores for nonidentities. The matrix itself is
defined for a particular overall divergence of the pair of sequences being
aligned. The more divergent the pair of proteins that the matrix is intended
to score, the smaller the on-diagonal terms are relative to the off-diagonal
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terms. Because neither of the sequences in a pair being aligned is
distinctive, a Leu matched against a Val is given the same score as a Val
matched against a Leu. Thus, the alignment scoring matrix is symmetrical
across the diagonal. A rate matrix, which describes the probability of each
of the 20 amino acids of being replaced by each of the 20 amino acids, is
different from a matrix that is used to score a pairwise alignment. The rate
of replacement of one amino acid by another can be described as a pseudo-
first-order process having the units of changes per site per unit time.
Alternatively, the rate can be normalized to remove the time dimension.
This provides a unitless rate parameter that describes the rate of
replacement of one amino acid by another relative to the rate of
replacement of all amino acids by all others. In either case, there is no
reason for particular amino acid (e.g., Leu) to be replaced by another (e.g.,
Val) with the same rate constant as a Val is replaced by a Leu. If the rate
constant for the conversion of Leu to Val is higher than the rate constant for
the conversion of Val to Leu, the equilibrium ratio of Leu to Val will be
higher in the descendent than in the ancestor.

2. Trees and Outgroups

Given a family of proteins containing more than three members, it is
possible to summarize their interrelationship using an evolutionary tree.
The tree is a graphical model of the history of a family of proteins. The
leaves of the tree represent modern sequences from contemporary
organisms. The internal threefold nodes in the tree each represent a
duplication in an ancestral gene to give rise to two descendant lineages. The
lengths of the edges in the graph represent the distance between nodes,
often expressed in the units of changes per site. The longer the branch, the
more the sequences at its ends differ. This is exemplified in Figure 3 using
four ribonucleases (RNases) from four closely related bovids: the eland, the
ox, the river buffalo, and the swamp buffalo.

The root of the tree is the point that represents the oldest sequence. If the
rate of sequence divergence has been constant throughout the period of
divergent evolution, the root is represented by a point at the middle of the
tree. In general, however, the rates of protein sequence divergence are not
constant over time, meaning that the root of the tree cannot be placed easily
if sequence data are the only input.

Fortunately, it is possible to use other, nonsequence information to
identify the root of the tree. For example, in the tree in Figure 3, the root is
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the root is placed
arbitrarily along

this line

root

Arg Asp Met Thr Asp Arg Eland —)

Arg Leu Thr Asp Arg  Ox

. River
Arg Met Thr Ser Asp Arg Buffalo
Swamp
Arg Ser Met Thr Ser Asp Arg Buffalo

37 38 39 40 41 42 43

FIGURE 3. (Left) Part of the multiple sequence alignment relating the sequences of the
ribonucleases from the eland, the ox, and the swamp and river buffaloes, covering sites 37 to 43.
Note that the full sequence alignment has about 130 sites. Thus, the topology of the tree (right) is
determined by the analysis of all of the sites, not just the seven sites shown here. This
evolutionary tree (right) relates the sequences of the ribonucleases from the eland, the ox, and the
swamp and river buffaloes. The eland sequence is, from paleontological and cladistic studies,
chosen to be the outgroup. As such, it can provide a root for the tree containing just the
sequences of the RNases from the ox, the swamp buffalo, and the river buffalo.

placed along the branch connecting the eland sequence to the point on the
tree representing the protein sequence from the last common ancestor of the
oxen and buffaloes. This placement is based on information from cladistics,
which suggests that the eland diverged from the lineage leading to oxen and
buffaloes before buffaloes diverged from the oxen. Thus, the eland is an
outgroup for the tree that contains the oxen, the river buffalo, and the
swamp buffalo sequences. An outgroup, however obtained, can be used to
root the tree of the ““in group.”

3. Correlating the Molecular and Paleontological Records

Just as we might use cladistics to determine that the eland is the appro-
priate outgroup for a family of proteins obtained from the ox, the swamp
buffalo, and the river buffalo, we might refer to the paleontological record
to gain some insight into the animal that carried the ribonuclease that is
represented by the threefold node in the tree connecting the branch to the ox
ribonuclease and the branch to the RNases from the buffaloes. The
paleontological record is incomplete. Therefore, one can never find in the
paleontological record a fossil that truly corresponds to an individual, or
even the population that held the individual, that generated two descendent
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populations that eventually evolved to give two descendent species.
Therefore, any assignment of a specific fossil to a specific point in an
evolutionary tree can be only an approximation. Such assignments are often
useful approximations, however, as they allow us to draw upon the
paleontological and geological records to interpret the molecular record.
In the case of the tree modeling, the evolutionary history of the
ribonucleases from eland, ox, swamp buffalo, and river buffalo, the fossil
record contains several bovids that might correspond approximately to the
last common ancestor of ox, swamp buffalo, and river buffalo. Stackhouse
et al. (1990) chose Pachyportax (Figure 4) as the relevant genus from the

FIGURE 4. Fragmentary specimen of Pachyportax latidens, from (presently) Pakistan,
representing part of the horn core and skull of a bovid that approximates the ancestor of the
buffaloes and modern oxen. (From the British Museum of Natural History; photograph
courtesy of Steven Benner.)
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paleontological record to represent this node; this genus is known from a
fossil record from the Indian subcontinent. The Pachyportax is represented
on the tree using the script letter P (Figure 13).

B. HIERARCHY OF MODELS FOR MODELING ANCESTRAL
PROTEIN SEQUENCES

1. Assuming That the Historical Reality Arose from the
Minimum Number of Amino Acid Replacements

In a world without knowledge, we would know nothing about sequences
of any ancestral protein that lived in any ancient organism that went extinct
millions of years ago. In particular, we would know nothing about the
sequence of the ribonuclease that was biosynthesized by Pachyportax.

But we have some knowledge. In particular, we know the sequences of
some of the descendents of the ancient RNase as well as the sequences of
descendents of its relatives. Further, from sequence data generally, we
might derive a theory describing the replacement of amino acids generally
during the divergent evolution of protein sequences. We might assume that
the general pattern of amino acid sequence evolution might be a good
approximation of the pattern in the protein family of interest. Axioms
commonly incorporated into theories of protein sequence evolution are as
follows:

Site i suffers replacement independently of site j.
Future replacements at site i are independent of past replacements.
The rate of replacement at each site is the same.

b

Patterns of replacement of amino acids at site i are the same as those
patterns in the average site.

To understand how one can draw inferences about ancestral states from
the sequences of descendents, let us consider a hierarchy of models that
begins with just two homologous protein sequences, using ribonucleases as
an example. We begin with the ribonucleases from the swamp and river
buffaloes. These two homologs are represented by the leaves, or endpoints,
of a simple tree consisting of a single line connecting the two endpoints.
The points within the line represent evolutionary intermediates between the
two sequences. Evolution is, of course, discrete, meaning that it is not
represented perfectly by a continuous line with an infinite number of points,
but the approximation is serviceable.



18 STEVEN A. BENNER, SLIM O. SASSI, AND ERIC A. GAUCHER

Swamp River
Probability of M buffalo buffalo
robability of Met 4 1.0 1.0 1.0 1.0
(M) at each point ’ ' ' ’
along line
M M

FIGURE 5. The amino acid at site 39 is methionine (Met, or M) in the RNase from both the
swamp and the river buffalo. Therefore, a simple theory of evolution that holds that no change
is substantially more likely than one change can account for the commonality of the amino
acid residues by assuming that site 39 held a Met in all of the evolutionary intermediates
between swamp and river buffalo. The probability that site 39 holds a Met is unity at every
point along the line.

Consider now just two types of sites in the pairwise alignment of the two
ribonucleases. In the first, the amino acids occupying the two aligned sites
are identical. Site 39 is an example of such a site in these two ribonucleases.
In the ribonuclease from both the swamp buffalo and the river buffalo, site
39 holds a methionine (abbreviated Met, or the single letter M). Figure 5
shows the simple tree with a M at each leaf, represented by the points at the
end of the line. Patterns of replacement of amino acids at site i are the same
as those patterns in the average site.

If our theory of evolution holds that the absence of change is
substantially more likely than change (and this site does not contradict
that theory), a simple model infers a Met at site 39 in all proteins that are
evolutionary intermediates between the swamp and river buffalo RNases.
This inference can be described using the language of probability. We
simply say that the probability of finding a Met at site 39 in every
ribonuclease represented by each point in the tree is unity (Figure 5).

The same is true in a rooted tree. As an approximation, we place the root
midway between the two leaves of the tree, as in Figure 6. The oldest
sequence is now at the top of the tree, with the direction of time being
positive (toward the future) as one proceeds from the node at the top to the
leaves at the bottom on the tree. The inference that is now drawn is that the
ribonuclease found in the last common ancestor of swamp and river buffalo
had a Met at position 39.

What if the amino acids occupying the two aligned sites are not identical in
the two buffalo RNase sequences? This is the case for site 38 in the pairwise
alignment (Figure 7). Here, the RNase from swamp buffalo holds a serine
(Ser, or S), while the RNase from river buffalo holds an asparagine (Asn, or
N). At this site, no change is not an option. If the history that we are to narrate
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1.0
1.0 1.0
Swamp River
Probability of Met b‘;fg"'o 1b(l)1ffa|o
(M) at each point ’ .
along line
M M

FIGURE 6. The inferences drawn from the RNAse sequences from the swamp and river
buffalo does not differ if the tree is rooted. The probability of Met being at position 39 in the
last common ancestor of the buffalos is still unity.

is to account for the presence of two different amino acids at this site in
the contemporary sequences, at least one amino acid replacement must
have occurred along the line connecting the two contemporary proteins.

If we assume that one replacement is substantially more likely than two,
a simple model represents the amino acid at site 38 as a linear function of
the distance along the line connecting the two leaves. Thus, an ancestral
protein represented by a point on the line near the swamp buffalo leaf is
more likely to have a Ser than an Asn at site 38, while an ancestral protein
represented by a point on the line nearer the river buffalo leaf is more likely
to have an Asn than an Ser. The amino acid from the swamp buffalo
sequence ‘“‘morphs” into the sequence from the river buffalo (Figure 7).

The same is true for the tree arbitrarily rooted at the midpoint of the line
(Figure 8). The rooted tree illustrates the inference from the model that the
last common ancestor of the RNases from swamp and river buffalo has a
50% chance of holding a Ser at position 38 and a 50% chance of holding an
Asn at position 38.

Swamp River

buffalo buffalo
Probability of Ser 1.0 0.75 0.5 0.25 0.0
Probability of Asn 0.0 0.25 0.5 0.75 1.0

FIGURE 7. The probabilistic values for the amino acid residue at site 38 of the RNase
system morph smoothly along an evolutionary tree from 1.0 (for Ser) at the swamp buffalo
leaf to 1.0 (for Asn, N) at the river buffalo leaf.



20 STEVEN A. BENNER, SLIM O. SASSI, AND ERIC A. GAUCHER

0.5
0.5
Probability of Ser
Probability of Asn
1.0 0.0
0.0 1.0
Swamp River
buffalo buffalo

FIGURE 8. A rooted tree for site 38 shows probabilistic changes down each branch, with the
change in time being positive as one proceeds from nods higher in the tree to nodes lower in the
tree. Thus, in the branch leading from the last common ancestor to the modern swamp buffalo,
there is 0.5 change of an ancestral Asn to a Ser. In the branch leading from the last common
ancestor to the modern river buffalo, there is 0.5 change of an ancestral Ser to an Asn.

This simple analysis introduces two concepts that are key when using
information from modern sequences to make inferences about ancestral
sequences. The first is the concept of a probabilistic ancestral sequence.
Every site in a sequence at every point along the branch(es) of the tree can
be represented as a 20 x 1 probability matrix, where each element is the
probability that each of the 20 amino acids was found at that site in the
ancestral protein represented by the point. These probabilities sum to unity.

The example also illustrates the application of the notion of parsimony,
or minimum change, when making inferences about ancestral sequences
using information from modern sequences. Central to this model is that no
amino acid replacement is more probable than one replacement, and that
one replacement is more probable than two. Thus, if we can account for the
contemporary sequences by a historical model that involves no changes, no
changes are inferred. If we can account for the contemporary sequences by
a historical model that involves one change, one change (not two changes)
is inferred. These inferences are said to have been made using an
evolutionary theory that is known as maximum parsimony.

2. Allowing the Possibility That the History Actually Had More
Than the Minimum Number of Changes Required

More sophisticated theories describing the divergence of protein
sequences allow for the possibility that more amino acid replacements have
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occurred in the history of a site than the minimum required to account for
the sequences derived. For example, we may incorporate into our theory
the possibility that a site contained amino acids that are not found in any of
the sequences derived, even though this requires some histories to have
more than the minimum number of changes absolutely required to account
for the amino acids in the sequences derived.

Consider again site 39 of the ribonucleases from the swamp and river
buffaloes. Even though the sequences of both RNases hold a Met at this
site, it is conceivable that another amino acid (let us say Ile) occupied site
39 in the last common ancestor. If this had been the case, at least two
independent events in the history of the protein family would be required to
account for the fact that Met occupies site 39 in both of the proteins
derived. One Ile-to-Met replacement must have occurred at site 39 during
evolution of the modern swamp buffalo sequence from the common
ancestor. Another Ile-to-Met replacement must have occurred at site 39
during the evolution of the modern river buffalo sequence from the
common ancestor. Because such a history requires two changes at site 39,
and because the probability of a change is assumed to be a small fraction of
the probability of no change, the likelihood that this ancestor has an Ile at
site 39 is considerably less than the likelihood that the ancestor had a Met
there. But this likelihood is not zero.

Further, we can build a theory that assigns a numerical likelihood based
on this model. We might consider empirical data or theory to weight
probabilities that various other amino acids intruded at site 39 during this
history. For example, Lys is (on various grounds) chemically more
dissimilar (compared to Met) than is Ile. Thus, the theory might give a
lower probability to a Lys-to-Met replacement than an Ile-to-Met
replacement. Accordingly, the chances of site 39 having suffered two
Lys-to-Met replacements is considerably lower than the chances of site 39
having suffered two Ile-to-Met replacements. This means that the chance of
the ancestral sequence having had a Lys is lower than the chance of it
having had an Ile, given that the two derived sequences both have Met at
site 39. Here, a probabilistic ancestor might have nonzero values for all
amino acids at site 39. For example, here are the occupancies for site 39 for
the 20 amino acids calculated at the midpoint of the tree (Figure 9).

This is illustrated graphically in Figure 10. Here, the probability of Met
at site 39 does not remain unity, even though both leaves have Met at this
site. Rather, the probability of Met at site 39 drops linearly until the
midpoint of the line and then rises back to unity as the other leaf is
approached. At the same time, the probability of all of the other amino
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A C D E F G
0.006  0.001  0.002 0.002 0.011 0.006

H I K L M N P
0.004 0.015 0.004 0.012 0.894 0.004 0.003

Q R S T v w Y
0.004 0.002 0.003 0.004 0.011 0.002 0.010

FIGURE 9. Probabilistic model for site 39 in the last common ancestor of swamp and river
buffalo. Note how the values sum to unity. Note also that the likelihood of different amino
acids reflects the alignment probabilities of the scoring matrix in Figure 2.

acids being present at site 39 increases from zero at the leaves to a
maximum number at the midpoint and then drops back to zero as the other
leaf is approached.

This analysis is sometimes called maximum likelihood, because it
integrates features, including the distance of the node from the leaves
(where the sequence is perfectly defined), into a probabilistic model. Thus,
the probability of two changes occurring along a branch of a tree is lower if
the line is shorter (i.e., if the distance between the ends of the branch is
shorter) and higher if the branch is longer. This follows directly from the
fact that the length of the branch is the number of changes per site. For the
tree holding two leaves, the ML formalism says that the certainty that a
residue found in common at both leaves of a tree was present throughout
the history of the site diminishes as the branch length becomes longer.

1.0
probability of
Met at site 39
probability of all
other amino acids 0.0
Swamp River
buffalo buffalo

FIGURE 10. In a maximum likelihood model, the probability of finding a Met at site 39,
which is unity at the ends of the line (as we know that Met occupies site 39 in the sequences
from modern swamp and river buffalo), decreases toward the middle, with the probability of
all other amino acids being present at that site increasing from zero to a maximum at the
midpoint of the tree.
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3. Adding a Third Sequence

Adding a third sequence to the original tree creates a trifurcated tree.
The third sequence is tied into the line separating the first two sequences by
a branch at the point where the probabilistic ancestral sequence along the
line resembles the third sequence the most. In the example we use the oxen
sequence as the third.

We might say that the sequence of the RNase from oxen serves as an
outgroup for the two RNase sequences from swamp and river buffalo.
Alternatively, if we assume that the ox diverged from the lineage leading to
the two buffalos before the buffalos themselves diverged, we may say that
the ox sequence roots the swamp buffalo-river buffalo tree. The oldest
point on the swamp buffalo-river buffalo tree, given this additional
information, is the point where the oxen sequence is tied to that tree. The
root of the trifurcation is not known but lies somewhere along the line from
the central threefold node and the ox sequence.

The third sequence contributes more prior information that can be used
to infer the amino acids occupying various sites at points internal to the
tree. Consider again site 38 (Figure 11), where the RNase from swamp
buffalo holds a Ser, while the RNase from river buffalo holds an Asn. With
just two sequences, the ancestral sequences morphed smoothly from Ser to
Asn from left to right along the line. With the ox sequence, the available

Asn 38
Oxen
Asn-to-Ser
replacement
Ser 38  along this branch Asn 38
L —
Swamp River
buffalo Asn buffalo

FIGURE 11. A parsimony analysis infers an Asn at site 38, as this inference permits the
occupancy of site 38 in all of the proteins to be accounted for by a single change. Any other
inference for site 38 would require our evolutionary model to assume more changes than the
minimum absolutely required to account for the amino acids observed at site 38.
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Asn
0.00  oyen
1.00
0.00
0.05
0.87
0.08
Asn
Ser s
Swamp River
buffalo buffalo
Probability of Ser 1.0 0.48 0.10 0.05 0.0
Probability of Asn - 0.0 0.48 0.84 0.87 1.0
Probability of others .0 0.04 0.06 0.08 0.0

FIGURE 12. A maximum likelihood analysis infers an Asn at site 38 as the most probable
residue. Note how the additional “prior” information alters the probabilities assigned to
different amino acids at points throughout the tree. Note that the sum of the probabilities of
Ser, Asn, and all other amino acids is unity at all points in the tree.

information has increased. Now, a simple parsimony analysis assigns an
Asn at the central node, with the model for the history of site 38
incorporating an Asn-to-Ser replacement along the branch leading from the
central node to the RNase from swamp buffalo. The probabilities along the
line are also changed dramatically by the introduction of the third
sequence. This is illustrated in Figure 12.

It requires no conceptual leap to extend this analysis to all of the sites in
the threefold alignment of the ox, swamp buffalo, and river buffalo RNase
sequences, or to trees that include the sequence of the RNase from eland,
added to the tree as an outgroup. The eland sequence roots the (ox, swamp
buffalo, river buffalo) tree and allows us to infer the maximum parsimony
sequence for the RNase from Pachyportax. This sequence was the first for
an ancestral biomolecule to have been resurrected experimentally (Stack-
house et al., 1990).

As an exercise, it might be useful to see how a parsimony analysis infers
the amino acid replacements that occur along each branch of the tree. For
example, in the time during which the RNase from ox evolved from the
RNase in Pachyportax, the methionine at site 39 was replaced by a leucine.
In the time during which the RNase from the last common ancestor of the
swamp and river buffalos evolved from the RNase in Pachyportax, the Lys
at site 41 was replaced by a Ser. In the time during which the RNase from
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37 38 39 40 41 42 43
Arg Met Thr Asp Argll Pachyportax

Arg Asp Met Thr Asp Arg Eland
Met39Leu

=
Arg Leu Thr AspArg Ox / Asp38

River

Arg Asn Met Thr Ser Asp Arg o b >/\\/
41Ser
Swamp \\

Arg Ser Met Thr Ser Asp Arg Buffalo
37 38 39 40 41 42 43 38 Ser

FIGURE 13. The ancestral residues inferred for specific sites at internal nodes in the tree
also assign changes along individual branches in the tree.

swamp buffalo evolved from the last common ancestor of the swamp and
river buffaloes, the Asn at site 38 was replaced by a Ser (Figure 13).

Because the maximum likelihood analysis infers fractional residues at
nodes, it also assigns fractional changes along branches. These are not
different conceptually from integral changes.

4. Relative Merits of Maximum Likelihood Versus Maximum Parsimony
Methods for Inferring Ancestral Sequences

In much of the literature on experimental paleogenetics, it is argued that
the maximum likelihood methods are preferred to infer ancestral sequences
over maximum parsimony methods (Yang et al., 1995; Zhang and Nei,
1997; Pagel, 1999a; Nielsen, 2002). Although this argument is true,
especially to the extent that maximum likelihood methods capture more of
what we know about protein sequence evolution, it is important to realize
that the impact of replacing a maximum parsimony analysis by a maximum
likelihood analysis is small when the tree is highly articulated, the
branching topology is secure, and the overall extent of sequence divergence
is small. This is the case for the ribonucleases that we have just discussed.

Nevertheless, it is worth using this example to illustrate how the nature
of an inferred ancestral sequence might change if elements of the
evolutionary model were to change. In particular, the ancestral sequences
inferred via a parsimony analysis are often extremely sensitive to changes
in the topology of the tree. Consider, for example, how the sequence



26 STEVEN A. BENNER, SLIM O. SASSI, AND ERIC A. GAUCHER

37 38 39 40 41 42 43

Arg Met Thr ??? Asp Arg Pachyportax

Arg Asp Met Thr Asp Arg Eland 38Asp

Arg Leu Thr Asp Arg Ox
Met 39 Leu P

Arg Met Thr Ser Asp Arg gl‘;;;lo >/
u
41 Ser
Swamp \\

Arg Ser Met Thr Ser Asp Arg Buffal -
uffalo

37 38 39 40 41 42 43 38 Ser

FIGURE 14. With a different tree, the amino acid inferred at site 41 changes in a parsimony
analysis.

inferred for the ancestor P would change if the position of the eland on the
tree were moved so that it was not an outgroup, but rather, was a sister
group of the oxen. This change is illustrated in Figure 14. Here, the amino
acid at site 41 is no longer defined by a parsimony analysis. Site 41 could
with equal probability hold a Lys or a Ser.

Because many trees inferred from sequence data are not known with
certainty, where much of the ambiguity involves swapping around short
branches, maximum likelihood inferences have significant advantages over
maximum parsimony inferences. Here, maximum likelihood considers the
lengths of branches when assigning probabilities for different amino acids
being present. Changes in tree topology around short branches therefore
do not change greatly the probabilities assigned by maximum likelihood
tools.

At the same time, because an experimental paleogeneticist cannot
construct a protein having fractional occupancies of single sites, the
uncertainty in the sequence represented by the probabilities of “all the
other” amino acids is generally ignored if the probability assigned to
those other amino acids falls below a threshold. There is no consensus in
the community for where that threshold should be. It is clear, however, that
if the probability of site 39 holding a Met is greater than 0.81 while the
probability of any of the other amino acids at that site is 0.01, one can make
a convincing (to most) argument that the only ancestral protein that needs
to be resurrected is the one holding a Met at site 39.
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C. COMPUTATIONAL METHODS

A variety of computer programs are now available to construct multiple
sequence alignments, to build trees, and to infer ancestral sequences.
Clustal W is widely used for the first, although nearly all practitioners
adjust the multiple sequence alignments that Clustal W produces by hand.
Further, most practitioners adjust the trees that are generated by automated
computer tools by hand, with the goal of having the tree topology conform
to the topology expected based on information independent of the
sequences in the family of interest.

The identification of the optimal (best scoring and, we hope, corres-
ponding best to the historical reality) of multiple sequence alignments and
evolutionary trees is computationally expensive. The number of possible
alternative trees scales severely with increasing numbers of sequences. A
large literature, not reviewed here, discusses heuristics that generate trees
with many leaves more efficiently (Huelsenbeck et al., 2001).

Once a multiple sequence alignment and a tree are in hand, several
computer programs are available to infer ancestral sequences. Parsimony
methods are implemented, for example, in programs such as MacClade and
PAUP* (Maddison and Maddison, 1989; Swofford et al., 1996; Swofford,
2001). MacClade allows a user to alter the tree manually, interrelating the
input sequences to find the most parsimonious tree. This is a powerful tool,
as the interaction between the experimentalist and his or her intuition with
the computational support provided by the program allows the user to ask
“what if?” and “why not?” questions with ease.

PAUP* does not have this interactive feature. It has the advantage,
however, of calculating a maximum likelihood tree as well as the most
parsimonious tree. Maximum likelihood analysis for the inference of
ancestral sequences is implemented in programs such as Darwin (Gonnet
and Benner, 1991), PHYLIP (Felsenstein, 1989), MOLPHY (Adachi and
Hasegawa, 1996), PAML (Yang, 1997), and NHML (Galtier and Guoy,
1998). These all make accessible one or more formal models for evolution
and use a likelihood score as an optimality criterion (Felsenstein, 1981).
Optimization of the likelihood score can be used to specify topology and
parameters such as branch lengths, character state frequencies, and
ancestral states (Zhang and Nei, 1997; Pupko et al., 2000; Cai et al.,
2004; Thornton, 2004).

In the examples discussed below, these and other methods are used to
infer the sequences of ancient proteins that are to be resurrected. We
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comment on the methods used throughout the discussion, to allow the
reader to better understand the uncertainties that the methods generated and
the ambiguity of the resurrection achieved.

D. HOW NOT TO DRAW INFERENCES ABOUT ANCESTRAL STATES

Each of the methods described above exploits the information in sequence
according to the position of the sequence within a tree, which models
the familial relationships of the protein sequences. The tree weights the
sequences so that two nearly identical sequences do not contribute twice as
much as one distant sequence to the inferences of the ancestral sequences.

For this reason, consensus tools are not preferred as ways to infer
ancestral character states. Consensus tools allow each member of the family
to “vote,” and build a consensus sequence by ‘“majority rule.”” Thus, if six
proteins hold a Met at site 39, and 18 hold a Leu at site 39, the consensus
holds a Leu at site 39. This approach makes no sense if all of the 18 proteins
holding Leu are from the same breed of ox, and the six holding Met are from
buffalo, eland, deer, sheep, impala, and camel.

Several groups, especially in the earliest literature in experimental pale-
oscience, used a consensus sequence to approximate an ancestral sequence.
We include these in this review despite this defect. Even if a tree is
not known precisely, an approximate tree can better weight different
sequences to give better inferred ancestral sequences than can a consensus
tool.

III. AMBIGUITY IN THE HISTORICAL MODELS
A. SOURCES OF AMBIGUITY IN THE RECONSTRUCTIONS

As with any inference about the past, ancestral sequences are not
inferred with absolute certainty. Mistakes in the sequence database, failure
of approximations built into the evolutionary theory, uncertainty in the
multiple sequence alignment, and uncertainty in the tree topology all
contribute to the ambiguity, even though these contributions are not
captured in the formalism of a maximum likelihood analysis based on a
single multiple sequence analysis and a single tree.

In addition to ambiguity in the database, theory, alignment, and tree, a
measure of the uncertainty of the inferences is formally offered by a
maximum likelihood analysis. The extent of this ambiguity is captured in
the fractional probabilities of each of the amino acids inferred for each site.
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While different maximum likelihood (ML) tools give different levels of
ambiguity in any given case (and sometimes infer different preferred amino
acids at a site), it is difficult to know which ML tool is most likely to capture
the historical reality for any particular protein family. Methods for
performing statistical tests on models, such as the likelihood ratio test and
Bayes factors, may be used to identify the best model to fit the data
(Huelsenbeck et al., 2004).

Such tests do not, of course, capture the ambiguity that arises from
defects in the underlying data or approximations in the theory. The
principal source of formal ambiguity in the inference by ML tools of
the amino acid at an ancestral site arises simply because the history of a
site contains too many replacements relative to the degree of articulation
of the tree. Further ambiguity arises if that history includes cases of
homoplasy (e.g., parallel or convergent evolution), where the same
replacement occurs on different branches of a tree with a higher-than-
random frequency. Such events are not captured within the formalism of
the theory. These issues are illustrated by two sites, 168 and 211, from the
alcohol dehydrogenases from various taxa of yeast (Figure 15). In this
example, the topology of the tree was relatively secure, as were the
sequences at the leaves, which were checked in many ways (Thomson et
al., 2005). The sites had suffered too many replacements, however, for any
method (parsimony or ML) to strongly infer the presence of one amino
acid at a key node in the tree (the node at the right end of the red branch).
The corresponding ML analysis gave posterior probabilities substantially
less than 0.5 for all 20 amino acids at that node, with no individual amino
acid having a clear preference.

Sites such as these are often discussed when different maximum
likelihood tools are compared for their ability to infer ancestral sequences.
ML tools generate significantly different inferences at such sites than those
of parsimony tools. Different ML tools often generate considerably
different probabilistic ancestral sequences (e.g., DNA-, codon-, or amino
acid—based models). Extensive discussion is emerging as to which tool
makes “better’” inferences. In such discussions it is important to recognize
that the systematic errors introduced by incomplete evolutionary theories,
including those arising from the assumptions that amino acid replacements
at individual sites reflect replacements at the average site, might be more
significant than the formal uncertainty expressed by ML probabilities.

The experience in experimental paleogenetics over the past 20 years
suggests that even with abundant data and highly articulated trees,
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ambiguity will remain. In those cases where it remains, the experimental
paleogeneticist must consider how to manage any ambiguity in an ancestral
sequence that remains.

B. MANAGING AMBIGUITY

Four ways are commonly used to manage the ambiguity in a set of input
sequences. The first relies on statistical models of sequence evolution
wherein “optimized” parameters are used as input to estimate ancestral
character states. Here, inferred character states are often ‘‘resolved”
from ambiguity using the branch lengths interconnecting nodes of the
phylogenetic tree. The second involves collecting more sequences in
the hope of eliminating the ambiguity. The third ignores the ambiguity
based on an argument that the ambiguity occurs only at sites that are not
critical for the biological interpretation. The fourth involves synthesizing
and studying many candidate ancestral sequences to cover all plausible
alternative reconstructions or to sample among the plausible alternative
reconstructions.

1. Hierarchical Models of Inference

Frequent ambiguity in the estimation of ancestral character states is a
weakness of the parsimony approach (vide supra) and can be rampant even
when the relationships among the sequences are known. Individual efforts
to resolve this weakness have attempted to accommodate branch length
information and empirical frequencies associated with amino acid
replacements to infer ancestral states (Schluter, 1995; Yang et al., 1995;
Koshi and Goldstein, 1996). A concerted effort to unite tools from various
laboratories was made at a symposium entitled ‘“Reconstructing Ancestral
Character States” in 1999, which focused on phenotypic and ecological
characters (Cunningham, 1999; Martins, 1999; Mooers and Schluter, 1999;
Omland, 1999; Pagel, 1999b; Ree and Donoghue, 1999; Schultz and
Churchill, 1999).

This was followed up six years later by the inaugural conference
on “Ancestral Sequence Reconstruction” (www.cbu.uib.no/asr), which
focused on ancestral nucleic and amino acid states. A common discussion
presented at both symposia addressed uncertainties in evolutionary models
and their impact on inferred ancestral states (Schultz et al., 1996; Schultz and
Churchill, 1999; Huelsenbeck and Bollback, 2001; Krishnan et al., 2004).
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Central in these discussions are hierarchical bayesian approaches. A
Bayesian analysis begins by constructing a formal relationship between an
unknown, a data set, and one or more inference rules. Adding inference
rules can create a hierarchy of analyses. These attempt to accommodate
uncertainty in optimized parameters such as tree topology, branch lengths,
and rate heterogeneity, inter alia, by adding stepwise sophistication to the
models (Huelsenbeck and Bollback, 2001; Pagel et al., 2004).

The phylogenetic accuracy, consistency, and congruence of these models
remain to be determined. We expect that the more uncertainties in the
estimates of the parameters accepted by a model, the more the ambiguous
the ancestral states will appear. Thus, this approach does not solve the key
problem in experimental resurrections: One needs to actually resurrect an
ancestral sequence, not be paralyzed by the perception of ambiguity.

The challenge will require a balance between acceptable uncertainty and
acceptable parameter estimation. To this end, researchers at the Foundation
for Applied Molecular Evolution and the University of Florida are using
computer simulations to evaluate the performance of hierarchical
Bayesian approaches. Nevertheless, for practicing experimental paleoge-
netics, it is clear that purely mathematical tools may not resolve issues of
ambiguity.

2. Collecting More Sequences

The least controversial way to manage ambiguity in an ancient recons-
truction is simply to collect more sequences. If chosen strategically,
additional sequences can articulate a tree in a way that resolves ambiguity
in a parsimony analysis or alters the posterior probabilities in a maximum
likelihood analysis to increase confidence in the inference.

Depending on the taxa involved, collecting more sequences might be a
simple task, requiring only that the scientist obtain biological tissue
specimens of organisms that branch from the tree at the positions where
further articulation of the tree might resolve ambiguities. Extinctions of
lineages obviously can prevent this from being done, of course. To
the extent that extinctions have removed information from the biosphere,
it may be impossible to find an extant organism that branches from
the tree at a strategic point useful to resolve an ambiguity in ancestral
reconstruction.

Of course, it is always possible that collecting additional sequences may
not resolve ambiguities. Indeed, additional sequences might create new
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ambiguities, especially when long branches are being articulated. This is
not bad, as it means that additional sequences have discovered ambiguities
that exist but were not revealed by the previous, smaller data set. Although
it is obvious, a general rule is worth stating: The more sequences in the data
set, and the more broadly the relevant history is sampled, the more reliable
the reconstructed ancestral sequences will be.

The biodiversity represented in the microbial world is only beginning to
be explored, of course. This suggests that sequencing of the type that Venter
performed will add data and will make paleomolecular reconstructions
increasingly reliable over the coming decades. The same is true for many
metazoan phyla. The diversity of genetic information within, for example,
the beetles, is largely unexplored, meaning that we do not know how far
back in time we will be able to resurrect proteins from extinct arthropods.
Here, the mass extinction at the Permian—Triassic boundary appears to be
the first problematic event in Earth history that might have removed
sufficient genetic information to cause problems.

Unfortunately, this is not the case with mammals. Reconstructions in
mammals can be well supported over the past 100 Ma, given the number of
radiant mammal orders that continue to leave descendents in the modern
world. Even here, the loss of large eutheria remains a problem. Those
interested in, for example, the molecular paleontology of the dawn horse
will be disappointed in the number of descendent lineages that survive.
Here, the experimental paleomolecular biologist will probably be
constrained forever by the history of the terrean biosphere.

3. Selecting Sites Considered to Be Important and Ignoring
Ambiguity Elsewhere

If ambiguity cannot be resolved by additional sequencing, we might
simply ignore the ambiguity at some sites by focusing on just a few where
specific amino acids are believed to be critical to biological function, and
where ambiguity is not observed. The strategy then involves ignoring the
remaining ambiguity, in the hope that it does not influence the behavior of
the protein that is the object of biological interpretation. A large number of
the examples discussed below manage ambiguity in this way.

This strategy is controversial, and for good reasons. The behavior of a
protein is generally not a linear function of the amino acids in its sequence.
It is impossible, therefore, to say with certainty which sites are critical
(indeed, that is often why the paleomolecular experiment is being done).
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Thus, examples are known from protein engineering where the impact
of an amino acid replacement at site i is different, depending on the amino
acid occupying site j. This means that an amino acid replacement may have
an impact on the behavior of a protein in some contexts that is different
from its impact in others. Further, many examples are now known from
protein engineering where the behavior of a protein at its active site is
influenced by an amino acid replacement far from the active site.

Thus, ignoring ambiguity is recommended only if there is no alternative
or if a relatively comprehensive examination of the sites in single
mutagenesis experiments makes compelling the argument that ambiguity at
these sites can be ignored. Confidence in this approach could be improved
if the protein being examined has multiple domains that have been shown
experimentally to function independently and the reconstruction ambiguity
is not in the domain of interest.

4. Synthesizing Multiple Candidate Ancestral Proteins
That Cover, or Sample, the Ambiguity

A relatively noncontroversial way to managing ambiguity involves the
synthesis of all of the candidate ancestral sequences that are plausible given
the model. Thus, if the ancestor has one site that is ambiguous, and its
ambiguity arises from the failure of the analysis to choose decisively one of
two amino acids, both sequences can be resurrected as candidate ancestral
proteins. If the behavior to be interpreted is the same in both candidates, the
ambiguity has no impact on the biological interpretation. The biological
interpretation is said to be robust with respect to the ambiguity.

If the number of sites holding ambiguities is large, this strategy may
require the synthesis of many candidate ancestral sequences. For example,
if 10 sites are ambiguous with respect to a choice between two amino acids,
a total of 1024 (= 210) different candidate ancestral sequences must be
synthesized to cover all combinations of amino acids at the various sites.
This can, of course, strain a laboratory budget.

An alternative is to sample among the candidate ancestral sequences.
Here, a library is constructed that contains the candidate ancestral
sequences, and a sample of these is studied. The library can be biased to
reflect the fractional posterior probabilities in the ancestral sequence
inferred, so that the sampling captures the Bayesian features of the analysis.
If the behavior of all of the candidate ancestral sequences that are sampled
is the same with respect to the phenotype that supports the biological
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interpretation, it is possible to argue that the interpretation is robust with
respect to the ambiguity. The extent to which the argument is persuasive
will depend on the size of the sample, the extent of the ambiguity, and the
taste of the scientist.

C. EXTENT TO WHICH AMBIGUITY DEFEATS THE
PALEOGENETIC PARADIGM

If the hypersurface relating protein behavior to protein sequence were
extremely rugged, and if every amino acid replacement caused a significant
change in behavior, ambiguity would defeat the paleogenetic research
approach in all but the most ideal cases. Fortunately, biochemical reality is
different. For nearly all proteins, some amino acid replacements at some
sites have a large impact on functional behaviors, replacements at other
sites have a modest impact on those behaviors, and replacements at still
other sites have even less impact on most behaviors.

This fact tends to ameliorate the extent to which ambiguity compromises
work in experimental paleoscience. Ambiguity generally is found at sites that
have suffered the most amino acid replacements. Multiple amino acid
replacements often (but not always) reflect neutral drift at a site. Neutral drift
implies that the choice of a residue at the site does not have a significant
impact on fitness. This generally (but not always) means that replacement of
an amino acid at that site does not have any impact on the behavior of a
protein that can be detected by an in vitro experiment.

Stringing this logic together, we can expect (but not always) that
biologically interpretable behavior will not differ greatly between ancestral
sequences that differ only at ambiguous sites. To the extent that the premises
are true, ambiguity in general will not limit our ability to draw inferences
about the behavior of ancestral proteins by experimental analysis of ancestral
sequences, even if our analysis does not capture all of the ambiguity in those
sequences. This, in turn, means that we will generally be able to use those
behaviors to generate interesting biological interpretations. In fact, this is the
case, as is illustrated by approximately 20 examples of experimental
paleogenetics to emerge over the past two decades.

IV. EXAMPLES

Further discussion of the details of evolutionary theories and tools to
build models for the history of protein sequences can be found in the
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literature. Below, we review the examples of experimental paleogenetics
where these theories and tools have been applied. We present these in
approximately the order in which they appeared in the literature. The
presentation deviates from this order when it makes logical sense to group a
series of studies together.

A. RIBONUCLEASES FROM MAMMALS: FROM ECOLOGY TO MEDICINE

The family of proteins related to bovine pancreatic ribonuclease A
(RNase A) provided the first biomolecular system to be analyzed using
experimental paleobiochemistry. These studies extended the long history
during which RNase contributed to the development of tools in the
biomolecular sciences. RNase was also the first protein to be observed by
nuclear magnetic resonance methods (Saunders et al., 1957), one of the first to
be reconstituted from its parts (Richards and Logue, 1962), one of the first to
be analyzed by protein sequencing (Moore and Stein, 1973), the very first
protein to be synthesized (Denkewalter et al., 1969; Hirschmann et al., 1969;
Jenkins et al., 1969; Strachan et al., 1969; Veber et al., 1969), and the first
enzyme for which a synthetic gene was prepared (Nambiar et al., 1984).

Members of the RNase family of proteins are typically composed of a
signal peptide of about 25 amino acids and a mature peptide of about 130
amino acids. Most members of the RNase family have three catalytic
residues (one lysine and two histidines, at positions 41, 12, and 119 in
RNase A). These come together in the folded enzyme to form an active
site. In addition, RNases generally have six or eight cysteines that form
three or four disulfide bonds. Except for these conserved residues, the se-
quences of RNases have diverged substantially in vertebrates, with sequence
identities as low as 20% when comparing oxen and frog homologs (for
example).

Before paleobiochemical experiments began, RNase was known simply
as a digestive enzyme. In the subsequent 20 years, developments on many
fronts have shown that the digestive function in the RNase family is a
relatively recent innovation and is important in only a few mammal orders
(Benner, 1988). Behaviors ranging from immunosuppressivity and antitumor
activity to duplex DNA binding and antiviral activity are now known in
RNase family members. Today, paleobiochemistry is arguably the most
important tool being used to sort out the rich functional diversity in this family
of protein; it is unlikely that this functional understanding of this family could
have been so effectively developed without paleobiochemical studies.
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1. Resurrecting Ancestral Ribonucleases
from Artiodactyls

In the early 1980s, the RNase A family was a practical choice to begin
paleobiochemical work. Jaap Beintema and his co-workers had spent many
years sequencing RNase homologs isolated from the pancreases of a variety
of mammals (Beintema and Gruber, 1967, 1973; Gaastra et al., 1974, 1978,;
Groen et al., 1975; Welling et al., 1975, 1976; Emmens et al., 1976; Kuper
and Beintema, 1976; Muskiet et al., 1976; Vandenberg et al., 1976; Vandijk
et al., 1976; Beintema et al., 1979, 1984, 1985; Jekel et al., 1979; Lenstra
and Beintema, 1979; Beintema and Martena, 1982; Breukelman et al.,
2001). Done before the “age of the genome,” this work exploited classical
Edman degradation of peptide fragments derived by selective cleavage of
the protein. Such work required substantial amounts of protein, making
convenient the large amount of RNase found in the digestive tracts of oxen
and their immediate relatives.

As expected for enzymes found in the digestive tract, RNases were
themselves robust. For example, the first step in the purification of RNase A
involved the treatment of an extract from ox pancreas with 0.25 M sulfuric
acid. This procedure precipitates most other proteins and removes the
glycosyl groups from RNase, but otherwise leaves the protein intact. Thus,
by 1980, about 50 different RNase sequences were known.

At that time, few other protein families were so well represented in the
protein sequence database. Other families that had been well sequenced
included cytochrome C, which had been developed as a paradigm for
molecular evolution by Margoliash (1963, 1964), and hemoglobin, which
was studied as a model for biomolecular adaptation (Riggs, 1959;
Bonaventura et al., 1974).

Each of these alternative families was problematic as a system for
developing paleobiochemistry as a field. The cytochromes are themselves
substrates for other proteins, the cytochrome C oxidases. This suggested
that studies on ancestral cytochromes would need to involve resurrected
ancestral oxidases. As no U.S. federal agency was willing to fund
paleobiochemistry in the 1980s, resurrecting ancestral sequences in one
family was likely to be difficult; resurrecting two sets of ancestors from two
families was considered to be impossible.

Hemoglobins remain a promising family for paleomolecular resurrec-
tions. To date, however, only one laboratory has explored them for this
purpose (Benner and Schreiber, unpublished).
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RNases proved to present several opportunities for biological inter-
pretation and discovery. As digestive enzymes, pancreatic RNases lie at one
interface between their host organisms and their changing environments,
and are expected to evolve with the environment. Not all mammals,
however, have large amounts of pancreatic RNase. In fact, RNase is
abundant in the digestive systems primarily in ruminants (which include
the oxen, antelopes, and other bovids, together with the sheep, the deer, the
giraffe, okapi, and pronghorn) and certain other special groups of other
herbivores (Barnard, 1969).

In 1969, Barnard proposed that pancreatic RNase was abundant
primarily in ruminants because ruminant digestion created a special need
for an enzyme that digested RNA. Ruminant digestive physiology is
considerably different from human digestive physiology (for example). The
ruminant foregut serves as a vat to hold fermenting microorganisms. The ox
delivers fodder to these microorganisms, which produce digestive enzymes
(including cellulases) that the ox cannot. The microorganisms digest the
grass, converting its carbon into a variety of products, including low-
molecular-weight fatty acids. The fatty acids then enter the circulation
system of the ruminant, providing energy.

The ox then eats the microorganisms for further nourishment. According
to the Barnard hypothesis, this digestive physiology creates a need for
especially large amounts of intestinal RNase to digest microorganisms. The
fermenting microorganisms are packed with ribosomes and ribosomal
RNA, transfer RNA, and messenger RNA. Fermenting bacteria therefore
deliver large amounts of RNA to the gastric region of the bovine stomach
and the small intestine. Barnard estimated that between 10 and 20% of the
nitrogen in the diet of a typical bovid enters the lower digestive tract in the
form of RNA.

Barnard’s hypothesis was certainly consistent with the high level of
digestive enzymes in the ruminant generally. For example, ruminants have
large amounts of lysozyme active against bacterial cell walls in their
digestive tracts.

Was the Barnard hypothesis merely a ‘“‘just so” story, based on
correlations that did not require causality or functional necessity? The first
experimental paleobiochemistry program set out to test this.

As discussed above, the available sequences were adequate to support
the inference, with little ambiguity, of the sequence of the RNase re-
presented (approximately) by the fossil ruminant Pachyportax (Figure 4)
(Stackhouse et al., 1990). This was also the case for the more ancient
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FIGURE 16. Fossils of Eotragus. (From Musée d’Histoire Naturelle; photograph courtesy
of Steven Benner.)

Eotragus, which lived in the Miocene (Figure 16). The available RNase
sequences also permitted the inference, with only modest ambiguity, of
sequences for RNases in the first ruminant, approximated in the fossil
record by the genus Leptomeryx (Figure 17). With slightly more ambiguity,
the contemporary RNase sequences allowed the inference of the sequences
of RNase in the first artiodactyl, the order of mammals having cloven
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FIGURE 17. Fossils of Leptomeryx, a primitive ruminant from the North American
Oligocene. (From the S. A. Benner collection; photograph courtesy of Steven Benner.)

hoofs, which includes the true ruminants as well as the camels, the pigs, and
the hippos. This ancestor is approximately represented in the fossil record
by the genus Diacodexis. A collaboration between the Center for
Reproduction of Endangered Species at the San Diego Zoo and the Benner
laboratory yielded several additional sequences that assisted in these
inferences (Trabesinger-Ruef et al., 1996).

Once the ancestral sequences were reconstructed, the Benner group
prepared by total synthesis a gene for RNase that was specially designed to
support the resurrection of ancient proteins (Nambiar et al., 1984;
Stackhouse et al., 1990). From this gene, approximately two dozen
candidate ancestral genes for intermediates in the evolution of artiodactyls
ribonucleases were synthesized, cloned, and expressed to resurrect the
ancestral proteins for laboratory study (Stackhouse et al., 1990; Jermann
et al., 1995).

To assess whether reconstructions yielded proteins that were plausible
as intermediates in the evolution of the RNase family, the catalytic
activities, substrate specificities, and thermal—proteolytic stabilities of the
resurrected ancestral RNases were examined. Most of the resurrected
proteins, and all of those corresponding to proteins expected in artiodactyls
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TABLE 2
Kinetic Properties of Reconstructed Ancestral Ribonucleases”
kea/Knm kea/ K poly(U)  poly(A)-poly(U)
UpA as % of Relative to Relative to
RNase Ancestor of: x10®  RNase A RNase A RNase A
RNase A 5.0 100 100 1.0
a Ox, buffalo, eland 6.1 122 106 1.4
b Ox, buffalo, eland, 5.9 118 112 1.0
nilgai
c b and the gazelles 4.5 91 97 0.8
d Bovids 3.9 78 86 0.9
e Deer 3.6 73 77 1.0
f Deer, pronghorn, 33 67 103 1.0
giraffe
g Pecora 4.6 94 87 1.0
hy Pecora and 5.5 111 106 52
seminal RNase
hy Pecora and 6.5 130 106 52
seminal RNase
i Ruminata 4.5 90 96 5.0
i Ruminata 52 104 80 4.3
Ji Artiodactyla 3.7 74 73 4.6
J2 Artiodactyla 33 66 51 2.7

“RNase names refer to nodes in the evolutionary tree shown in Figure 18. All assays were
performed at 25°C.
PReconstructed ancient sequences are designated by italic lowercase letters.

living after Archaeomeryx, behaved as expected for digestive enzymes.
This was especially apparent from their kinetic properties (Table 2).
Modern digestive RNases are catalytically active against small RNA
substrates and single-stranded RNA (Blackburn and Moore, 1982). The
RNase from Pachyportax was also, as were many of the earlier RNases.
Thus, if one assumes that these catalytic properties are indicative of a
digestive enzyme, these ancestral proteins were digestive enzymes as well.

This was also true quantitatively. Thus, the k., /Ky values for the
putative ancestral RNases with the ribodinucleotide uridylyl 3',5'-
adenosine (UpA) as a substrate (Ipata and Felicioli, 1968) in many ancient
artiodactyls proved not to differ by more than 25% from those of
contemporary bovine digestive RNase (Table 2). With single-stranded
poly(U) as substrate, the variance in catalytic activity was even smaller
(18%).
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TABLE 3
Thermal Transition Temperatures for Reconstructed Ancient
Ribonucleases”
Enzyme T, (C) AT,, (°C)
RNase A” 59.3 0.0
RNase A€ 59.7 +0.4
a’ 60.6 +1.3
b 61.0 +1.7
c 60.7 +1.4
d 58.4 -0.9
e 61.1 +1.8
f 58.6 -0.7
g 59.1 -0.2
hy 58.9 -0.5
hy 59.3 0.0
i 58.2 —1.1
i 58.7 -0.6
Ji 56.5 2.8
J2 57.1 -2.2

“Thermal unfolding-proteolytic digestion temperatures (+0.5°C) were
determined incubating the RNase ancestor in 100 mM NaOAc (pH 5.0)
in the presence of trypsin.

bExpressed in E. coli.

“From Boehringer Mannheim.

“Reconstructed ancient sequences are designated by italic lowercase
letters.

Like most digestive enzymes, modern digestive RNases are stable to
thermal denaturation and cleavage by proteases. This suggested another
metric for determining whether the ancestral proteins acted in the digestive
tract. Using a method developed by Lang and Schmidt (1986), the sensitivity
of the ancestral RNases to proteolysis as a function of temperature was
measured (Table 3). Again, little change was observed in the thermal stability
of the ancestral RNases back to the ancestral artiodactyls approximated by
Archaeomeryx in the fossil record. The midpoints in the activity—temperature
curves for these ancient proteins varied by only 4+1.1°C compared with
RNase A. This can be compared with typical experimental errors of £0.5°C.

Had all of the ancestral RNases behaved like modern RNases, the
resulting evolutionary narrative would have had little interest. The
experiments in paleobiochemistry became interesting because the behavior
of RNases resurrected from organisms more ancient than the last common
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ancestor of the true ruminants (Archaeomeryx and earlier) did not behave
like digestive enzymes using these metrics.

These more ancient resurrected ancestral RNases displayed a fivefold
increase in catalytic activity against double-stranded RNA [poly(A)-
poly(U)]. This is not a digestive substrate. Further, the ancestral RNases
showed an increased ability to bind and melt double-stranded DNA. Bovine
digestive RNase A has only low catalytic activity against duplex RNA
under physiological conditions and does not bind and melt duplex DNA;
these activities are presumably not needed for a digestive enzyme. At the
same time, the catalytic activity of the candidate ancestral sequences
against single-stranded RNA and short RNA fragments, the kinds of
substrates that are expected in the digestive tract, was substantially lower
(by a factor of 5) than in the modern proteins. Proposing that these
phenotypes can be used as metrics, Jermann et al. (1995) concluded that
RNases in artiodactyls that were ancestral to Archaeomeryx were not
digestive enzymes.

A similar inference was drawn from stability studies. The more ancient
ancestors displayed a modest but significant decrease in thermal—proteolytic
stability using the assay of Lang and Schmidt (1986). Jermann et al. (1995)
considered the possibility that the decrease in stability might reflect an
incorrect reconstruction. A less stable enzyme, and a lower activity against
single-stranded RNA, for example, might imply simply that the incorrect
amino acid sequence was inferred for the ancestral protein. The fact
that catalytic activity against double-stranded RNA, and the ability to melt
duplex RNA, were higher in the ancestors argued against this possibility.

The issue was probed further by considering the ambiguity in the tree.
The connectivity of deep branches in the artiodactyl evolutionary tree is not
fully clarified by either the sequence data or the fossil record (Table 4) (Graur,
1993). This created a degree of ambiguity in the ancestral sequences. To
manage this ambiguity, Jermann et al. synthesized a variety of alternative
candidate ancestral RNase sequences. These effectively covered all of the
ambiguity in the tree topology and the resulting ambiguity in the sequences.
The survey showed that the measured phenotype (and the consequent
biological interpretation) were robust with respect to the ambiguity.

Site 38 proved to be especially interesting. A variant of h; (Figure 18)
that restores Asp at position 38 (as in RNase A) has a catalytic activity
against duplex RNA similar to that of RNase A (Jermann et al., 1995; Opitz
et al., 1998). Conversely, the variant of RNase A that introduces Gly alone
at position 38 has catalytic activity against duplex RNA, essentially that of
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FIGURE 18. Evolutionary tree used in the analysis of ancestral RNases. Lowercase letters
in the nodes in the graph designate putative intermediates in the evolution of the protein
family (see Table 4). The time scale is approximate.

ancestor h. These results show that substitution at a single position, 38,
accounts for essentially all of the increased catalytic activity against duplex
RNA in ancestor h.

The reconstructed amino acids at position 38 are unambiguous before
and after the Archaeomeryx sequence. Thus, it is highly probable that the
changes in catalytic activity against duplex RNA in fact occurred in
RNases as the ruminant RNases arose. In one interpretation, catalytic
activity against duplex RNA was not necessary in the descendent
RNases, and therefore was lost. This implies that the replacement of Gly
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38 by Asp in the evolution of ancestor g from ancestor & was neutral.
Jermann et al. (1995) could not, however, rule out an alternative model:
that Asp 38 confers positive selective advantage on RNases found in the
ruminants.

2. Understanding the Origin of Ruminant Digestion

The experimental paleobiochemical data within the pancreatic RNase
family suggested a coherent evolutionary narrative consistent with the
Barnard hypothesis. RNases with increased stability, decreased catalytic
activity against duplex RNA, decreased ability to bind and melt duplex
DNA, and increased activity against single-stranded RNA and small RNA
substrates emerged near the time when Archaeomeryx lived. The properties
that increased are essential for digestive function; the properties that
decreased are not. Archaeomeryx was the first artiodactyl to be a true
ruminant. This implies that a digestive RNase emerged when ruminant
digestion emerged.

This converts the Barnard hypothesis (or, pejoratively, the Barnard
“just so” story) into a broader narrative. This narrative became still
more compelling when the molecular behavior is joined to the historical
record as known from the fossil and geological records. These records
suggested that the camels, deer, and bovid artiodactyl genera diverged
about 40 Ma, together with ruminant digestion and the digestive RNases
to support it, at the time of global climate change that began at the end of
the Eocene.

This climate change eventually involved the lowering of the mean
temperature of Earth by about 17°C, and the drying of large parts of the
surface (Janis et al., 1998). This, in turn, was almost certainly causally
related to the emergence of grasses as a predominant source of vegetable
food in many ecosystems. Tropical rain forests receded, grasslands
emerged, and the interactions between herbivores and their foliage
changed. Grasses offer poor nutrition compared to many other flora, and
ruminant physiology appears to have substantial adaptive value when
eating grasses.

This, in turn, may help explain why ruminant artiodactyls were
enormously successful in competition with the herbivorous perissodactyls
(for example, horses, tapirs, and rhinoceroses) as the global climate change
proceeded. Today, nearly 200 species of artiodactyls have displaced the
approximately 250 species of perissodactyls that were found in the tropical
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Eocene. Today, only three species groups of perissodactyls survive. This is
the principal reason that resurrection of enzymes from the dawn horse will
remain outside the reach of contemporary paleomolecular biologists.

3. Ribonuclease Homologs Involved in Unexpected
Biological Activities

The paleobiochemical experiments with pancreatic RNases suggested
that RNases having a digestive function emerged in artiodactyls from a
nondigestive precursor about 40 Ma. This implies, in turn, that nondigestive
cousins of digestive RNases might remain in the genomes of modern
mammals, where they might continue to play a nondigestive role.

This suggestion, generated from the first experiments in paleogenetics,
emerged at the same time as researchers were independently discovering
nondigestive paralogs of digestive RNase A. These were termed RIBAses
(ribonucleases with interesting biological activities) by D’Alessio et al.
(1991). They include RNase homologs that display immunosuppressive
(Soucek et al., 1986), cytostatic (Matousek, 1973), antitumor (Ardelt et al.,
1991), endothelial cell stimulatory (Strydom et al., 1985), and lectinlike
activities (Okabe et al., 1991). These proteins all appeared to be
extracellular, based on their secretory signal peptides and the presence of
disulfide bonds. Their existence suggested to some that perhaps a
functional RNA existed outside cells (Benner, 1988).

These results suggested that the RNase A superfamily was extremely
dynamic in vertebrates, with larger than typical amounts of gene
duplication, paralog generation, and gene loss. In humans, for example,
prior to the completion of the complete genome sequence, eight RNases
were already known. These included the poorly named human pancreatic
ribonuclease (RNase 1, which does not appear to be a protein specific for
the pancreas), the equally poorly named eosinophil-derived neurotoxin
(EDN or RNase 2, which does not appear to have a physiological role as a
neurotoxin), the eosinophil-cationic protein (ECP or RNase 3, aptly named
in the sense that the name captures about all that we know about the
protein), RNase 4, angiogenin (also questionably named RNase 5), RNase
6 (sometimes known as k6), RNase 7 (Harder and Schroder, 2002; Zhang et
al., 2003), and RNase 8 (Zhang et al., 2002).

The in silico analysis of the human genome showed that the human
genes RNase 1 to 8 lie on chromosome 14q11.2 as a cluster of about 368 kb.
From the centromere to the telomere, the genes are angiogenin (RNase 5),
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RNase 4, RNase 6, RNase 1, ECP (RNase 3), an EDN pseudogene, EDN
itself (RNase 2), RNase 7, and RNase 8, separated from each other by 6- to
90-kb intervals. The genome also identified two new human RNase
homologs (RNases 9 and 10) in this cluster preceding angiogenin. In
addition, three new open reading frames (ORFs) sharing a number of
common features with other RNases were found. Beintema therefore
proposed to name these RNases 11, 12, and 13. RNases 11 and 12 are
located between RNase 9 and angiogenin. RNase 13 lies on the centromere
side of RNase 7 and has a transcriptional direction opposite to that of
RNases 7 and 8. The human genome reveals no other ORFs with significant
similarity to these RNase genes. Therefore, it is likely that all human
RNase A superfamily members have been identified.

As in humans, rat RNase genes are located on one chromosome
(15p14) in a single cluster. The cluster in the rat genome contains the
RNase family in the same syntenic order and transcriptional direction as
in humans, with only a few exceptions. The RNase 1 family (RNaselh,
RNaselg, and RNasely), the eosinophil-associated RNase family (EAR)
(R15-17, ECP, R-pseudogene, and Ear3), and the angiogenin family
(Angl and Ang2) have undergone expansion in the rat (Zhao et al., 1998;
Singhania et al., 1999; Dubois et al., 2002). Further, orthologs of human
RNases 7 and 8 are not present in the rat genome. This permits us to
propose a relatively coherent model for the order of gene creation in the
time separating primates and rodents, and a list of the RNase homologs
likely to have been present in the last common ancestor of primates and
rodents.

The dynamic behavior of this group of genes is shown by the
differences separating the rat and mouse groups. In mouse, two RNase
gene clusters are found, on mouse chromosome 14qB-qC1 (bcluster AQ)
and chromosome 10gB1 (bcluster BQ). Cluster A is syntenic to the
human and rat clusters and is essentially identical to the rat cluster in
gene content and order except for substantial expansions of the EAR and
angiogenin gene subfamilies. Cluster B emerged in mouse after the
mouse—rat divergence and contains only genes and pseudogenes that
belong to the EAR and angiogenin subfamilies. It also includes a large
number of pseudogenes.

This level of diversity presents many “why?”’ questions that might be
addressed using molecular paleoscience. To date, two of these have been
pursued, one in the Rosenberg laboratory, the second in the Benner
laboratory.
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4. Paleobiochemistry with Eosinophil RNase Homologs

In an effort to understand more about the function of these abundant
RNase paralogs, Zhang and Rosenberg (2002) examined the eosinophil-
derived neurotoxin (EDN) and eosinophil cationic protein (ECP) in
primates. These proteins arose by gene duplication some 30 Ma in an
African primate that was ancestral to humans and Old World monkeys.

Zhang and Rosenberg first asked the basic question: Why do
eosinophils have two RNase paralogs? Eosinophils are associated with
asthma, infective wheezing, and eczema (Onorato et al., 1996); their role
in a nondiseased state remains enigmatic. Some textbooks say that
eosinophils function to destroy larger parasites and modulate allergic
inflammatory responses. Others suggest that eosinophils defend their
host from outside agents, with allergic diseases arising as an undesired
side effect.

Earlier work by Zhang, Rosenberg, and their associates had suggested
that ECP and EDN might contribute to organismic defense in other ways.
ECP kills bacteria in vitro, and EDN inactivates retroviruses (Rosenberg
and Domachowske, 2001). In silico analysis of reconstructed ancestral
sequences in primates suggested that the proteins had suffered rapid
sequence change near the time of the duplication that generated the
paralogs, a change that might account for their differing behaviors in vitro
(Zhang et al., 1998). This suggests that in primate evolution, mutations in
EDN and ECP may have adapted them for different, specialized roles
during the episodes of rapid sequence evolution.

To obtain a more densely articulated tree for the protein family, Zhang
and Rosenberg sequenced additional genes from various primates. They
used these sequences to better reconstruct ancestral sequences for ancient
EDN-ECPs. They estimated the posterior probabilities of these ancestral
sequences using Bayesian inference. Then they resurrected these ancient
proteins by cloning and expressing their genes (Zhang and Rosenberg,
2002).

Guiding the experimental work was the hypothesis that the antiretroviral
activity of EDN might be related to the ability of the protein to cleave RNA.
Studies of the ancestral proteins allowed Zhang and Rosenberg to retrace
the origins of the antiretroviral and RNA cleaving activities of EDN. Both
the ribonuclease and antiviral activities of the last common ancestor of ECP
and EDN, which lived about 30 Ma, were low. Both activities increased in
the EDN lineage after its emergence by duplication.
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Zhang and Rosenberg showed that two replacements (at sites 64 and
132) in the sequence were together required to increase the ribonucleolytic
activity of the protein; neither alone was sufficient. Zhang and Rosenberg
then analyzed the three-dimensional crystal structure of EDN to offer
possible explanations for the interconnection between sites suffering
replacement and the changes in behavior that they created.

Zhang and Rosenberg concluded that in the EDN-ECP family, either of
the two replacements at sites 64 and 132 individually had little impact on
behavior. Each does, however, provide the context for the other to have an
impact on behavior. This provides one example where a “neutral” (perhaps
better, “‘behaviorally inconsequential”) replacement might have set the
stage for a second adaptive replacement.

This observation influences how protein engineering is done in general.
Virtually all analyses of divergent evolution treat protein sequences as if
they were linear strings of letters (Benner et al., 1998). With this treatment,
each site is modeled to suffer replacement independent of all others, future
replacement at a site is viewed as being independent of past replacement,
and patterns of replacements are treated as being the same at each site. This
has long been known to be an approximation, useful primarily for
mathematical analysis (the “‘spherical cow’). Understanding higher-order
features of protein sequence divergence has offered in silico approaches to
some of the most puzzling conundrums in biological chemistry, including
how to predict the folded structure of proteins from sequence data (Benner
et al., 1997a) and how to assign function to protein sequences (Benner et
al., 1998). The results of Zhang and Rosenberg provide an experimental
case where higher-order analysis is necessary to understand a biomolecular
phenomenon.

Another interpretive strategy involving resurrected proteins was
suggested from the results produced by Zhang and Rosenberg. This
strategy identifies physiologically relevant in vitro behaviors for a protein
where new biological function has emerged, as indicated by an episode of
rapid (and therefore presumably adaptive) sequence evolution. The strategy
examines the behavior of proteins resurrected from points in history before
and after the episode of adaptive evolution. Those behaviors that are rapidly
changing during the episode of adaptive sequence evolution, by hypothesis,
confer a selective value on the protein in its new function, and therefore are
relevant to the change in function, either directly or by close coupling to
behaviors that are. The in vitro properties that are the same at the beginning
and end of this episode are not relevant to the change in function.
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While the number of amino acids changing is insufficient to make the
case statistically compelling, the rate of change in the EDN lineage is
strongly suggestive of adaptive evolution (Zhang et al., 1998). The antiviral
and ribonucleolytic activities of the proteins before and after the adaptive
episode in the EDN lineage are quite different. Benner (2002), interpreting
the data of Zhang et al., suggested that these activities are important to the
emerging physiological role for EDN. This adds support, perhaps only
modest, for the notion that the antiviral activity of EDN became important
in Old World primates about 30 Ma.

The timing of the emergence of the ECP-EDN pair in Old World
primates might also contain information. The duplication occurred near the
start of a global climatic deterioration that has continued until the present,
with the Ice Ages in the past million years being the culmination (we hope)
of this deterioration. These are the same changes as those that presumably
drove the selection of ruminant digestion. If EDN, ECP, and eosinophils are
part of a defensive system, it is appropriate to ask: What happened during
the Oligocene that might have encouraged this type of system to be
selected? Why might new defenses against retroviruses be needed at this
time? If we are able to address these questions, we might better understand
how to improve our immune defenses against viral infections, an area of
biomedical research that is in need of rapid progress.

5. Paleobiochemistry with Ribonuclease Homologs in
Bovine Seminal Fluid

New biomolecular function is believed to arise, at least in recent times,
largely through recruitment of existing proteins having established roles to
play new roles following gene duplication (Ohno, 1970; Benner and
Ellington, 1990). Under one model, one copy of a gene continues to evolve
divergently under constraints dictated by the ancestral function. The
duplicate, meanwhile, is unencumbered by a functional role and is free to
search protein structure space. It may eventually come to encode new
behaviors required for a new physiological function, and thereby confer
selective advantage.

This model contains a well-recognized paradox. Because duplicate
genes are not under selective pressure, they should also accumulate
mutations that render them incapable of encoding a protein useful for any
function. Most duplicates should therefore become pseudogenes (Lynch
and Conery, 2000), inexpressible genetic information (‘“‘junk DNA™)
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(Li et al., 1981), in just a few million years (Jukes and Kimura, 1984;
Marshall et al., 1994). This limits the evolutionary value of a functionally
unconstrained gene duplicate as a tool for exploring protein structure space
in search of new behaviors that might confer selectable physiological
function.

One of the nondigestive RNase subfamilies offered an interesting
system to use experimental paleobiochemistry to study how new function
arises in proteins. This focused on the seminal RNase, paralogs found in
ruminants that arose by duplication of the RNase A gene just as it was
becoming a digestive protein. In ox, seminal RNase is 23 amino acids
different from pancreatic RNase A, a protein made of 124 resdues. As
suggested by its name, the paralog is expressed in the seminal plasma,
where it constitutes some 2% of total protein (D’Alessio et al., 1972).
Seminal RNase has evolved to become a dimer with composite active sites.
It binds tightly to anionic glycolipids (Opitz, 1995), including seminolipid,
a fusogenic sulfated galactolipid found in bovine spermatozoa (Vos et al.,
1994). Further, seminal RNase has immunosuppressive and cytostatic
activities that pancreatic RNase A lacked (Soucek et al., 1986; Benner and
Allemann, 1989).

Laboratory reconstructions of ancient RNases (Jermann et al., 1995)
suggested that each of these traits was not present in the most recent
common ancestor of seminal and pancreatic RNase, but rather, arose in the
seminal lineage after the divergence of these two protein families. To learn
more about how this remarkable example of evolutionary recruitment
occurred, RNase genes were collected from peccary (Tayassu pecari), E1d’s
deer (Cervus eldi), domestic sheep (Ovis aries), oryx (Oryx leucoryx), saiga
(Saiga tatarica), yellow backed duiker (Cephalophus sylvicultor), lesser
kudu (Tragelaphus imberbis), and Cape buffalo (Syncerus caffer caffer).
These diverged approximately in that order within the mammal order
Artiodactyla (Carroll, 1988). These complemented the known genes for
various pancreatic RNases (Carsana et al., 1988) and seminal RNases from
ox (Bos taurus) (Preuss et al., 1990), giraffe (Giraffa camelopardalis)
(Breukelman et al., 1993), and hog deer.

Seminal RNase genes are distinguished from their pancreatic cousins by
several marker substitutions introduced early after the gene duplication,
including Pro 19, Cys 32, and Lys 62. By this standard, the genes from
saiga, sheep, duiker, kudu, and the buffaloes were all assigned to the
seminal RNase family. No evidence for a seminal-like gene could be found
in peccary. Thus, these data are consistent with an analysis of previously
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published genes that places the gene duplication separating pancreatic and
seminal RNases about 35 million years before present (Beintema et al.,
1988), and preceding the divergence of giraffe, sheep, saiga, duiker,
kudu, Cape buffalo, and ox, in that order, consistent with mitochondrial
sequence data (Allard et al., 1992; Hernandez Fernandez and Vrba, 2005)
and global phylogenetic analyses of Ruminanta (Hassanin and Douzery,
2003).

Sequence analysis shows that the seminal RNase gene from hog deer
almost certainly could not serve a physiological function as a folded stable
protein. A five-base insertion in the beginning of the protein creates a frame
shift. Lesions are also present in the seminal RNase gene from sheep, roe
deer, and Cape buffalo.

To show that these seminal genes were indeed not expressed in semen,
seminal plasmas from 15 artiodactyls were examined [ox, forest buffalo
(Syncerus caffer nanus), Cape buffalo, kudu, sitatunga (7Tragelaphus
spekei), nyala (Tragelaphus angasi), eland (Tragelaphus oryx), Maxwell’s
duiker (Cephalophus monticola maxwelli), yellow backed duiker, suni
(Neotragus moschatus), sable antelope (Hippotragus niger), impala
(Aepyceros melampus), saiga (Saiga tatarica), sheep (Ovis aries), and
Elds deer]. Catalytically active RNase was not detected in the seminal
plasma in significant amounts in any artiodactyl genus diverging before
the Cape buffalo, except in Ovis. Independent mutagenesis experiments
showed that the proteins encoded by these genes, all carrying a Cys at
position 32, should form dimers (Trautwein, 1991; Raillard, 1993;
Jermann 1995; Opitz, 1995). By Western blotting, however, only small
amounts of a monomeric, presumably pancreatic RNase, were detected
in these seminal plasmas. In contrast, the seminal plasmas of forest
buffalo, Cape buffalo, and ox all contained substantial amounts of Western
blot-active RNase (Kleineidam et al., 1999). Only in the seminal plasma
of ox, however, is seminal RNase expressed. Even though the gene is intact
in water buffalo, no expressed protein could be found in its seminal
plasma.

The seminal plasma from the Ovis genus (sheep and goat) was a notable
exception. Sheep seminal plasma contained significant amounts of RNase
protein and the corresponding ribonucleolytic activity. To learn whether
RNases in the Ovis seminal plasma were derived from a seminal RNase
gene, the RNase from goat seminal plasma was isolated, purified,
and sequenced by tryptic cleavage and Edman degradation. Both
Edman degradation (covering 80% of the sequence) and MALDI mass
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spectroscopy showed that the sequence of the RNase isolated from goat
seminal plasma is identical to the sequence of its pancreatic RNase
(Beintema et al., 1988; Jermann, 1995). This shows that the RNase in Ovis
seminal plasma is not expressed from a seminal RNase gene, but from the
Ovis pancreatic gene. To confirm this conclusion, a fragment of the seminal
RNase gene from sheep was sequenced and shown to be different in
structure from the pancreatic gene.

Before a detailed paleogentic analysis, these results could be interpreted
to be inconsistent with a model that the seminal RNase gene family
gradually developed a new ‘“‘seminal” function by stepwise point mutation
and continuous selection under functional constraints in the seminal plasma
following gene duplication. Rather, the duplicate RNase gene seems
initially to have served no function at all. It therefore suffered damage, only
to be repaired much later in evolution, after the divergence of kudu, but
before the divergence of Cape buffalo, from the lineage leading to ox.
Clades containing the saiga, duiker, and sheep are known in the early
Miocene (23.8 to 16.4 Ma), and clades containing the kudu and Cape
buffalo are known in the late Miocene (11.2 to 5.3 Ma). This view is
supported by the fact that the gene seemed to have no function for 30 Ma
after duplication until the emergence of the bovine lineage. In fact, it has
been calculated that the half-life of a gene under no selection is 10 to 14 Ma
(Lynch and Conery, 2000). Despite the incompleteness of the fossil record,
one might conclude that the damaged gene was repaired extremely rapidly,
in only a few million years. The paleogenetics study will suggest a different
inference, however.

But what was this new function and its molecular phenotype? To
address these questions, Sassi (2005) set out to reconstruct and resurrect
the ancestral seminal proteins. The trees in Figure 19 shows the nodes
where ancestral sequences were inferred, using a likelihood method.
These nodes include the evolutionary period where the new biological
function might be arising. Three different evolutionary models, one amino
acid based and two codon based, were used to make the reconstructions.
Two outgroups were also considered, those holding the pancreatic RNases
and brain RNases, as the data did not unambiguously force the conclusion
that one of these two RNAse subfamilies was the closest outgroup.
Uncertainty in the topology of the tree holding the seminal RNases
(the relative placement of the okapi sequence) was also considered;
two topologies based on molecular and paleontological data were chosen
for the analysis (Figure 19). In an effort to manage ambiguities, all



W
9]

MOLECULAR PALEOSCIENCE: SYSTEMS BIOLOGY FROM THE PAST

Bovine
Bovine
Hog Deer
Hog Deer
Roe Deer —|:
Roe Deer
Okapi
Hog Deer
Hog Deer
{ Roe Deer

Roe Deer

Outgroup
Pancreatic/Brain
RNase
Outgroup
Pancreatic/Brain
RNase

An19 Okapi

Saiga

Lesser Kudu
Lesser Kudu

Bovine
Bovine

Brahman

Seminal RNase

Brahman

Seminal RNase

Gaur
Gaur

Water Buffalo
Water Buffalo

An28| Forest Buffalo

An28| Forest Buffalo

T2 topology

Ci Buffal
o1 T1 topology ape Buffalo Cape Buffalo

0.1

FIGURE 19. Tree showing the divergence of seminal ribonucleases from ruminants. The
two topologies considered are shown. The numbers next to the nodes indicate the number of
different candidate ancestral proteins prepared to ensure that the ambiguity in the ancestral
sequences was covered.

candidate ancestral sequences were resurrected whenever the reconstruc-
tions disagreed.

In the first part of the paleogentic study, the distribution of ancestral
replacements on the three-dimensional structure of seminal RNase was
examined. The replacements followed a specific pattern of distribution. All
of the active-site residues remained conserved after the gene duplication.
Moreover, the RNA-binding site was also conserved. Most of the
replacements were concentrated on the surface of the protein and away
from the RNA-binding site. This replacement pattern is consistent with an
evolutionary path where the enzymatic function of the protein was
conserved; it is not consistent with an inference that the ancestral seminal
RNase genes were pseudogenes. Furthermore, the lesions causing the
pseudogene formation in the different lineages are different. These two
observations taken together imply that the ancestral seminal RNases were
enzymatically active and that independent inactivation events converted
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active genes in the different lineages into pseudogenes in many of the
modern artiodactyls. Consistent with this model, the resurrected ancestral
seminal RNases were all enzymatically active (hydrolyzing a fluorescently
labeled RNA substrate) (Kelemen et al., 1999).

What, then, are the properties of seminal RNase that were the targets for
natural selection over the past 30 Ma? As noted above, there are many in
vitro behaviors to choose from. For some (such as antiproliferative activity
against cancer cells in culture), it is difficult to rationalize how such
behaviors might be important for a protein that exists in seminal plasma.
But the site of expression of a protein is changeable over short periods of
evolutionary time, meaning that we cannot be certain where seminal RNase
has been expressed over its history.

Since this protein is expressed in the seminal fluid and is immunosup-
pressive, it was hypothesized that the protein may confer a selective
reproductive advantage to bulls when the female reproductive tract mounts
an immune response against invading sperm. Indeed, it has been shown in
reproductive biology that in many species sperm encounter a defensive
immune response and that in many cases seminal plasma is capable of
repressing this response (James and Hargreave, 1984; Schroder et al., 1990;
Kelly and Critchley, 1997).

To use paleogenetics to generate an experimental test for this
hypothesis, Sassi (2005) exploited the strategy to identify the physiologi-
cally relevant in vitro behaviors for a newly emerging function. As noted
above, the strategy examines the behavior of proteins resurrected from
points in history before and after the presumed episode of adaptive
evolution. The in vitro behaviors that are changing rapidly during this
episode are inferred to be those relevant to adaptive change. The in vitro
behaviors that are the same at the beginning and end of this episode are not
relevant to the change in function.

Episodes of adaptive evolution are frequently inferred from high-
normalized nonsynonymous/synonymous ratios (significantly greater than
unity), where amino acid replacements conferred new behaviors that
conferred enhanced fitness on a protein subject to new functional demands.
Thus, they characterize episodes where the derived sequence, at the end of
the episode, has (in some sense) a physiological function different from that
of the ancestral sequence at its beginning. Low ratios (<1, although these
ratios approach zero in ‘“‘highly conserved” proteins) characterize episodes
where the ancestral and derived sequences at the beginning and end of the
episode have the same physiological function.
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The application of this tool in this gene family detected a phase of
evolution during the emergence of bovine seminal ribonuclease after the ox
diverged from the buffalo. A variety of models within the PAML program
were used to determine dy/ds ratios for individual branches in the tree. The
Alkaike information criterion (AIC) (Posada and Buckley, 2004) was then
used to show that regardless of the model, the outgroup, or the tree, only the
branch leading to the modern seminal RNase in 0x, in its three forms (the
gaur, Brahman, and ox) underwent adaptive evolution; for no other branch
of the tree is this conclusion required. The dy/ds ratio was in the range 1.6
to 6, depending on the historical model, including the tree topology, choice
of outgroup, and choice of codon substitution model.

This strongly suggests that the functional constrains on protein structure,
and a correlated change in the physiological function of the protein,
occurred in this episode. To identify which in vitro behaviors are also
changing at this time, the genes encoding ancestral seminal RNase were
synthesized by site-directed mutagenesis of a previously prepared RNase
synthetic gene. The ancestral RNase candidates were expressed in E. coli
and purified using a newly developed oligonucleotide affinity chromato-
graphy.

To address the biomolecular behaviors changing during this adaptive
phase, Sassi (2005) then examined several biochemical and cell-based bio-
molecular behaviors. The kc, /Ky ratio characterizing the enzyme’s ability
to catalyze the hydrolysis of a model fluorescently labeled RNA
substrate (carboxyfluoresceinylhexyl-pdAUdAdAp-hexyltetramethylrhoda-
mine, IDT) was similar to that of BS-RNase, implying that this behavior is not
key to the newly emerging biological function in bovine seminal plasma. All
of the candidate ancestral RNases could form dimers under oxidizing
conditions, as does seminal RNA, implying that this behavior was not key to
the newly emerging function. The rates of folding and other gross physical
properties of the ancestors were also not greatly different in ancestral and
modern seminal RNases.

In contrast, the immunosuppressivity of the seminal RNases, measured
in vitro using a mixed lymphocyte reaction assay exploiting bovine
leukocytes isolated from fresh peripheral bovine blood, increased
noticeably in the descendents following the branch having adaptive
evolution. This suggests that immunosuppression, as measured in this in
vitro assay, is physiologically relevant for the new function of seminal
RNase. This result was paralleled by results in mitogen induction assays,
which is less “‘physiological.”” This suggests that the cell-based assays are
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measuring a property that is important for the new biological function of
seminal RNase.

Raines recently suggested that the cell-based activities of RNase might
require a swapping of residues 1 to 20, mentioned above, to form composite
active sites (Kim et al., 1995; Lee and Raines, 2005). Accordingly, the
extent of the swap was measured using a divinylsulfone cross-linking
reagent following the procedure of Ciglic et al. (1998). While the extent of
swapping may be sensitive to the precise conditions under which the
proteins were renatured, the extent of swapping measured in vitro also
increases during the episode of adaptive evolution. This confirms the
hypothesis of Raines and suggests a structural feature relevant to an
adaptive change as well as a behavior.

It is important to note that these paleogenetic experiments suggest
inferences about the structural changes and behavioral changes that may be
important to changing physiological function without recourse to specific
studies on the living animals. Further, these inferences are robust with
respect to the ambiguities inherent in the reconstruction of historical states
from derived sequences. This study presents an example where the
evolutionary history of a gene and the physiological function of the protein
were both unknown but the resurrection of the ancestral protein provided
evidence for a hypothesis and hints on the evolutionary events shaping this
gene’s history.

6. Lessons Learned from Ribonuclease Resurrections

The ribonuclease family contains the best-developed example of the use
of paleomolecular resurrections to understand protein function. It also
illustrates most of the key issues that must be addressed when
implementing this paradigm. This includes the management of ambi-
guities. In the cases reviewed here, additional sequences were obtained
from additional organisms to increase the articulation of the evolutionary
tree and thereby reduce ambiguity in the ancestral sequences inferred.
When ambiguities remained, multiple candidate ancestral sequences were
resurrected to determine that the behavior subject to biological interpreta-
tion was robust with respect to the ambiguity.

Paleogenetics experiments with the ribonuclease family also show the
value of maximum likelihood tools in reconstructing ancestral sequences.
The simplest parsimony tools, which minimize the number of changes in a
tree, easily generate ambiguity by swaps around short branches. Ancestral
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character states are less likely to be confused by incorrect detailed topology
of a tree when they are constructed using maximum likelihood tools than by
maximum parsimony tools.

More important, however, these examples show the potential of
molecular paleoscience as a strategy to sort out the complexities of
biological function in complex genome systems. Here, the potential of this
strategy has only begun to be explored. In the long term we expect that
paleomolecular resurrections will allow us to understand changing
biomolecular function in an ecological and planetary systems context.
Margulis and others have referred to this as planetary biology (Margulis
and West, 1993; Margulis and Guerrero, 1995).

Last, these examples show the value of paleomolecular resurrections in
converting “‘just so” stories into serious scientific narratives that connect
phenomenology inferred by correlation into a comprehensive historical—
molecular hypothesis that incorporates experimental data and suggests new
experiments. Thus, they offer a key example of how paleobiology might
enter the mainstream of molecular biology as the number of genome
sequences becomes large and frustration with their lack of meaning
becomes still more widespread.

B. LYSOZYMES: TESTING NEUTRALITY AND PARALLEL EVOLUTION

At approximately the time that the first ancestral ribonucleases were
being resurrected in the Benner laboratory in Zurich, Allan Wilson and
his colleagues at the University of California were considering the
history of the evolution of lysozymes from bird eggs (Malcolm et al.,
1990). Their work focused on three positions (sites 40, 55, and 9). A
crystal structure showed that these lie just beneath the active site cleft
inside the folded structure in a hinge between the two globular domains
of lysozyme.

Malcolm et al. (1990) noticed that the pattern of divergence at these sites
was peculiar when compared with the pattern of divergence at other sites in
the lysozyme family. These sites show little variation in other bird
lysozymes. In one branch leading to the lysozyme in the last common
ancestor of the quail (Callipepla californica), northern bobwhite (Colinus
virginianus), and guinea fowl (Numida meleagris) from the next-higher
node in the tree, three amino acid replacements (T40S, 155V, and S91T)
were inferred. The ancestor therefore had TIS at sites 40, 55, and 91,
respectively, whereas the descendent had SVT at those sites.
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No other internal sites suffered replacement along this branch. Further,
these sites are conserved in a variety of other birds, including the
chachalaca, turkey, pheasant, chicken partridge, and Old World quail.

The evolutionary tree is insufficiently articulated to infer the order in
which these three amino acids are replaced. Thus, Malcolm et al. asked if
these three changes occurred in a specific sequence. A total of six paths
(=3+4+2+1) lead stepwise from the TIS to the SVT trio. Proteins
representing all intermediates in each of these paths of amino acids (with
reference to these three sites only) were prepared. Malcolm et al. then
asked whether all proteins had similar thermal stability.

In this work, the thermal melting transition temperatures of the
modern lysozymes were used to provide the upper and lower limits of
“normal” stability. Transitions at temperatures higher or lower than these
bounds were interpreted as being functionally significant. Some of the
intermediates constructed in this work had transition temperatures that
were outside these bounds. This led the authors to suggest that these
intermediates were less likely to be neutral variants than were others. Further,
evidence was obtained suggesting that the temperature of unfolding
correlated with the total volume of the side chains of the residues at these
three sites.

This experiment had only limited interpretive goals. Egg lysozyme is
frequently viewed as functioning to protect the egg from microbial attack.
It remains an open question why North American birds would need to have
a different set of residues in the hinge region of their lysozyme, or
lysozymes with a particular thermal stability, to perform a function
distinctive with respect to North American microbial agents. The
distinctiveness of the changes observed in the branch, and the likelihood
that such distinctive changes do not represent neutral drift, suggest that this
question might have an interesting answer.

C. ANCESTRAL TRANSPOSABLE ELEMENTS

A substantial fraction of the genomes of many organisms, including
mammals, consists of interspersed repetitive DNA sequences. These are
primarily degenerate copies of transposable elements, units of DNA that
can migrate to different parts of the genome. Transposable elements
include retrotransposons, which are derived from RNA molecules that are
transposed to DNA via cDNA intermediates, and transposons, which move
directly from DNA to DNA. These can be short interspersed nuclear
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elements (SINES, about 300 nucleotides long) or long interspersed nuclear
elements (LINES, 6000 to 8000 nucleotides long), both of which contain
internal promoters for RNA polymerase III; transposable elements with
long terminal repeats (which can contain a reverse transcriptase or its
remnants); or DNA transposons that have an ORF (or its remnants) that
encodes a transposase.

Because transposable elements do not serve any known function except
perhaps as an evolutionary tool, it is expected that their functional elements
will sustain mutations that render them inactive over extended periods of
evolutionary time. By going backward in time starting from inactive
transposable elements in contemporary organisms, it should be possible to
resurrect active ancestral transposable elements that delivered those
transposable elements to the modern genomes. This has now been done
in several laboratories.

1. Long Interspersed Repetitive Elements of Type 1

Long interspersed repetitive elements of type 1 (LINE-1 or L1) are
examples of retrotransposons that encode reverse transcriptase, lack long
terminal repeats, and appeared to transpose via a polyadenylated RNA
intermediate. The F-type subfamily of LINE-1 retroposons apparently
began to be dispersed throughout the mouse genome about 6 Ma. The
resulting paralogs are only about 75% sequence identical when compared
pairwise. In this way, they differ from subfamily A of LINE-1
retrotransposons, which are over 95% identical in pairwise sequence
comparisons.

The A and F subfamilies of LINEs also differ in terms of their activity.
Members of the A subfamily appear to be fully active as transcriptional
promoters. Members of the F subfamily, in contrast, appear to be both
transcriptionally and transpositionally inactive.

Adey et al. (1994) hypothesized that these F-type L1’s are ““evolutio-
narily extinct” descendents of an ancestral LINE-1 that was functionally
active. The inactivation was caused by accumulation of mutations in the
transcription initiation region. To test this idea, they analyzed an alignment
of 30 F sequences to generate a consensus sequence of the promoter that
approximated the sequence of the ancestral LINE promoter. They then
resurrected that sequence and demonstrated that it was indeed functional in
that the resurrected promoter was able to drive transcription in promoter
assays.



62 STEVEN A. BENNER, SLIM O. SASSI, AND ERIC A. GAUCHER

The reconstruction did not follow a single evolutionary model based on
a coherently defined tree and therefore does not represent an example of
precise resurrection. Rather, a consensus of the F-type sequences was
obtained using the program PRETTY from the Wisconsin Genetics
Computing Group. This was compared with a consensus of a subset of the
sequences of elements that were believed to have diverged more recently.
Next, positions that displayed CpG hypermutability within the younger
subset of F-type sequences were converted back to CpG in the presumed
ancestral sequence. At sites where no consensus was observed for all 30
sequences, the consensus nucleotide within the younger subset was placed
at that site in the ancestral sequence.

The authors recognized that this combination of analytical tools did not
infer an ancestral sequence in a formally coherent way, but rather,
approximated the ancestral sequence. The sequence that resulted from this
analysis differed at 11 positions from a previously reported consensus
sequence that was based on a smaller set of data.

The resulting consensus sequence was then resurrected by chemical
synthesis. The consensus sequence was placed in front of a chloramphe-
nicol transferase reporter gene, as were eight F sequences from modern
mammals that served as controls. Each construct was transferred into
undifferentiated mouse F9 teratocarcinoma cells. There, the ability of the
ancient and modern promoters to direct the expression of the reporter
protein was determined.

The resurrected ancestral promoter generated a high level of reporter
expression, a level approximately equal to the level of expression generated
by the most active A-type promoter known. In contrast, seven of the eight
modern F-type promoters generated no detectable expression of the
reporter. Thus, these results supported the hypothesis of Adey et al. (1994).
The currently inactive F-type transposable elements do appear to be
descendents of a promoter that was active approximately 6 Ma.

2. Sleeping Beauty Transposon

An analogous experiment was done by Ivics et al. (1997), who used a
“majority rule” consensus strategy to approximate another ancestral
transposon sequence. As with the F LINE subfamily, members of the Tc1/
mariner superfamily of transposons in fish appear to be transpositionally
inactive, due to the accumulation of mutations following divergence of an
active transposon. Ivics et al. analyzed a dozen sequences to infer a
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consensus sequence of an ancestral transposon and called it Sleeping
Beauty.

This sequence was then resurrected and studied. The consensus
ancestral transposase was shown to bind to the inverted repeats of salmonid
transposons in a substrate-specific manner, and to mediate precise cut-and-
paste transposition in fish as well as in mouse and human cells. This result
suggested that the modern, inactive, transposable elements are descendents
of a more ancient transposable element that dispersed itself in fish genomes
some time ago, in part by horizontal transmission between species.

3. Frog Prince

Another member of the Tcl/mariner superfamily from the northern
leopard frog (Rana pipiens) was resurrected in much the same manner as
Sleeping Beauty (SB). In fact, SB does not show host-dependent
restrictions but does show some transposition efficiency variability,
depending on the cell line derived from different species (Neidhardt et
al., 1990). Consequently, Ivics and co-workers (Miskey et al., 2003) set out
to resurrect another vertebrate transposon in an effort to have another
genomics tool with different characteristics.

R. pipiens genome was estimated to contain 8000 copies of transposable
element, closely related to Txr elements in Xenopus laevis. To clone a few
uninterrupted transposase open reading frames (ORFs) from this collection,
the authors designed a method to trap them. This method selected for the
uninterrupted transposase ORFs. They used the cloned sequences to
generate a consensus of the transposase gene, and along with the inverted
repeats from R. pipiens, they obtained all the necessary components for the
transposon system Frog Prince. Frog Prince (FP) transposons were shown
to be phylogenetically closer to the Txr elements than to the Sleeping
Beauty/Tdr1 transposons. To test its transposition activity and compare it to
that of Sleeping Beauty (SB), the assay developed for SB was used on HeLa
cells. Indeed, FP was active in these cells and was shown to cross-mobilize
with X. laevis transposon but not with Sleeping Beauty. This indicates that
the transposon families in X. laevis and R. pipiens have diverged recently,
in contrast with SB transposons, where the divergence is more distant. Of
course, phylogenetically it is not surprising since FP originated from
amphibians and SB from fishes.

FB was tested in different cell lines and compared to SB activity. The
transposon systems overlapped and differed in their levels of activity in the
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cell lines tested, achieving the authors’ goal of obtaining a new active
transposon system that had some different characteristics from SB,
increasing the number and application of genomics tools. In fact, FP was
more active than SB in zebrafish, demonstrating the advantage of using a
phylogenetically distant transposon if higher activity was the goal. This is
possibly due to the presence of SB-like transposons (Tc1 transposons) and
the corresponding inhibitory mechanisms in zebrafish. These mechanisms
would be ineffective against the phylogenetically distant FB.

The study is worth repeating using ancestral sequences inferred using
specific evolutionary trees. This would provide an example of whether
consensus reconstructions differ from rigorous reconstructions. Using just
the salmonid sequences used for the Sleeping Beauty resurrection or just
the paralogous sequences used for Frog Prince would not be enough to get a
reconstruction where the phylogenetic inference produces a different
sequence than in the consensus approach. In fact, the SB salmonid
sequences and certainly the FP sequences do not have enough phylogenetic
variation for the inference to necessarily be any different from the
consensus. On the other hand, if one were to include more sequences from
more divergent organisms the phylogentic inference would most certainly
be more useful than a consensus approach.

4. Biomedical Applications of Transposons

The active ancestral transposon Sleeping Beauty became an intense
focus of research as other research groups succeeded in improving its
activity by site-directed mutagenesis (Yant et al., 2004). The SB system
became a tool in gene therapy, generating a large number of publications
and a biotechnology company, Discovery Genomics, Inc., with a goal to
develop a gene therapy delivery system based on this resurrected
transposon (Hermanson et al., 2004; Ivics et al., 2004). This is yet another
example of a novel application of paleobioscience where resurrected
biomolecules are being used as biomedical tools to combat human disease.

Alternatively, transposons could be used as a tool to identify genes
involved in cancer by monitoring their ability to disrupt open-reading
frames or regulatory regions with a genome. SB has recently been used as
such a tool to identify cancer-related genes (Collier et al., 2005; Dupuy et
al., 2005; Weiser and Justice, 2005). Identifying cancer genes today often
involves random mutagenesis through the use of radiation, chemical
agents, or viruses. These approaches raise serious concern, as it is difficult
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to separate the cancer-causing mutations from the benign mutations. On the
other hand, Sleeping Beauty presents a way to tag cancer genes because it is
a transposon with a known sequence and one that is very divergent from its
mouse homolog. As an example, Collier et al. (2005) designed a way to
identify oncogenes using SB (altered regulation by SB when integrated
upstream of the gene) or tumor suppressor genes (disrupted by SB when
integrated in the middle of the sequence). This resurrected transposon will
enable researchers not only to identify new cancer genes but also to dissect
the unknown pathways for cancer formation in different types of tumors,
tissues, and developmental stages. Oncogenesis is indeed a very
complicated process with many possible pathways involving a large
number of genes. Paleobioscience presents a powerful tool to shed light on
the biology of cancer.

D. CHYMASE-ANGIOTENSIN CONVERTING ENZYME:
UNDERSTANDING PROTEASE SPECIFICITY

As with the ribonucleases, proteases in vertebrates present a baffling
diversity of paralogs that have arisen from gene duplication throughout the
past 500 million years. Many proteases have been studied to determine
their substrate specificities, where a parallel diversity in their behavior is
also observed.

The serine proteases offer one example of this. As with ribonucleases,
the classical serine proteases, such as trypsin and chymotrypsin, are
digestive enzymes isolated from the digestive tract of oxen. These
proteases are paralogs of nondigestive proteases that are found in many
tissues. For example, chymases form a clade of serine proteases
homologous to trypsin and chymotrypsin. These are secreted from mast
cells. Once secreted, the chymases help process peptide hormones, are
involved in the inflammatory response, and may aid in the expulsion of
parasites (Miller, 1996; Knight et al., 2000). True physiological function
remains unclear, but pathologically these enzymes have been involved in
vascular disease and might be attractive drug targets (Doggrell and
Wanstall, 2004).

Proteases carrying the name chymase from different species differ in the
details of their substrate specificity. For example, human chymase
cleaves angiotensin I between the Phe8—His9 residues to give angiotensin
II, but does not then further cleave the Tyr4-IleS bond in angiotensin II.
In contrast, the chymase from rat does degrade the Tyrd4-Ile5 bond
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FIGURE 20. Tree showing relationship of a variety of serine proteases. Chy with the prefix
letters h, b, d, r, and m indicate the human, baboon, dog, rat, and mouse chymases,
respectively. U indicates the ancestral chymase that was resurrected by Chandrasekharan et
al. (1996). Bootstrap values are shown at the nodes.

in angiotensin II, leading to inactivation of the peptide hormone. This has
many implications, not the least of which being that the pharmacology of
hypertension management targeted at the angiotensin system is expected to
differ in rats and humans.

The fact that these homologs in humans and rat display different
substrate specificities raises the question: What was the specificity of the
chymase in the last common ancestor of humans and rats? To answer this
question, Chandrasekharan et al. (1996) applied parsimony analysis (using
PAUP) to two dozen homologous serine proteases to reconstruct the last
common ancestral chymase of modern chymases in humans and rats. In
doing so, they used the kallikrein proteases as an outgroup (Figure 20). This
ancestral protein was present in an organism such as Eomaia (Figure 21),
which is the most primitive placental mammal fully attested to in the fossil
record.

The resulting tree was supported at a 95% level by bootstrap analysis.
There was, however, considerable ambiguity in the ancestral sequence



MOLECULAR PALEOSCIENCE: SYSTEMS BIOLOGY FROM THE PAST 67

FIGURE 21. Eomaia, a primitive placental mammal, and Sinodelphys, a primitive
marsupial, at the Jurassic—Cretaceous boundary, about 125 Ma, one of the best representative
fossils at the time when mammalian protease systems were being developed. (From the S. A.
Benner collection; photograph courtesy of Steven Benner.)

inferred using parsimony. The analysis did not identify a specific amino
acid to occupy 15 sites in the ancestor. To generate the sequence to be
resurrected, amino acids at seven of these sites were assigned arbitrarily.
Amino acids at the remaining eight sites were chosen to ensure that the net
positive charge of the ancestral chymase was +18. The candidate for the
ancestral chymase differs from the modern chymase from 52 to 100 sites,
depending on the modern descendent, corresponding to a difference of 23
to 34%.

A gene encoding the ancestral protease was then resurrected and
expressed, and the ancestor was studied in the laboratory. The ancestor was
shown to convert angiotensin I to angiotensin II efficiently with a turnover
of about 700 per second. This kinetic performance was consistent with the
hypothesis that the parsimony analysis generated a functionally active
ancestor.

Relevant to the hypothesis, the ancestral chymase did not degrade
angiotensin II further by cleavage of the Tyr4—Ile5 bond. In this respect, the
behavior of the ancestor resembled the behavior of the more specific
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modern human chymase, not the less specific rat chymase. This provided a
case where protease specificity decreased over time. Chandrasekharan et al.
(1996) noted that this contrasted with a common view of the evolution of
protease specificity, where the protease begins with broad specificity that
narrows over time as the role of the protease becomes narrower.

Is not clear exactly how to date the divergence of these enzymes. At the
time the experiments were done, only a single chymase gene was known to
be present in humans and baboons, and only a single chymase was known
in dogs. In contrast, at least five alpha and beta chymases isozymes have
been identified in mice and rats as of 1995. Correlation with the species tree
suggests that the alpha and beta forms of chymases emerged long before
mammals branched from therapsids. This implies that the nonrodent
mammals lost some of the extra paralogs.

The narrative for the chymase family provides another interesting
example where the biological information generated by an experiment in
paleobiochemistry could not have been obtained in any other way. The
narrative would, of course, be improved by resurrecting a sample of the
alternative ancestral protease sequences to demonstrate that the inference is
robust with respect to the reconstruction ambiguity. This would make it
unnecessary to assume that the sites whose residues were assigned
randomly have no impact on the interpreted phenotype.

Indeed, the abundance of genome sequences available today would
make this system, as well as many protease systems, worth revisiting. It
would be interesting to follow through paleogenetics the coevolution of
these proteases as well as the angiotensin protein. The number of paralogs
of different proteases in mammalian genomes, the diversity of protease
types, and the complexity of the biological functions that they perform all
suggest that molecular paleoscience should be a key part of any program to
understand their biology.

E. RESURRECTION OF REGULATORY SYSTEMS:
THE PAX SYSTEM

The difference in the morphology of different metazoans arises, in part,
not from changes in the sequences of encoded proteins, but rather from
changes in the regulation of expression of those proteins. Regulation of
expression, in turn, often involves the specific binding of transcription
factors to specific target DNA regulatory elements. Many of these factors
are homologous. Thus, the divergent specificity of the DNA-binding
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protein and binding partner is a historical process that can be examined
using paleomolecular resurrections.

To explore one such history, Sun et al. (2002) examined the Pax system.
Pax genes encode a well-conserved DNA-binding domain of 128 amino
acids. In mammals, nine Pax genes (Pax-1 to Pax-9) were known in 2002.
These all play roles in the embryonic development of tissues and organs.
Thus, Pax genes are implicated in human congenital defects (Pax-2, 3, 6, §,
9), in the development of cancers (Pax-3, 5, 7), and in the development of
the central nervous system (Pax-2, 3, 5, 6, 7, 8), the eye (Pax-2, 6), the
pancreas (Pax-4, 6), and B-lymphocytes (Pax-5) (Engelkamp and van
Heyningen, 1996; Dahl et al., 1997; Underhill, 2000).

Sequence analysis classifies Pax genes into five groups within two
supergroups: Pax-2, Pax-5, Pax-8, Pax-B, poxn/Pax-A, and Pax-6/ey in
supergroup I, and Pax-1/Pax-9/poxm and Pax-3/Pax-7/gsb/gsbn in super-
group II (Sun et al., 1997). Pax genes within each group often display
similarities in their expression patterns; this may imply analogous roles in
development (Chalepakis et al., 1993).

The process by which Pax genes and their binding sites duplicated and
functionally diversified presents an example of the transitional form
conundrum in divergent evolution. Briefly, this conundrum arises because
incompletely specialized biomolecules that are intermediates in this
evolution are expected to display cross-reactivity that might confuse their
functional distinctiveness. Some of the amino acid changes between the
duplicates are important in making these distinctions; others, however,
reflect, instead, neutral evolution.

As was shown with ribonucleases, deliberate resurrection of
ancestral forms can help distinguish amino acid replacements that are
key to functional diversification from those that are neutral. More
classical methods, including making hybrid structures that are widely
used in molecular biology, do this less efficiently and might miss
important functional residues. Two residues that come together in the
folded structure of the protein, but are placed remotely in the primary
structure, would be difficult to detect by classical molecular biology
deletion analysis. In the Pax family, for example, hybrid constructs
suggested that only three of the 30 amino acid differences between
Pax-5 and Pax-6 paired domains are important for differences observed
in their DNA-binding specificity (Czerny and Busslinger, 1995).
These studies do not show, however, how this diversification actually
occurred.
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To address this issue in the Pax family, Sun et al. (2002) reconstructed a
set of ancestral Pax sequences using the distance-based method developed
by Zhang and Nei (1997). The ancestral proteins were then resurrected by
expression of the gene in the in vitro reticulocyte-translation system. The
proteins expressed were then assayed based on their ability to bind to
various DNA sequences (as detected by gel mobility shifts) as well as a
biological assay in Drosophila. For the DNA-binding assay, seven
sequences were selected identified as Pax-5 binding sites and are
representative of the Pax-binding domain generally (Czerny et al., 1993).

Two of the ancestral sequences resurrected stand at the head of the two
supergroups (Figure 22). Ancestor I (Anl) bound strongly to all test
sequences except H2A2.2 (one of the seven binding sequences), which was
bound less strongly. Pax-2 and Pax-A, descendents of Anl, showed the
same broad specificity as that of the ancestor, although overall they bound
less strongly than ANI. In contrast, AN6, another descendent of Anl,
showed a narrower binding specificity than that of its descendent, Pax-6.

47H

Pax-2/5/8/B group

ANG6
ANI 47H
47 l\kl
Pax-6 group
47 H 47N1?
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FIGURE 22. Tree relating the Pax genes. Note that Pax-4 is not included in the analysis. The
resurrected ancestral sequences are denoted by ANI, ANII, and ANG6, at the nodes indicated.
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These experiments suggest that the fundamental binding features of this
supergroup were already established in the ancestor ANI.

ANII showed almost no binding with the test sequences. The mouse
Pax-1 paired domain (MPD1) showed modest binding with all of the test
sequences (except for as H2A2.2), in contrast to the mouse Pax-3 paired
domain (MPD3), which showed little or no binding to the tested sequences.

Therefore, within the two supergroups, functional diversification during
evolution appears to have involved changes from broad to narrow
specificities in binding within the test sequences (ANI to AN6 and human
Pax-6) and changes in binding affinities either across multiple binding
sequences (e.g., ANI to mouse Pax-2 and sea nettle Pax-A, and ANII to
mouse Pax-1) or across a few sequences (ANII to mouse Pax-3). Further,
changes in binding specificity can occur independent of the changes in
binding affinity.

The next phase of the analysis is to sequence a wider diversity of Pax
genes to better articulate the tree: to segment the branch leading to Pax-4 so
that it is not so long and so that its information can contribute to the
resurrection.

Sun et al. (2002) then applied their analysis to identifying two amino
acid changes that might dominate the differences in the DNA-binding
properties of ANI and ANII. As there are seven amino acid differences
between ANI and ANII, and 19 between AN6 and ANI, the authors used
the difference in the evolutionary rates of these sites as a guide to select a
more manageable subset of sites to test. They calculated the relative rates of
amino acid substitution at the differing sites and selected the ones that show
a relative low rate, as this suggests importance for the binding.
Paleobioscience in this case combines ancestral reconstruction and site-
specific evolutionary rates to select a functionally important set of sites.
Testing the resurrected proteins and those with specific replacement in the
sites selected is an efficient way to shed light on the functionally important
residues. Of course, one has to be careful when comparing site-specific
rates and deciding which are important, as deciding the cutoff for ‘““fast”
and “slow” could be challenging. However, the synergy between the
reconstruction and the relative rates could make this problem manageable.
The authors selected three different sites between ANI and ANII to
investigate (sites 121, 22, and 20) and three others to investigate the
difference between AN6 and ANI (sites 44, 47, and 66).

No single mutation changed the binding properties of ANI significantly,
as shown in the binding patterns of ANI-NVN (D20N), ANI-DVS (N1215),
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and ANI-DIN (V22I). Changes at positions 20 (N20D, ANII-DIS) and 121
(S121N, ANIININ) in ANII greatly increased the binding strength of ANII
to the test sequences, however. The binding properties of ANI and ANII
with combined mutations in positions 20, 22, and 121 were then examined.
The hybrid ANI-NVS (D20N and N121S) had substantially decreased
binding to test sequences relative to ANI, whereas the ANII-DIN (N20D
and S121N), unlike ANII, bound efficiently to several sequences. When the
binding strengths of ANI-NVS and ANII-DIN to test sequence 5S2A were
compared using serially diluted concentrations of 5S2A, the binding of
ANI-NVS was visibly weaker than that of ANII-DIN at every concentra-
tion tested. When the ratios of intensity of the shifted band versus the free
band of 5S2A are calculated for ANI-NVS and ANII-DIN, the ratio for
ANII-DIN ranges from 2- to 11-fold higher than that for ANI-NVS (five
independent replicate assays). This range is rather larger than that expected
from experimental error, suggesting that different preparations of the
proteins differ in the specific activity of their total binding affinity.
Nevertheless, ANII-DIN clearly had a higher affinity to the test sequences
than that of ANI-NVS. DNA-binding properties of ANI and ANII are
strongly influenced by the amino acid occupying sites 20 and 121, although
replacements at all seven sites that separate the ANI and ANII sequences
have some effect.

Next, they repeated the foregoing approach to evaluate the importance
of the three sites selected (sites 44, 47, and 66) between AN6 and ANI.
They tested R44Q, H47N, and G66R in ANI and the reciprocal changes in
ANG6. This series of experiment showed that only the amino acid change in
site 47 is sufficient to cause a nearly complete specificity swap between
ANI and ANG, although the other two sites (44 and 66) have minor effects.
Next, Sun et al. (2002) investigated the importance of site 47 in an assay in
vivo in Drosophila. Their rationale for this assay is that a difference in
affinity, caused by a mutation in site 47, would result in an ectopic eye
phenotype in Drosophila. This is based on previous studies showing that
ectopic expression of Pax-6 homologs and eyeless (homolog to the
vertebrate Pax-6 in Drosophila) result in the formation of supernumerary
eyes in the fly (Brand and Perrimon, 1993; Halder et al., 1995). In addition,
another study (Czerny et al., 1999) showed that the ectopic eye phenotype
is also observed when the second Pax-6 homolog, twin of eyeless (toy), is
expressed ectopically. The two Pax-6 paralogs in Drosophila, eyeless and
toy, were also shown to produce proteins with different DNA-binding
properties.
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In the in vivo assay, the size and frequency of the ectopic eyes were
evaluated as well the pigment concentration in thoraces with ectopic eyes.
These measurements were used to compare overexpression of the wild-type
eyeless transgene (EU transgene), eyeless-N47H (DP6M3 transgene with a
mutation at site 47), eyeless/Pax-2 (M2 transgene replacing the paired box
domain with mouse Pax-2), and eyeless/Pax-2/[HATN (M2M3 transgene
with a mutation at site 47 in the introduced mouse Pax-2). As a result, the
in vivo experiments showed that a change toward the Pax-6 specific N at
position 47 of the paired domain leads to larger and more ectopic eyes (or
both). Smaller or fewer ectopic eyes were observed when the change was
toward H47 present in Pax-2, 5, 8. An interesting result is that a complete
replacement of the eyeless paired domain for the Pax-2 paired domain did
not abolish ectopic eye induction entirely but led instead to the induction of
fewer and smaller ectopic eyes. This result strongly suggests that specificity
can be conveyed by a single amino acid change but that the interaction of
paired domains and their in vivo binding sites may be more flexible than
expected.

Sun et al. (2002) analyzed these changes in light of the crystal structure
of the protein to make further sense of their paleoscience result regarding
functional residues (Xu et al., 1995, 1999). As with all experimental
resurrections, certain simplifying assumptions were made. Thus, some Pax
proteins contain a homeodomain, which may interact with the paired
domain during DNA binding (Underhill et al., 1995; Fortin et al., 1998). By
not considering this interaction in detail, this experiment represents a
simplified approach to recapitulate the evolution of DNA-binding proper-
ties of regulatory proteins.

That this approximation is serviceable is shown by the insights into the
evolution of Pax domains that these studies produced. The ancestors of
supergroups I and II have very different binding properties from the panel
of test sequences used in this study, and two amino acid substitutions have
dominant effects on swapping their binding properties. Only one amino
acid was enough to do the same for An6 and ANI. Because there is no
reliable root to the phylogenetic tree of Pax genes, we cannot predict the
sequence of the common ancestor of all Pax genes and its binding
properties to complete the entire picture of early Pax evolution. However, it
is intriguing to speculate that gene duplication of a common ancestor gave
rise to the two ancestors of supergroups I and II, and these two ancestor
genes mutated at positions 20 and 121 and acquired different DNA-
binding properties to initiate differentiation of the two supergroups. Within
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supergroup I, a similar result was observed as site 47. Although the paired
domains of the Pax-2, 5, 8§ and Pax-6 groups differ by 19 amino acids, their
distinct DNA-binding properties are determined almost completely by a
single amino acid change. Thus, a small number of amino acid changes can
account in large part for the divergence in binding properties among the
known paired domains.

As with ribonuclease, Sun et al. (2002) proposed that this evolutionary
approach is an efficient strategy to select candidate sites responsible for the
functional divergence between genes. In this example, they used this
approach to identify candidate amino acid changes responsible for the
differences in binding properties between different groups of paired
domains. The candidate changes were then tested, individually or in
combination, by in vitro binding and in vivo functional assays.

F. VISUAL PIGMENTS

Vertebrates see light using visual pigments that upon absorption of light,
trigger a biochemical cascade using standard G-protein pathways. The
pigment itself consists of a protein (an opsin) that binds to a chromophore,
generally 11-cis retinal, via a protonated imine linkage. A simple model for
the protein—chromophore pairing is the protonated imine formed via
reaction of a simple amine with retinal. This imine absorbs light maximally
at 440 nm (blue-violet) in organic solvents. This absorption maximum is
sensitive to the environment, however.

The opsin protein that binds the retinal provides the environment, which
it can change by placing different amino acids around the chromophore.
Thus, within one homologous family of visual pigments, the absorption
maximum can be tuned within the range 360 to 600 nm, that is, from the
ultraviolet to red. For example, the four opsins in humans absorb at 414
(violet), 497 (blue-green), 530 (green-yellow), and 560 (yellow) nan-
ometers.

Vertebrate opsins are classified into five subfamilies, known as RH1 (rod
opsin, also known as rhodopsin), RH2 (RH1-like, or green, cone opsin),
SWSI1 (short wavelength—sensitive type 1, or ultraviolet-blue, cone opsin),
SWS2 (short wavelength—sensitive type 2, or blue, cone opsin), and M/
LWS (middle to long wavelength—sensitive, or red-green, cone opsin).
Some species (such as goldfish and chicken) have representatives of each.
Humans, with the four opsins mentioned above, lost the SWS2 and RH2
genes but gained an additional member of the M/LWS family.
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As with the digestive enzymes, visual pigments stand between an
organism and its environment. Thus, the wavelength of absorbance is
presumably driven by adaptive pressures. The coelecanth, for example, a
fish that lives in the deep sea where ultraviolet light is absent, does not have
a visual pigment that responds to ultraviolet light. For scotopic vision
(seeing in dim light), for example, pigments need to have a very high
quantum efficiency, generate an extremely low level of noise in darkness,
and absorb with an absorption maximum at about 500 nm (Menon et al.,
2001).

The demands on vision have changed frequently throughout the history
of vertebrates. It is therefore expected that an evolutionary narrative will
help expand our understanding of the evolving function of vision. Not
surprising in this light, three fascinating paleogenetics studies have been
done in this area.

1. Rhodopsins from Archaeosaurs:
An Ancestor of Modern Alligators and Birds

Chang et al. (2002) began work with visual pigments by seeking to
understand how vision might have evolved in the ancestors of modern
birds. Their focus was the visual pigment of the primitive archosaur, an
ancestor that gave rise to the modern alligator as well as to birds such as the
pigeon, chicken, and zebra finch. The sequences of rhodopsins from all of
these species was known when their work began, and this clade was rooted
by the sequence from the green anole (Figure 23).

A multiple sequence alignment for these rhodopsin genes, together with
genes from two dozen other vertebrates, was built using Clustal W. The
alignment was then adjusted by hand to ensure that amino acids believed to
be structurally important were aligned and to remove gaps within codons.
The amino acids at the ends of the rhodopsin genes (encoding the first 21
amino acids and the 25 amino acids following a palmitoylation site) were
difficult to align and could not generate an ancestral sequence with a
manageable level of ambiguity. These segments were therefore excluded
from the alignment, with the exclusion justified by the observation that
these segments are believed not to be important in determining the features
of photon absorption or activation of transducin. Bovine rhodopsin
provided the sequence for these regions of the putative archosaur protein.

A phylogenetic tree was chosen to reflect the accepted relation between
the taxa providing the rhodopsin genes, as supported by cladistic and
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FIGURE 23. Visual pigments from vertebrates analyzed by Chang et al. (2002).

paleontological data. Amino acids in the ancestral archosaur sequence were
then computed using the maximum likelihood methods as implemented in
PAML (Yang, 1997). This implementation calculated marginal probabil-
ities at each site using an empirical Bayesian approach. Pairwise likelihood
ratio tests were also used to select the models with the best fit for the data
(Navidi et al., 1991). A gene for the ancestral archosaur rhodopsin was
prepared by chemical synthesis and expressed in COS cells. The protein
was regenerated with 11-cis retinal, purified, and assayed for function in the
laboratory.

Especially interesting in this work was its exploration of different
models for reconstructing ancestral rhodopsins. Phylogenetic reconstruc-
tions using model-based methods may be sensitive to the assumptions
underlying the particular model used in the analysis (Cao et al., 1994;
Huelsenbeck, 1997) and may also be problematic when reconstructing
ancestral states (Chang and Donoghue, 2000).

Chang et al. (2002) used several different models for nucleotide-
based, amino acid—based, and codon-based reconstruction strategies, and
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FIGURE 24. Fossil of Confuciusornis sanctus from the Jurassic-Cretaceous boundary,
about 125 Ma. This represents the earliest bird known with a beak, representing a taxa that
lived after the archosaur whose visual pigment was resurrected by Chang and her co-workers.
(From the S. A. Benner collection; photograph courtesy of Steven Benner.)

compared the results using likelihood ratio tests [see Chang et al. (2002) for
details of the comparison]. In particular, for all models tested, eliminating
the gamma distribution, which accounts for different rates of change at
different sites, resulted in a significantly worse fit to the data.

For the three best-fitting models from the three strategies, reconstruc-
tions of the ancestral archosaur rhodopsin were in agreement at all but three
sites (213, 217, and 218). At these sites, two of the three models agreed
with each other, permitting a “majority rule” principle to be applied in
inferring the ancestral residue at these sites. Given that these sites lie in a
helix facing the lipid bilayer, the behavior of the pigment was not expected
to be influenced by this ambiguity. To demonstrate this, Chang et al.
synthesized alternative candidate ancestral rhodopsin variants that
contained the various amino acids at the three sites.
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The ancestral rhodopsin had an absorption maximum in the visible
at 508 nm. This maximum is at a longer wavelength than the rhodopsin
from most mammals and fish; it lies within the higher end of the range
of absorption maxima in reptiles and birds. Chang et al. then demons-
trated that the ancestral rhodopsin was able to activate the G-protein
transducin.

Rhodopsin, which is found in rods, is essential for vision at low light
intensities. The paleogenetic evidence for an active rhodopsin in the
archosaur might therefore also be interpreted as evidence that the archaosaur
could see in dim light, and therefore may have been nocturnal.

2. History of Short Wavelength—Sensitive Type 1 Visual Pigments

The detection of light in the violet and near ultraviolet is key to the
survival strategy of many vertebrates, who may detect light in these regions
while foraging, selecting a mate, and communicating. The extent to which
ultraviolet vision is distributed across the vertebrate tree (even though it is
lacking in humans) suggests that perhaps the ancestral vertebrate also had
ultraviolet vision. Inferences from such an analysis are notoriously
insecure, of course, and even more so given the ability of opsin evolution
to generate different absorbance spectra.

To understand better the evolution of these pigments, Shi and Yokoyama
(2003) inferred the sequences of various ancestral SWS1 pigments
throughout the tree interconnecting a variety of mammals (including
rodents, artiodactyls, and primates), birds, reptiles, and fish (Figure 25).
This tree topology was based on the amino acid sequences of SWSI1
pigments as well as some DNA-DNA hybridization data, and represented
sequences as old as 400 million years.

The sequences of ancestral SWS1 pigments were then inferred at seven
nodes in the tree using likelihood-based Bayesian methods implemented in
PAML (Yang et al., 1995; Yang, 1997) and resurrected. Various hybrid
pigments were also designed and constructed by swapping different SWS1
cDNA:s.

As with the experiments by Chang et al. (2002), the N- and C-terminal
peptide segments were examined to show that they did not influence the
absorption of the pigment. Thus, ambiguity in the ancestral sequences
within these regions was therefore ignored. Potentially problematic
ambiguity in the ancestral sequences was encountered between 1 and 11
sites (depending on the ancestor). This was revealed by posterior
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FIGURE 25. Evolutionary tree of 21 vertebrate SWS1 pigments. The tree was inferred from
both the sequence data and DNA-DNA hybridization data. The seven ancestral sequences that
were resurrected (circled) were inferred by a likelihood-based Bayesian method from Yang
et al. (1995). FFTFSTALS refers to the amino acids at the critical sites 46, 49, 52, 86, 90, 93,
114, 116, and 118 for the ancestral pigment. The ultraviolet pigments are boxed. The numbers
after P and those at nodes a to g refer to Apa.x values. The numbers next to nodal arrows
indicate the total numbers of amino acid changes introduced in constructing ancestral
pigments.

probabilities of less than 0.9, and differing posterior probabilities
depending on whether the JTT or Dayhoff model for amino acid
replacement was chosen. This represents another illustration of the impact
of the model when inferring ancestral amino acids. This ambiguity was
managed through the resurrection of a variety of hybrid pigments. In
addition, for the most ancient pigment, if the probability of a residue at a
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site was less than 0.9, it was replaced individually by the second-best
residue to emerge from the inference.

These studies showed that nearly all of the ambiguity had no impact on
the absorption maximum of the candidate ancestral sequences. This type of
analysis assumes, of course, that the effects of amino acid replacements
at individual sites are independent of each other. Although such an
assumption is always open for dispute (see above), it can be evaluated by
sequencing more opsin genes to better articulate the tree. This will
undoubtedly be done in the future.

Shi and Yokoyama (2003) also considered whether alternative tree
topologies might compromise biological inferences based on the absorption
maxima of candidate ancestral proteins. The three avian sequence groups are
represented in Figure 25 as branching as a “starburst” from ancestor f.
Alternative tree topologies at this node influenced the oldest opsin sequence
(represented by a in Figure 25) at three of the 20 variant sites, exchanging the
order of likelihood of the two most likely residues. For ancestor f (which has
the high absorbance maximum), the probability of the preferred amino acid
increased. This included an increase in the probability of Ala at site 118, a site
where ambiguity did have an impact on the absorbance maximum. For the
remainder of the sites, the changes in the reconstructions created by changing
the tree topology did not have an impact on the phenotype of the ancestors
that generates the biological interpretation.

Two biological interpretations were drawn. First, most vertebrate
ancestors could see in the ultraviolet. As the numbers on the trees show,
most resurrected ancestral pigments were sensitive to ultraviolet light
(absorbance maxima at 360 &= 1 nm). In the emergence of the last common
ancestor of the avian sequences, however, the absorbance maximum
evolved from 360 nm to 393 nm. Further, in a variety of modern
vertebrates, evolution to longer wavelength occurred.

The most curious aspect of the resurrected history of SWS1 is that after
evolving from an ultraviolet-sensitive to a violet-sensitive pigment in the
last common ancestor of the birds, it regained ultraviolet sensitivity
(homoplasy) in some of the lineages leading to modern birds, including in
the canary, the budgerigar, and the zebra finch. This behavior provides an
example showing that the behaviors of ancestral proteins are not
necessarily the behaviors expected by averaging the behaviors of the
descendents.

The SWS1 pigment narrative also provides another example illustrating
how resurrections lead to the discovery of specific amino acids that have
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particular impact. Thus, just as the ribonuclease resurrection identified site
38 as being important to substrate specificity, comparison of ancestral
pigments e and fled to the discovery of previously identified sites for tuning
the spectrum of SWSI1 that were not among the eight known sites (46, 49,
52, 86,90, 93, 114, and 118). Three of these sites are suffering replacement
along this branch (49, 86, and 118), but replacements at these sites proved
to be insufficient to account for evolution of the absorbance spectrum.
To account for the rest of the shift in the absorbance maximum, a quadruple
change including an L116V replacement was required. Thus, site 116
was discovered as a new site involved in the tuning of the spectrum of
SWSI.

To explain the ultraviolet sensitivity in zebra finch, a cysteine at position
90 was the focus of classical studies that focus on leaf-leaf comparisons
(Wilkie et al., 2000; Yokoyama et al., 2000). When S90C was introduced
into a candidate ancestral pigment e, the absorbance of the variant pigment
dropped to 360 nm. Thus, the S90C change by itself is sufficient to produce
ultraviolet sensitivity. However, in the lineage leading from ancestor e to
the last common ancestor of finch and canary, S86C replacement also
occurred. Individually, this also shifts the absorbance maximum down to
360 nm. Changing S86C and S90C together does not result in an additive
shift; these two changes also create a pigment having an absorbance at 360
nm. Thus, both the S86C and S90C replacements, either separately or
jointly, decrease the absorbance by about 30 nm, providing a textbook
example of nonadditivity of phenotype-sequence relationships.

The SWS1 case illustrates the use of paleobiochemistry to manage a
family that has seen a relatively large amount of sequence divergence,
homoplasy, and functional adaptation. Approximately 43 amino acid
replacements have occurred in the history at the nine sites now believed to
be important in tuning the absorption wavelength of the pigment. Given 21
sequences and a reasonable effort to study hybrid and alternative ancestral
candidates, the associated ambiguity can be managed and interesting
information can be extracted.

Shi and Yokoyama then extended the analysis to ask planetary biology
questions. Clearly, the lifestyles and the need for ultraviolet vision changed
dramatically during the divergent evolution of vertebrates. Indeed,
lifestyle, including exposure to ultraviolet light, is different within
vertebrate classes and individual orders. In cases such as the coelacanth
and dolphin, where ultraviolet light is assumed to be absent in deep ocean
water, the SWS1 gene appears to be nonfunctional.
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Shi and Yokoyama also noted that ultraviolet light can damage the
retina. Therefore, yellow pigments in the lenses or corneas of many species,
including humans, filter out ultraviolet light to prevent it from reaching the
retina. Therefore, especially in animals exposed to bright sunlight, the
switch from ultraviolet vision to violet vision might be driven adaptively.
Other factors might include the use of ultraviolet vision in migratory birds,
the detection of rodent tracks, or the selection of food by larval fishes. The
planetary biology of visual pigments has only begun to be explored. As it is
explored using paleobiochemistry, more and more of these cases will
advance from “just so’ stories to serious scientific narratives that join
biochemistry to the cellular phenotype, and from there to the ecosystem
and the changing planetary environment.

3. Green Opsin from Fish

The question of ecological function in the visual pigments has
recently been examined further by Chinen et al. (2005a). These authors
analyzed the difference between visual pigments in goldfish and the
zebrafish. Zebrafish have four paralogous green (RH2) opsin genes,
designated RH2-1, RH2-2, RH2-3, and RH2-4. These have different
absorption maxima when reconstituted with 11-cis retinal at 467, 476,
488, and 505 nm. Goldfish have two pigments that diverge somewhere in
the time when the four zebrafish pigments were diverging (Figure 26).
Both are diurnal freshwater species belonging to the same family, the
Cyprinidae.

To understand the diversity of paralogs and their different numbers in
these two fish, Chinen et al. (2005a) reconstructed the amino acid
sequences of ancestral zebrafish RH2 opsins by likelihood-based Bayesian
statistics. They then resurrected the ancestral pigments and measured their
photophysical properties.

The pigment ancestral to the four zebrafish RH2 pigments (termed
Al) (see Figure 26) and the pigment ancestral to RH2-3 and RH2-4 (A3)
both absorbed maximally at 506 nm. In contrast, the pigment ancestral
to RH2-1 and RH2-2 (A2) absorbed maximally at 474 nm. This indi-
cates that the RH2-3 and RH2-4 modern pigments display the ance-
stral photophysics, whereas the RH2-1 and RH2-2 pigments have the
derived phenotype, with the derived phenotype emerging along branch A
(Figure 26).
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FIGURE 26. Phylogenetic tree of the vertebrate RH2 opsins: In vitro absorption maximum
values (in nm) are indicated in parentheses. The values of the ancestral opsins at nodes Al
(ancestor 1), A2 (ancestor 2), and A3 (ancestor 3), constructed using the JTT model are also
indicated. The branches A, B, and C denote the branches A1-A2, A2—zebrafish RH2-1, and
A3—zebrafish RH2-3, respectively, and are emphasized with thick lines. The absorbance shifts

that occurred along the branches A, B, and C are indicated. (Adapted from Chinen et al.,
2005a.)

Branch A 474 Branch B

Hybrid pigments were then constructed to show that a large contribution
of the spectral tuning (about 15 nm) arose by a substitution of a glutamate
by a glutamine at site 122. The remaining spectral differences appeared to
arise from complex interactive effects of a number of amino acid
replacements, each of which has only a minor impact (1 to 3 nm). Thus,
the four zebrafish RH2 pigments cover nearly an entire range of absorbance
found in vertebrate RH2 pigments.

4. Blue Opsins

Chinen et al. (2005b) then continued these studies by examining the blue
opsins. In a separate study, the sequence of the ancestral SWS2 pigment of
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the two species was inferred by applying likelihood-based Bayesian
statistics. The ancestral protein was then resurrected by site-directed
mutagenesis on a cloned gene. The reconstituted ancestral photopigment
had a Ap,.x of 430 nm, indicating that zebrafish and goldfish achieved short-
wavelength (14-nm) and long-wavelength (13-nm) spectral shifts,
respectively, from the ancestor. Unexpectedly, the S94A mutation resulted
in only a 3-nm spectral shift when introduced into the goldfish SWS2
pigment. Nearly half of the long-wavelength shift toward the goldfish
pigment was achieved instead by T116L (6 nm). The S295C mutation
toward zebrafish SWS2 contributed to creating a ridge of absorbance
around 400 nm and broadening its spectral sensitivity in the short-
wavelength direction. These results indicate that the evolutionary
engineering approach is very effective in deciphering the process of
functional divergence of visual pigments. Among the amino acid
differences between the two pigments, only one (alanine in zebrafish and
serine in goldfish at residue 94) was previously known to cause a difference
in absorption spectrum (14-nm A, shift in newt SWS2).

Zebrafish and goldfish are both diurnal freshwater fish species
belonging to the Cyprinidae family. Their ecological surroundings differ
considerably with respect to their visual needs, however. Zebrafish are
surface swimmers in conditions of broad and shortwave-dominated
background spectra. Goldfish are generalized swimmers whose light
environment extends to a depth of elevated short-wavelength absorb-
ance with turbidity. The peak absorption spectrum (A,..) of the
zebrafish blue (SWS2) visual pigment is consistently shifted to a short
wavelength (416 nm) compared with that of the goldfish SWS2
(443 nm).

5. Planetary Biology of the Opsins

In due course we will be able to tie the molecular and biophysical
history of these visual pigments to historical changes in the environ-
ment of the organisms that carried them. The formation of paralogous
visual pigments in zebrafish (Danio rerio) occurred well after the
divergence of the medaka (Oryzias latipes) from the Otophysi, which
includes the Mexican cavefish (Astyanax mexicanus), the goldfish
(Carassius auratus), and the zebrafish (Danio rerio). Further,
they appear to have diverged after the divergence of the Otophysi to
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separate the Cypriniphysi (which includes the zebrafish and goldfish)
from the Characiphysi (which includes the Mexican cavefish). Rather,
the paralogs arose via a duplication that occurred near the time of
divergence of the goldfish (the family Cyprininae) from the zebrafish (the
family Rasborinae).

Limits have been put on the dates of divergence of various families
(Kruiswijk et al., 2002). For example, the family Rasborinae (which
includes the zebrafish) is estimated to have diverged 50 Ma from
the lineage leading to the family Cyprininae (Ohno et al., 1967;
Cavender, 1991; Stroband et al., 1995; Dixon et al., 1996). These, in turn,
are events that occurred in a time when the fossil and geological records
are strong.

These dates are obtained primarily using molecular clocks. Many of
these fish are known from the lakes in the Rift Valley of central Africa,
however, the same area where primate evolution was to generate Homo
sapiens. The area is associated with multiple lava flows and ash beds,
including a lava flow dated 5 Ma that blocked Lake Tana (in Ethiopia),
which is home to Barbus intermedius, believed to branch from the lineage
leading to carp and goldfish at 30 Ma. A coherent narrative will combine
the geological and paleontological records to explain what was happening
in the environment of these fish that caused them to change their lifestyle,
which in turn made the changes in the photophysical properties of the
visual pigments adaptive.

G. AT WHAT TEMPERATURE DID EARLY BACTERIA LIVE?

By the end of the last decade, the most ancient paleomolecular
resurrections had traveled back in time only about 200 to 300 million years.
This has left untouched many of the most widely discussed questions about
the nature of early life on Earth. One of these relates to the role of
thermophily in the early history of terrean life.

The issue has been confused somewhat by contradicting analytical
strategies. Thus, various authors, observing that thermophilic organisms
are placed at deep branches of a tree, suggested that the last common
ancestor of all organisms should be a thermophile. Others inferred the
G + C content of an ancestral ribosomal RNA gene, and noted that this
was inconsistent with the ancestor being a hyperthermophile (Galtier
et al., 1999). Various models for environments deep in the Archaean
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suggest that the Earth was hot (Knauth, 2005) and covered with snow
(Runnegar, 2000). Other models suggest that early bacteria may have
been thermophiles, or possibly extreme thermophiles. Arguments based
on indirect evidence, such as the lengths of branches of various trees
(Woese, 1987), the G 4 C content of reconstructed ancestral ribosomal
RNA (Galtier et al., 1999), and the distribution of thermophily in
contemporary taxa (Hugenholtz et al., 1998), have generated contra-
dictory inferences.

1. Elongation Factors

Gaucher et al. (2003) conjectured that an experiment in paleogenetics
might shed light on this question. If the sequences of ancestral proteins
from bacteria that lived in the Archaean could be resurrected and their
properties over a range of temperatures could be studied, we might be able
to obtain direct evidence for the temperature(s) at which the ancestral
bacteria lived.

Elongation factor Tu (from Bacteria) and elongation factor 1A (from
Archaea and Eukarya) proved to be suitable for such a study. EFs are G-
proteins that present charged aminoacyl-tRNAs to the ribosome during
translation. Because of their relatively slow rates of sequence divergence,
most character states of ancient EF sequences can be reconstructed robustly
for proteins from bacteria deep in the eubacterial tree. Further, the optimal
thermal stabilities of EFs correlate with the optimal growth temperature of
the host organism. Thus, EFs from mesophiles, thermophiles, and
hyperthermophiles, defined as organisms that grow at 20 to 40, 40 to 80,
and >80°C, respectively, and represented by species of Escherichia,
Thermus, and Thermotoga, have temperature optima in their respective
ranges (Arai et al., 1972; Nock et al., 1995; Sanangelantoni et al., 1996).
This is consistent with a previous study based on a large set of proteins in
which a correlation coefficient of 0.91 was calculated between environ-
mental temperatures of the host organisms and protein melting tempera-
tures (Gromiha et al., 1999).

To infer the sequences of EFs deep within the bacterial lineage, Gaucher
et al. collected amino acid sequences of 50 EF-Tu’s from various bacterial
lineages. Because saturation at silent sites in the DNA sequence had
occurred, amino acid sequences were used to build a multiple sequence
alignment and candidate trees. The differences in the rates of amino acid
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replacement at different sites in the sequence was captured using a gamma
distribution (Gaucher et al., 2001).

Ambiguity was encountered immediately in constructing a tree to
interrelate these proteins. Thus, two trees were used. The first was con-
structed from EF-Tu sequences alone using a combination of phylogenetic
tools. The second was constructed from the literature, which contains
various views of bacterial phylogeny. These trees were largely congruent.
Where they differed, a tree was extracted that captured those differences
(Hugenholtz et al., 1998) (Figure 27).

Candidate ancestral sequences were then reconstructed at the most basal
node of the bacterial domain in each tree, using archaeal and eukaryotic EF
sequences as outgroups. Marginal reconstructions, opposed to joint
reconstructions, were calculated to compare probabilities of multiple
character states at a single interior node and selecting the character with the
highest posterior probability (Yang et al., 1995). The most probabilistic
ancestral sequence (MPAS) was then reconstructed by accepting at each
site the amino acid with the highest posterior probability.

The most probabilistic ancestral sequences for the two trees were found
to be surprisingly similar to sequences from modern Aquifex; only four to
six amino acid replacements out of about 400 residues were inferred to
have occurred from the most recent common ancestor of bacteria to the
modern Aquifex. The placement of the branch leading to Aquificaceae at
the base of the tree appeared, however, to be due to long-branch attraction
(Brochier and Philippe, 2002; Cavalier-Smith, 2002). To test this, the 23
sites that displayed no variation within the outgroup subfamily, the
Aquificaceae subfamily, and the subfamily containing all other bacteria,
but not conserved between the subfamilies, were removed from the
analysis. The resulting analysis no longer places Aquificaceae at the base of
the bacterial lineage. This is consistent with the working of long-branch
attraction. To eliminate bias due to this artifact, ancestral sequences were
recalculated from a data set that excluded Aquifex sequences.

Figure 27 shows the two topologies used to reconstruct ancestral
sequences at the node representing the hypothetical organism lying at the
stem of the bacterial tree. The number of sequences in the outgroup, 3 to 20,
did not affect the amino acid reconstructions at these nodes, ML-stem
(maximum likelihood stem bacteria) and Alt-stem (alternative stem
bacteria). The ancestral sequence at the node representing the most recent
common ancestor of only mesophilic bacterial lineages was reconstructed
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TABLE 5
Percent Sequence Identity Between Ancestral and Modern Proteins®
Alt-Stem ML-Meso T.m. T.a. E.c. Gs.
ML-stem 93 87 85 84 79 84
Alt-stem 89 84 80 80 83
ML-meso 74 78 82 84

“T.m., Thermotoga maritima, T.a., Thermus aquaticus; E.c., Escherichia coli; G.s.,
Geobacillus stearothermophilus.

and named the ML-meso (maximum likelihood mesophiles only). This
node captures one feature of models that have concluded that the last
common ancestor of Bacteria was mesophilic (Brochier and Philippe,
2002). In all, these reconstructed ancestral sequences did not appear to
be influenced by long-branch attraction or nonhomogeneous modes of
molecular evolution, such as changes in the mutability of individual sites in
different branches of the bacterial subtree (Gaucher et al., 2001). Table 5
shows the sequence identity relating the reconstructed putative ancestral
sequences and their descendants. ML-stem and Alt-stem are most similar to
the sequences of EFs from Thermoanaerobacter tengcongensis (a
thermophile) and Thermotoga maritima (a hyperthermophile), respectively,
and differ from each other by 28 amino acids. ML-meso is most similar to
the sequence of EF from Neisseria meningitides (a mesophile).

If we assume that similarity in sequence implies similarity in
thermostability, it might have been predicted that the stem bacterium was
thermophilic or hyperthermophilic, while the ancestral node constructed
without considering thermophiles was a mesophile. To test these pre-
dictions based on this (undersubstantiated) assumption, genes encoding
the ancestral sequences were synthesized, expressed in an E. coli host,
and purified. The thermostabilities of these ancestral EFs, and three
representative EFs from contemporary organisms, were then assessed by
measuring the ability of each to bind GDP across a range of temperatures.

Each resurrected protein behaved similarly. Both ML-stem and Alt-stem
bound GDP with a temperature profile similar to that of the thermophilic
EF from modern Thermus aquaticus, with optimal binding at about 65°C.
Although the sequence similarity was higher between Alt-stem and the
modern hyperthermophilic T. maritima, the temperature profile of Alt-stem
was not similar to that from maritima, which is maximally active up to
at 85°C. The observation that the amino acid sequences of ML-stem and
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Alt-stem shared only 93% identity, but display the same thermostability
profiles, suggest that inferences of this ancestral property are robust
with respect to both varying topologies and ancestral character state
predictions. This suggests, based on these given evolutionary models, that
the paleoenvironment of ancient bacterium was approximately 65°C.

Inferences were then drawn from a resurrected elongation factor whose
sequence was reconstructed from the last common ancestral sequences of
contemporary organisms that for the most part, grow optimally at
mesophilic temperatures. The temperature profile of the ancestral protein,
which displayed a maximum at 55°C, suggests that the ancestor of modern
mesophiles lived at a higher temperature than any of its descendants
(Figure 28). This result shows that the behavior of an ancestor need not be
an average of the behaviors of its descendants.

The observation that a tree-based ancestral sequence reconstructions can
give results different from consensus sequence reconstructions may be
general (Gaschen et al., 2002). It underscores a fact, well known in protein
chemistry, that physical behavior in a protein is not a linear sum, or even a
simple function, of the behavior of its parts. This, in turn, implies that an
experiment in paleobiochemistry can yield information beyond that yielded
by analysis of descendent proteins alone.

The resurrection is made still more complicated by the incomplete fossil
record of microorganisms (Figure 29). As the sequence, geological, and
paleontological records improve, we may expect the overall historical
model to improve as well.

2. Isopropylmalate and Isocitrate Dehydrogenases

A similar approach was exploited by the Yamagishi group (Miyazaki et
al.,, 2001; Iwabata et al., 2005) using 3-isopropylmalate and isocitrate
dehydrogenases as systems to address questions regarding the origins of
archae. Although the authors’ methodology raises concern, a summary of
their conclusions is valuable. These two classes of enzyme proteins appear
to be related by common ancestry. In their first study in 2001, ancestral
residues were inferred using the Protpars program in the PHYLIP package.
These were introduced into an enzyme of a strain of extreme thermophiles
of the genus Sulfolobus. Of the seven proteins engineered, five displayed
thermal stability higher than that of the modern enzyme. This was inter-
preted as consistent with the hypothesis that the universal ancestor was a
hyperthermophile.
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The study was recently extended (Iwabata et al., 2005). Here, a total of
18 sequences of isocitrate dehydrogenases and isopropylmalate dehydro-
genases were aligned with Clustal X, and well-aligned regions were
selected using the program Gblock. Composite trees were constructed
using a neighbor-joining heuristic, and a most probable tree was selected.
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(a) (b)

FIGURE 29. Evidence of stromatolites in the geologic record: (a) Salt Lake of Uyuni, South
America, about 2.7 Ga; (b) Dutch Creek dolomite from the Proterozoic Wyloo Group in the
Ashburton basin, Western Australia. Age is about 2 Ga. The morphology of the structures and
the apparent place of deposition suggest that these organisms lived after the eubacteria whose
protein was resurrected by Gaucher et al. (2003) [(a) From the E. A. Gaucher collection;
photograph courtesy of Eric Gaucher; (b) from the S. A. Benner collection; photograph
courtesy of Steven Benner.]

The PAML program was used to construct ancestral sequences using a
gamma distribution and the WAG amino acid substitution matrix. A
parallel analysis permitted these inferences to be compared to those
inferred using maximum parsimony. One or two ancestral residues were
then introduced into the isocitrate dehydrogenase from Caldococcus
noboribetus, and the thermostability of the resulting protein assayed to
discover variants that had altered thermal stabilities. In the first pass, four
sets of mutations representing ancestral states were introduced individually
and assayed for their thermostability (variants Y309I/I310L, I321L,
A325P/G326S, and A336F). The half-inactivation temperatures were
88.4, 88.9, 91.3, and 74°C, compared to 87.5°C for the wild type. A
construct consisting of mutations Y309I/I310L, I321L, and A325P/G326S
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was then prepared. This variant had a half-inactivation temperature of
90°C. Curiously, the authors did not report a variant consisting of all
ancestral states inferred.

With that said, the results were interpreted as evidence for the
hyperthermophilic hypothesis for the last universal common ancestor
(LUCA). However, it is possible that the last common ancestor of Archaea
(tested here) did not inhabit an environment similar to the environment that
hosted LUCA. It was also noted, however, that the results were not additive.
In some cases, an individual change that increased thermostability relative
to the wild-type enzyme did not further enhance the thermal stability of an
enzyme already stabilized by one of the putative ancestral states.

3. Conclusions from “Deep Time” Paleogenetics Studies

These studies push the experimental paleogenetics research strategy
back in time 2 to 3 billion years, to the most primitive ancestors from which
descent can be traced. Accordingly, the ambiguity encountered is
substantial, and available sequence data are not sufficient to manage it
convincingly. Here, the ambiguities do not depend primarily on the details
of the model used to infer ancestral states. Rather, they seem to arise from
the uncertainty of the phylogenetic tree joining the protein family
members.

The fact that reconstructions can be made at all is therefore noteworthy.
Further, if the large-scale sequencing of random bacterial genomes
undertaken by Venter et al. (2004) continues, there is good reason to hope
that the reconstructions become better. Indeed, the temperature history of
eubacteria is already beginning to be defined (Gaucher, personal
communication) by studies throughout that kingdom.

The preliminary results (Gaucher et al., 2003) suggest that the
temperature environment of more recent bacterial is still higher than the
descendents presently living as mesophiles. The work of Lowe, Knauth,
and others extracting information from the geological record about the
temperature history of Earth will soon be tied to this molecular record using
experimental paleomolecular biology.

H. ALCOHOL DEHYDROGENASE:
CHANGING ECOSYSTEM IN THE CRETACEOUS

The ultimate goal of molecular paleoscience is to connect the molecular
records for all proteins from all organisms in the modern biosphere with the
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geological, paleontological, and cosmological records to create a broadly
based, coherent narrative for life on Earth. Because much of natural
selection is driven by species—species interactions, developing this
narrative will require tools that broadly connect genomes from different
species as well as interconnect events within a single species. It remains an
open question, of course, how much of the record has been lost through
extinction, erosion, and poor fossil preservation.

The first paradigms of this broad interconnection are now beginning to
emerge. As might be imagined, they feature paleomolecular resurrections.
One recently published study concerns the interaction between yeast, fruits,
and other forms of life near the age of the dinosaurs. It appears that this was
the time when the first yeast developed the metabolic strategy to make and
consume ethanol in fleshy fruits.

Modern yeasts living in modern fleshy fruits rapidly convert sugars into
bulk ethanol via pyruvate (Figure 30). Pyruvate then loses carbon dioxide
to give acetaldehyde, which is reduced by alcohol dehydrogenase 1 (Adhl)
to give ethanol, which accumulates. Yeast later consumes the accumulated
ethanol, exploiting Adh2 and Adhl homologs differing by 24 (of 348)
amino acids.

Generating ethanol from glucose in the presence of dioxygen, only to
then reoxidize the ethanol, is energetically expensive (Figure 30). For each
molecule of ethanol converted to acetyl-CoA, a molecule of ATP is used.
This ATP would not be “wasted”” if the pyruvate that is made initially from
glucose were delivered directly to the citric acid cycle.

This implies that yeast has a reason, transcending simple energetic
efficiency, for rapidly converting available sugar in fruit to give bulk
ethanol in the presence of dioxygen. One ‘“‘just so” story to explain this
inefficiency holds that yeast, which is relatively resistant to ethanol toxicity,
may accumulate ethanol to defend resources in the fruit from competing
microorganisms (Boulton et al., 1996). Although the ecology of wine
yeasts is certainly more complex than this simple hypothesis implies (Fleet
and Heard, 1993), fleshy fruits offer a large reservoir of carbohydrate, and
this resource must have value to competing organisms as well as to yeast.
For example, humans have exploited the preservative value of ethanol since
prehistory (McGovern, 2004).

The timing of Adh expression in Saccharomyces cerevisiae and the
properties of the proteins expressed are both consistent with this story. The
yeast genome encodes two major alcohol dehydrogenases (Adh’s) that
interconvert ethanol and acetaldehyde (Figure 30) (Wills, 1976). The first
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(Adhl) is expressed at high levels constitutively. Its kinetic properties
optimize it as a catalyst to make ethanol from acetaldehyde (Fersht, 1977;
Ellington and Benner, 1987). In particular, the Michaelis constant (Ky;) for
ethanol in Adhl is high (17,000 to 20,000 pM), consistent with ethanol
being a product of the reaction. After the sugar concentration drops, the
second dehydrogenase (Adh2) is derepressed. This paralog oxidizes
ethanol to acetaldehyde with kinetic parameters suited for this role. The
Ky value for ethanol for Adh2 is low (600 to 800 puM), consistent with
ethanol being its substrate.

Adhl and Adh2 are homologs (Ellington and Benner, 1987) differing by
24 of 348 amino acids. Their common ancestor, ADH4, had an unknown
role. If ADH, existed in a yeast that made but did not accumulate ethanol,
its physiological role would presumably have been the same as the role of
lactate dehydrogenase in mammals during anaerobic glycolysis: to recycle
NADH generated by the oxidation of glyceraldehyde-3-phosphate
(Figure 30) (Stryer, 1995). Lactate in human muscle is removed by
the bloodstream; ethanol would be lost by the yeast to the environment. If
so, ADH, should be optimized for ethanol synthesis, as is modern
Adhl. The kinetic behaviors of ADH4 should resemble those of modern
Adhl more than Adh2, with a high Ky value for ethanol.

To add paleobiochemical data to convert this ““just so” story into a more
compelling scientific narrative, a collection of Adh’s from yeasts related to
S. cerevisiae was cloned, sequenced, and added to the existing sequences in
the database (Thomson et al., 2005). A maximum likelihood evolutionary
tree was then constructed using PAUP*4.0 (Figure 31) (Swofford, 1998).
Maximum likelihood sequences for ADH, were then reconstructed using
both codon and amino acid models in PAML (Ynag, 1997). When the
posterior probability that a particular amino acid occupied a particular site
was greater than 80%, that amino acid was assigned at that site in ADH,.

When the posterior probability was less than 80% and/or the most
probabilistic ancestral state estimated using the codon and amino acid
models were not in agreement, the site was considered ambiguous, and
alternative ancestral genes were constructed. For example, the posterior
probabilities of two amino acids (methionine and arginine) were nearly
equal at site 168 in ADH,, three amino acids (lysine, arginine, and
threonine) were plausibly present at site 211, and two (aspartic acid and
asparagine) were plausible for site 236. To handle these ambiguities, all 12
(all 2 x 2 x 3 combinations) candidate ADH,’s were resurrected by
constructing genes that encoded them, transforming these genes into a
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FIGURE 31. Maximum likelihood trees interrelating sequences determined in this work
with sequences in the publicly available database. Shown is the tree with the best ML score
using the following parameters estimated from the data:  Substitutions
A—-CA-T,C—G G- T=100,A—~G=292, and C«+ T =5.89, empirical
base frequencies, and proportion of invariable sites and the shape parameter of the gamma
distribution set to 0.33 and 1.31, respectively.
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strain of S. cerevisiae (Thomson, 2002) from which both Adhl and Adh2
had been deleted, and expressing them from the Adhl promoter. All of the
ancestral sequences could rescue the double-deletion phenotype.

Table 6 collects kinetic data from the candidate ancestral ADH,’s. To
assess the quality of the data, Haldane values [= K.y = VK K, /V.Ki K,
(Segel, 1975), where V; and V, are forward and reverse maximal velocities,
K, and K, are disassociation constants for NAD™ and NADH, and K, and
K, are Michaelis constants for ethanol and acetaldehyde, respectively]

TABLE 6
Kinetic Properties of Adhl, Adh2, and Candidate Ancestral ADH,’s
Ky/NADH Kyw/EtOH Km/NAD™T Kyi/acet.

Sample® (nM) (nM) (nM) (uM)
Adhl 20,060 218 1,492 164
MKD 17,280 511 1,019 144
MKN 13,750 814 1,067 1106
MRD 11,590 734 1,265 287
MRN 10,960 554 1,163 894
MTD 10,740 467 959 190
MTN N/A N/A N/A N/A
RKD 8,497 449 1,066 142
RKN 7,238 407 1,085 735
RRD 7,784 400 1,074 203
RRN 8,403 172 1,156 1,142
RTD 6,639 254 1,083 316
RTN 7,757 564 1,158 477
Adh1? 24,000 240 3,400 140
Adhl° 17,000 170 1,100 110
Adh2° 2,700 140 45 28
Adh2°¢ 810 110 90 50
Adh3° 12,000 240 440 70
Adh1° (S. pombe) 14,000 160 1,600 100
Adh1(M270L)° 19,000 630 1,000 80
KIP20369¢ 27,000 2,800 1,200 110
K1X64397¢ 23,000 2,200 1,700 180
KIX627667 2,570 310 100 20
K1X62767¢ 1,560 200 3,100 30

“The three letters designate the amino acids at positions 168,211, and 236; thus, MKD = Met168,
Lys211, Asp236. The remaining residues were the same as in Adhl, except for the following
changes (using sequence numbering of Adhl from S. cerevisiae): Asnl5, Pro30, Thr58, Ala74,
Glul47, Leu213, I1e232, Cys259, Val265, Leu270, Ser277, Asn324. N/A, not applicable.
"From Ellington, 1987.

“From Kellis, 2004.

“From Bozzi, 1997; K, Kluyveromyces lactis.
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were calculated from the experimental data. These reproduced the
literature equilibrium constant for the reaction to within a factor of 2.
One variant, termed MTN, had very low catalytic activity in both
directions. This suggested that this particular candidate ancestor was not
present in the ancient yeast.

Significant to the hypothesis, the kinetic properties of the remaining
candidate ancestral ADH4s resembled those of Adhl more than Adh2
(Table 6). From this it was inferred that the ancestral yeast did not have
an Adh specialized for the consumption of ethanol, such as that of
modern Adh2, but rather had an Adh specialized for making ethanol,
like modern Adhl. This, in turn, suggests that the ancestral yeast prior
to the time of the duplication did not consume ethanol. This implies that
the ancestral yeast also did not make and accumulate ethanol under
aerobic conditions for future consumption, and that the make-
accumulate—consume strategy emerged after Adhl and Adh2 diverged.
These interpretations are robust with respect to the ambiguities in the
reconstructions.

Several details are noteworthy. For modern Adhl, Ky, values reported
for ethanol range from 17,000 to 24,000 pM, from 170 to 240 pM for
NAD™, from 1100 to 3400 pM for acetaldehyde, and from 110 to 140 pM
for NADH (Ganzhorn et al., 1987). These comparisons, together with the
Haldane analysis, provide a view of the experimental error in the kinetic
parameters reported here. Thus, the interpretations are based on differences
well outside experimental error.

Further, when paralogs are generated by duplication, the duplicate
acquiring the new functional role is often believed to evolve more rapidly
than the one retaining the primitive role (Kellis et al., 2004). If this were
generally true, one might identify the functionally innovative duplicate by a
bioinformatics analysis. Although this may be true for many genes,
chemical principles do not obligate this outcome, and it is not manifest with
these Adh paralogs. Here, the rate of evolution is not markedly faster in the
lineage leading to Adh2 (having the derived function) than in the lineage
leading to Adhl (having the primitive function). Thus, a paleobiochemistry
experiment was necessary to assign the primitive behavior.

Further, the Haldane ratio relates various kinetic parameters
(keat, Ku, Kaiss) that can change via a changing amino acid sequence to
the overall equilibrium constant, which the enzyme (being a catalyst)
cannot change. Thus, if a lower K); value for ethanol is selected, other
terms in the Haldane ratio must change to maintain the ratio. This is
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observed in data for the ancestral proteins prepared here and the natural
enzymes.

The assignment of a primitive function to ADH, raises a broader
historical question: Did the Adh1/Adh2 duplication, and the accumulate—
consume strategy that it presumably enabled, become fixed in response to a
particular selective pressure? Connecting molecular change to organismic
fitness is always difficult (Kreitman and Akashi, 1995), but is necessary if
reductionist biology is to move through systems biology to a planetary
biology that answers “why?”” as well as “how?”’ questions (Benner et al.,
2002).

The emergence of a make—accumulate—consume strategy may have
been driven by the domestication of yeast by humans selecting for yeasts
that accumulate ethanol. Alternatively, the strategy might have been driven
by the emergence of fleshy fruits that offered a resource worth defending
using ethanol accumulation. They might distinguished by estimating a date
when the Adhl/2 duplication occurred. Even with large errors in the
estimate, a distinction should be possible, as human domestication
occurred in the past million years, while fleshy fruits arose in the
Cretaceous, after the first angiosperms appeared in the fossil record 125 Ma
(Sun, 2002), but before the extinction of the dinosaurs 65 Ma (Collinson
and Hooker, 1991; Fernandez-Espinar et al., 2003).

The topology of the evolutionary tree in Figure 31 suggests that the
Adh1/2 duplication occurred before the divergence of the sensu strictu
species of Saccharomyces (Fernandez-Espinar et al., 2003), but after the
divergence of Saccharomyces and Kluyveromyces. The date of divergence
of Saccharomyces and Kluyveromyces is unknown, but might be estimated
to have occurred 80 + 15Ma (Berbee and Taylor, 1993). This date is
consistent with a transition redundant exchange (TREx) clock (Benner,
2003), which exploits the fractional identity (f>) of silent sites in conserved
twofold redundant codon systems to estimate the time since the divergence
of two genes. Between pairs of presumed orthologs from Saccharomyces
and Kluyveromyces, f, is typically 0.82, not much lower than the f, value
(0.85) separating Adhl and Adh2 (Benner et al., 2002), but much lower
than paralog pairs within the Saccharomyces genome that appear to have
arisen by more recent duplication (about 0.98) (Lynch and Conery, 2000).

Interestingly, Adhl and Adh2 are not the only pair of paralogs where
0.80 < f, < 0.86 (Benner et al., 2002). Analysis of about 350 pairs of
paralogs contained in the yeast genome (considering pairs that shared at
least 100 silent sites and diverged by less than 120 accepted point
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FIGURE 32. Histogram showing all of the pairs of paralogs in the Saccharomyces cerevisiae
genome, dated using the TREX tool.

replacements per 100 sites) identified 15 pairs having 0.80 < f> < 0.86
(Figure 32). These represent eight duplications that occurred near the time
of the Adhl and Adh2 duplication, if f, values are assumed to support a
clock.

These duplications are not randomly distributed within the yeast
genome. Rather, six of the eight duplications involve proteins that
participate in the conversion of glucose to ethanol (Table 7). Further, the
enzymes arising from the duplicates are those that appear, from expression
analysis, to control flux from hexose to ethanol (Schaaff et al., 1989;
Pretorius, 2000). These include proteins that import glucose, pyruvate
decarboxylases that generates the acetaldehyde from pyruvate, the
transporter that imports thiamine for these decarboxylases, and the Adh’s
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TABLE 7
Duplication in the Saccharomyces cerevisiae Genome Where 0.80 < f, < 0.86
SGD gi Trivial
Name Number Name Annotation and Comments

a

Inosine-5'-Monophosphate Dehydrogenase Family (3 paralogs, 3 pairs, 2 duplications)
f» =0.803" Pair associated with Wolfe duplication blocks 1 and 44
YARO73W gi | 456156 IMD1 Nonfunctional homolog, near telomer, not
expressed
YLR432W gi| 665971 IMD3 Inosine-5'-monophosphate dehydrogenase
fr =0.825"

YLR432W gi| 665971 IMD3 Inosine-5’-monophosphate dehydrogenase
YHR216W  gi|458916 IMD2 Inosine-5’-monophosphate dehydrogenase
Subfamily pair: YHR216W:YARO73W, f, = 0.93 (proposed recent duplication creating a

pseudogene)

Sugar Transporter Family A (4 paralogs, 4 pairs, 3 duplications)”

f» = 0.805° Pair not associated with any duplication block
YJR158W gi| 1015917  HXTI16  Sugar transporter repressed by high glucose

levels
YNRO72W  gi| 1302608  HXTI17  Sugar transporter repressed by high glucose
levels
f» = 0.806" Pair not associated with any duplication block

YDL245C gi| 1431418  HXTI15  Sugar transporter induced by low glucose
levels, repressed by high glucose levels

YNRO72W  gi|1302608  HXT17  Sugar transporter repressed by high
glucose levels

f» = 0.809" Pair not associated with any duplication block
YJR158W gi| 1015917  HXTI16  Sugar transporter repressed by high glucose
levels

YEL069C gi | 603249 HXT13  Sugar transporter induced by low glucose
levels, repressed by high glucose levels
f» =0.810° Pair not associated with any duplication block
YEL069C gi | 603249 HXT13  Sugar transporter induced by low glucose
levels, repressed by high glucose levels
YDL245C gi| 1431418  HXTI15  Sugar transporter
Subfamily pair: YELO69C:YNRO72W, f, = 0.932 (proposed recent duplication)
Subfamily pair: YJIR158W:YDL245C, f, = 1.000 (proposed very recent duplication)

Chaperone Family A (2 paralogs, 1 pair, 1 duplication)”
£ =0.81 Pair associated with Wolfe duplication block 48
YMRI86W  gi|854456 HSC82  Cytoplasmic chaperone induced two- to
threefold by heat shock
YPL240C gi| 1370495  HSP82 Cytoplasmic chaperone, pheromone signaling,
Hsf1p regulation
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TABLE 7
(Continued)
SGD gi Trivial
Name Number Name Annotation and Comments

Phosphatase/Thiamine Transport Family A (2 paralogs, 1 pair, 1 duplication)®
f>=0.818 Pair not associated with any duplication block
YBR092C gi]536363 PHO3 Acid phosphatase implicated in thiamine
transport
YBR093C gi]536365 PHOS Acid phosphatase one of three repressible
phosphatases

Pyruvate Decarboxylase Family A (2 paralogs, 1 pair, 1 duplication)®
> =0.835 Pair not associated with any duplication block
YLR044C gi|1360375  PDCl Pyruvate decarboxylase, major isoform
YLR134W gi| 1360549  PDC5 Pyruvate decarboxylase, minor isoform
By ortholog analysis, S. bayanus (gi|515236) diverged from cerevisiae after the f, = 0.835
duplication, Kluyveromyces diverged before

Glyceraldehyde-3-Phosphate Dehydrogenase Family
(3 paralogs, 3 pairs, 2 duplications)”
f» = 0.845" Pair not associated with any duplication block
YJLO52W gi| 1008189  TDHI Glyceraldehyde-3-phosphate dehydrogenase
YGR192C gi| 1323341 TDH3 Glyceraldehyde-3-phosphate dehydrogenase
f» =0.845° Pair not associated with any duplication block
YJLO52W gi| 1008189  TDHI Glyceraldehyde-3-phosphate dehydrogenase
YJR009C gi| 1015636  TDH2 Glyceraldehyde-3-phosphate dehydrogenase
Subfamily pair: YJRO09C: YGR192C, f, = 0.991 (proposed very recent duplication)

Alcohol Dehydrogenase Family (2 paralogs, 1 pair, 1 duplication)”

> =0.848 Pair not associated with any duplication block
YMR303C gi | 798945 ADH2 Alcohol dehydrogenase, glucose-repressible
YOL086C gi|1419926  ADHI Alcohol dehydrogenase, constitutive

Spermine Transporter Family (2 paralogs, 1 pair, 1 duplication)”

> =0.86 Pair associated with Wolfe duplication block 34
YGR138C gi]1323230  TPO2 Spermine transporter activity
YPR156C gi| 849164 TPO3 Spermine transporter activity

Sugar Transporter Family B (3 paralogs, 3 pairs, 2 duplications)”

f» =0.847° Pair not associated with any duplication block
YDR343C gi]1230670  HXT6 Sugar transporter, high-affinity, high basal
levels
YDR345C gi|1230672  HXT3 Sugar transporter, low-affinity glucose
transporter

(Continued)
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TABLE 7
(Continued)
SGD gi Trivial
Name Number Name Annotation and Comments
f» =0.854" Pair not associated with any duplication block
YDR342C gi| 1230669  HXT7 Sugar transporter, high-affinity, high basal
levels

YDR345C gi| 1230672 HXT3 Sugar transporter, low affinity
Subfamily pair: YDR342C:YDR343C, f, = 0.994 (proposed very recent duplication)

“Not associated with fermentation. These are associated with duplication blocks within the
yeast genome, where the high value of f, (typically equilibrated in block paralog pairs) may
reflect either variance, or selective pressure to conserve silent sites in individual codons.
PThese pairs represent a family generated with a single duplication with 0.80 < f, < 0.86 and
subsequent duplication(s) in the derived lineages. Paralog pairs are considered only if they
have at least 100 aligned silent sites and are not separated by more than 120 accepted point
mutations per 100 aligned amino acid sites (PAM units). f, = fraction of nucleotides conserved at
twofold redundant codon sites only, and only at sites where the amino acid is identical.
“Associated with the pathway to make—accumulate—consume ethanol. Genes involved in the
fermentation pathway that are not rate limiting generally do not have duplicates in the yeast
genome (e.g., hexokinase, glucose-6-phosphate isomerase, phosphofructokinase, aldolase, triose
phosphate isomerase, and phosphoglycerate kinase are all present in one isoform). Enolase has
two paralogs (ENO1 and ENO2), where f, = 0.946. These are distantly related to a homolog
known as ERR1, with the silent sites equilibrated. Phosphoglycerate mutase has three paralogs
(GM1, GM2 and GM3), with silent sites that are essentially equilibrated.

(the red proteins in Figure 30). If the f5 clock (within its expected variance)
is assumed to date paralogs in yeast, this cluster suggests that several genes
other than Adh duplicated as part of the emergence of the new make—
accumulate—consume strategy, near the time when fleshy fruit arose.

The six gene duplications proposed to have enabled the emergence of a
make—accumulate—consume strategy (in the 0.80 < f, < 0.86 window) are
not associated with one of the documented blocks of genes were duplicated
in ancient fungi, possibly as part of a whole genome duplication (WGD)
(Wolfe and Shields, 2001; Kellis et al., 2004). Two duplications in genes
that are not associated with fermentation that fall in the 0.80 < f, < 0.86
window are part of a duplication block (see Table 7). The silent sites for
most gene pairs associated with blocks are nearly equilibrated (with
the exception of ribosomal proteins) and therefore suggest that most
blocks arose by duplications more ancient than duplications in the
0.80 < f» < 0.86 window. Therefore, the hypothesis that a set of six
time-correlated duplications (Figure 31 and Table 7) generated the
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FIGURE 33. (Right) Cretaceous fruit from Patagonia showing insect damage. (Left) Similar
example in extant fruit. (From Jorge F. Genise, Museo Paleontoldgico E. Feruglio, Trelew,
Argentina; www.ub.es/dpep/meganeura/53ichnology.htm.)

make—accumulate—consume strategy in yeast near the time when
fermentable fruit emerged is not inconsistent with the WGD hypothesis.

The ecology of fermenting fruit is complex. In rotting fruits, cerevisiae
become dominant after fermentation begins, while osmotic stress and pH,
as well as ethanol, appear to inhibit the growth of competing organisms
(Pretorius, 2000). Nevertheless, the emergence of bulk ethanol may not be
unrelated to other changes in the ecosystem at the end of the Cretaceous
(Figure 33), which include the extinction of the dinosaurs and the
emergence of mammals and fruit flies (Baudin et al., 1993; Ashburner,
1998; Barrett and Willis, 2001). Thus, this paleogenetics experiment is an
interesting step to connect the chemical behavior of individual enzymes
operating as part of a multienzyme system, via metabolism and physiology,
to the ecosystem and the fitness of organisms within it.

I. RESURRECTING THE ANCESTRAL STEROID RECEPTOR
AND THE ORIGIN OF ESTROGEN SIGNALING

Another narrative to be supported by paleomolecular resurrection
focused on receptors for steroid hormones by Thornton et al. (2003).
Steroid receptors are widely distributed throughout the chordates. In the
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pre-genomic age, steroid receptors were not known in invertebrates, either
by analysis of fully sequenced invertebrate genomes or by classical
biochemical studies. Because of this, steroid receptors were thought to have
arisen early in the divergence of chordates, perhaps some 400 to 500 Ma,
presumably via the duplication of a more ancient receptor gene (Escriva et
al., 1997; Giguere, 2002; Baker, 2003).

Vertebrate-type steroids appear to be involved in the reproductive endo-
crinology of certain mollusks, however (Di Cosmo et al., 2001, 2002).
Further, arthropods and nematodes, where the most intensive studies had
been done to suggest that steroid receptors are absent, both use ecdysone
as a molting hormone (Peterson and Eernisse, 2001), making it conceivable
that steroid receptors were lost in the lineage leading to ecdysozoa. Further,
analysis of receptor sequences, the ancestral sequence of steroid receptor
(AncSR1), and structure mapping studies indicated that the ancient
progenitor of this protein class was most similar to extant estrogen
receptors (Thornton, 2001).

Guided by these hints, Thornton and co-workers (2003) used degenerate
PCR and rapid amplification of cDNA ends to isolate putative estrogen
receptor sequence from the mollusk Aplysia californica. The protein
sequence of the Aplysia receptor’s DNA-binding domain (DBD) was found
to be more similar to that of the vertebrate estrogen receptors than to those
of other nuclear receptors. This suggested that Aplysia might have a true
estrogen receptor.

To characterize the molecular function of the Aplysia estrogen
receptor, Thornton separately analyzed the activity of its DNA binding
domain (DBD) and its ligand-binding domain (LBD) by expressing them
in fusion constructs in a cell culture system (Green and Chambon, 1987).
The Aplysia DBD was fused with a constitutive activation domain (AD)
and the construct was cotransfected with an estrogen response element
(ERE) luciferase reporter gene into CHO-K1 cells. The Aplysia estrogen
receptor—-DBD fusion protein activated luciferase expression approxi-
mately 10-fold above control levels, which is slightly more than that
produced by the analogous construct using the human estrogen receptor
DBD.

The identification of a putative estrogen receptor from the mollusk
suggested that steroid receptors might be more ancient in metazoans than
had been thought. Barring lateral transfer, the presence of an estrogen
receptor in both mollusks and chordates suggested that steroid receptors
arose prior to the divergence of bilaterally symmetric animals. According
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to this hypothesis, this gene was lost in the lineage leading to arthropods
and nematodes.

The existence of a receptor family in chordates and mollusks does not,
of course, require that the ligand specificity be the same throughout the
family history. To use a paleobiochemical experiment to determine this,
Thornton et al. analyzed 74 steroid and related receptors, including the
putative Aplysia estrogen receptor, using maximum parsimony and
Bayesian Markov chain Monte Carlo (BMCMC) techniques. Both methods
suggested that the Aplysia sequence is an ortholog of the vertebrate
estrogen receptors, with a BMCMC posterior probability of 100%, a
bootstrap proportion of 90%, and a decay index of 6. Although BMCMC
probabilities can overestimate statistical confidence (Hillis and Bull, 1993;
Suzuki et al., 2002), the result suggests that the steroid receptors originated
about 600 to 1200 Ma as the major metazoan phyla were just beginning to
diverge (Benton and Ayala, 2003).

To characterize the functionality of the LBD, a fusion of the Aplysia ER-
LBD with a Gal4-DBD was cotransfected with a luciferase reporter driven
by an upstream activator sequence, the response element for Gal4-DBD.
The Aplysia ER-LBD activates transcription constitutively, and none of a
set of vertebrate steroid hormones, including estrogens, androgens,
progestins, and corticoids, further activated or repressed this activation,
even at micromolar doses.

Thornton et al. (2003) then resurrected the conserved functional domains
of the ancestral steroid receptor (AncSR1) from which all extant steroid
receptors evolved. A maximum likelihood joint reconstruction algorithm in
PAML (Yang, 1997) was used to obtain the protein sequences of the
ancestral AncSR1 DNA binding domain and ligand binding domains using a
sequence matrix (Gonnet et al., 1992), the Jones model for amino acid
replacement, a gamma distribution of evolutionary rates across sites with for
rate categories, and a tree determined by maximum parsimony methods.
Although support for the AncSR1 node is not strong in a parsimony context,
it has 100% posterior probability, and the best tree with this node has a
likelihood 4.7 million times greater than the best tree without this node.

The matrix included broadly sampled representatives of both ligand-
regulated and ligand-independent receptors. The maximum likelihood
sequence inferred for the AncSR1-DBD had a mean probability of 81% per
site; the AncSR1-LBD had a mean probability of 62%.

The amino acid chosen for each position in the ancestral (AncSR1-DBD
and AncSR1-LBD) sequences was the one amino acid preferred at each site.
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The appropriate gene was synthesized and subcloned into fusion constructs.
When the constructs containing AncSR 1 domains were expressed in CHOK 1
cells, their activity was consistent with the prediction that the ancestral
receptor would function like an estrogen receptor (Thornton, 2001). For
example, the AncSR1-DBD fusion increased transcription from an estrogen
response element about fourfold, which is slightly less than the human
ER-DBD but significantly greater than that seen in controls. Other extant
steroid receptors do not activate effectively on EREs (Zilliacus et al., 1994).

The AncSRI1-LBD activated transcription in a dose-dependent fashion
in the presence of estradiol, estrone, and estriol. The magnitude of
hormone-induced activation was smaller than that effected by the human
ER-LBD with estradiol. Similar results were obtained with a radioligand
binding assay. Here, the concentration to the midpoint was in the range 10
to 100 nM; the corresponding range in human ER-LBD construct was in the
range 1 to 3 nM.

To assess specificity, other steroids, including androgens, progestins,
and corticoids, were examined. These gave still smaller maximal activation
of the AncSR1, ranging from 1 to 45% of that observed with estradiol.
Further, dose—response analysis shows that the ancestor was 30,000-fold
less sensitive to these ligands than to estradiol. This suggests a high level of
estrogen specificity.

It is unlikely that the specificity of estrogen activation is an artifact. Of
the 26 sites in the ligand-binding pocket, 22 were identical to a human
estrogen receptor. Thornton et al. (2003) argued that because random
mutation impairs function more frequently than enhancing it in estrogen
receptors, error in the reconstruction is more likely to reduce the efficiency
of steroid binding and activation than to create it de novo. This is analogous
to the argument used in resurrecting ancestral digestive ribonucleases.

These findings provide empirical support for the hypothesis that the
ancient ancestral SR functioned a billion years ago as an estrogen receptor.
This result is also consistent with the hypothesis that this ancient steroid
receptor gene was lost along the lineage leading to ecdysozoa. Thornton et
al. suggested that in the lineage leading to the Aplysia ER, ligand regulation
was lost.

This narrative indicates how paleomolecular resurrections can open up
biological understanding in a way that is difficult to do in any other way.
First, the narrative suggests a previously unrecognized degree of functional
and genomic lability in steroid receptors. The existence of a primitive
steroid receptor also suggests that many other non-ecdysozoan metazoans,
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including echinoderms, annelids, and platyhelminthes, will also have
steroid receptors. Given limited experimental evidence for a reproductive
role of steroid hormones in cephalopod and gastropod mollusks (Di Cosmo
et al., 2001, 2002; Oberdorster and McClellan-Green, 2002), Thornton et
al. suggested that the loss of estrogen-dependent activation in the Aplysia
system is recent and unique to the Opisthobranchs.

Thornton et al. did not take the next step—to place their work within a
planetary context. It is possible to do so in many ways. For example, the
biosynthesis of estrogen requires molecular oxygen. This is not only
because of the conversion of squalene to squalene oxide, an early step in
lanosterol biosynthesis, or in the conversion of lanosterol to cholesterol, all
very basic to eukaryotic biology. Estradiol also requires aromatase, the
enzyme discussed in Section I.B. This enzyme also requires dioxygen and
is part of a cytochrome P450 family of proteins that underwent explosive
divergence near the time of the origins of the metazoans, relatively
late compared with the dioxygen-utilizing enzymes that make squalene
oxide and oxidatively decarboxylate lanosterol.

It would be helpful to revisit the problem of the steroid receptors as more
metazoan genomes become available. This would include sampling a larger
number of candidate ancestral estrogen receptors to demonstrate the
robustness of the inferences with respect to the ambiguity inherent in this
analysis. The emergence of the metazoan endocrine system is a fascinating
theme in the emergence of multicellularity in animals. Molecular
paleoscience will undoubtedly play a key role in the development of our
understanding of this important event in the history of life on Earth, and
generate a deeper understanding of developmental biology in the process.

J. ANCESTRAL CORAL FLUORESCENT PROTEINS

Some experiments in paleobiochemistry are exceptionally elegant in
their execution. For example, proteins homologous to the green fluorescent
protein (GFP) from Aequorea victoria exploit two autocatalytic con-
secutive reactions to complete the synthesis of the chromophores that
generate the green and cyan emissions. Red fluorescent proteins and
purple-blue chromoproteins require a third reaction to prepare the emitter.
By this criterion, the red and purple-blue chromoproteins are more
“advanced” (Uglade et al., 2004).

Nevertheless, the natural world contains several examples of red/green
color diversification within this superfamily (Shagin et al., 2004). This may
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reflect convergent evolution of molecular complexity. To examine this
issue, Ugalde et al. (2004) studied the historical event that gave rise to the
color diversity exhibited by the great star coral Montastraea cavernosa.
This coral has several genes coding for fluorescent proteins that generate
cyan, shortwave green, longwave green, and red emissions (Kelmanson and
Matz, 2003).

The sequences were inferred and synthesized for the common
ancestor of all M. cavernosa colors (All ancestor), the common ancestor
of red proteins (Red ancestor), and two intermediate nodes correspond-
ing to the possible common ancestors of red and longwave green proteins
(Red/Green ancestor and pre-Red ancestor) (Figure 34). Three models of
evolution based on different types of sequence information—amino
acids, codons, and nucleotides (Yang, 1997)—were used. The recon-
structions of all four ancestral sequences were largely robust under these
models, with average posterior probabilities at a site ranging from 0.96 to
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FIGURE 34. Phylogeny of GFP-like proteins from the great star coral M. cavernosa and
closely related coral species. The red and cyan proteins from soft corals (dendRFP and
clavGFP) represent an outgroup. The highlighted nodes (All, Red/Green, pre-Red, and Red)
were resurrected in the study reviewed here.
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0.99. Still, the models were in disagreement at between four and eight
sites (out of a total of 217).

Ugalde et al. (2004) therefore designed codons corresponding to these
sites to be degenerate. Bacteria were transformed with plasmids carrying
the genes encoding the ancestral proteins. This permitted a library to
sample alternative predictions. For each type of the ancestral gene, the
protein products were found to display identical fluorescent phenotypes
regardless of the amino acid at the ambiguous site.

Green color at any of the ancestral nodes would indicate that red
proteins from other parts of the phylogeny were the result of convergent
evolution. In contrast, if red fluorescent arose only once, all ancestors
would emit red fluorescence. The All ancestor turned out to emit in the
shortwave green. The two possible common ancestors of red and green
proteins (Red/Green and pre-Red) showed an intermediate longwave green/
red emission. Although most of the protein remained longwave green, a
small fraction was able to complete the third autocatalytic step in the
chromophore synthesis, resulting in a small amount of red emission.

Clones of the Red ancestor showed an ‘““imperfect red”” phenotype.
Although the red emission dominated, the conversion of green to red was
still less efficient than in modern reds, resulting in a prominent peak of
green fluorescence.

These results suggested that because the All ancestor was green and not
red, the red emission color within the superfamily of GFP-like proteins has
originated more than once. This establishes the convergent evolution of this
complex molecular system. The red emitting system evidently evolved
from the green emitting system through a stepwise accumulation of amino
acid replacements.

The most elegant part of this report was undoubtedly the presentation of
the results. Here, a phylogenetic tree was traced onto the growth medium in
a petri dish, with the ancestral and modern sequences appropriately placed.
When observed under ultraviolet light, the dish gives a visual image of the
evolution of fluorescent colors.

The planetary biology of this system was not discussed by Ugalde et al.
(2004). It remains a subject for discussion why these organisms fluoresce.
Clearly, however, the emission of light is a way of interacting with an
environment, which is changing. Although the visual pigments of the
organisms intended to receive the light are not, to our knowledge, a parallel
evolutionary history must exist with these. As the post-genomic age
develops, there is little doubt that these will be found and understood.
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K. ISOCITRATE DEHYDROGENASE

Evolutionary analysis indicates that eubacterial NADP-dependent
isocitrate dehydrogenases (IDH) evolved from an NAD-dependent
precursor about 3.5 billion years ago. Various authors have suggested that
selection in favor of utilizing NADP was a result of an expansion of an
ecological niche during growth on acetate, where isocitrate dehydrogenase
provides 90% of the NADPH necessary for biosynthesis.

Dean and his co-workers (Zhu et al., 2005) used experimental paleo-
biochemistry to explore the divergence of cofactor specificity in this system
starting from the NADP-dependent IDH (NADP-IDH) (Hurley et al., 1989)
and the NAD-dependent isopropylmalate dehydrogenase (NAD-IMDH)
(Imada et al., 1991). This example illustrated the limits of an analysis when
overall amino acid composition was low. The degree of divergence here is
very high; only 17 to 24% of the sites are identical across the system.
Therefore, the sequence alignments obtained using Clustal W (Thompson et
al., 1994) misaligned residues that were independently known to be critical to
substrate binding and catalysis. Therefore, the multiple sequence alignment
modified using the crystallographic structures of E. coli NADP-dependent
IDH (NADP-IDH) (Hurley et al., 1989) and 7. thermophilus NAD-dependent
isopropylmalate dehydrogenase (NAD-IMDH) (Imada et al., 1991) as guides.

Three amino acids responsible for differing coenzyme specificities were
identified from x-ray crystallographic structures of NADP bound to E. coli
isocitrate dehydrogenase and the distantly related 7. thermophilus NAD-
dependent isopropylmalate dehydrogenase bound to NAD (an enzyme that
is homologous to IDH and uses NAD) (Hurley et al., 1991; Hurley and
Dean, 1994; Yasutake et al., 2003). In a previous study (Dean and Golding,
1997) the authors determined, using a maximum likelihood ancestral
reconstruction, that the six conserved residues binding NADP in IDH were
introduced very early in evolution. The complementation of the structural
and ancestral reconstruction studies revealed that the three residues
responsible for binding the cofactor (NADP) were ancestral. The other
residues were not conserved in the NAD-binding enzymes and are therefore
not involved in binding NAD. Based on these results, site-directed
mutagenesis targeting these sites in the binding pocket has been used to
invert the coenzyme specificity of E. coli IDH from NADP to NAD. The
specificity was confirmed with kinetic experiments.

Having determined the ancestral residues responsible for cofactor
specificity, the authors set out to test the hypothesis that NADP use is an
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adaptation to growth on acetate (Dean and Golding, 1997). When bacteria
grow on highly reduced (energy-rich) compounds such as glucose, NADPH
(the reduced form of NADP) for biosynthesis is obtained by diverting
energy-rich carbon from glycolysis into the oxidative branch of the pentose
phosphate pathway (Neidhardt et al., 1990). During growth on acetate,
which is a highly oxidized (energy-poor) compound, there is no energy-rich
carbon to divert into the oxidative branch, and therefore alternative sources
of NADPH are required. A competition study of genetically identical
bacterial strains, except for the gene coding for NADP-dependent IDH, was
undertaken. One strain had the wild-type NADP-IDH and the second had
the IDH with the ancestral NAD binding residues obtained from the first
part of the study. Chemostat competition experiments were conducted on
either glucose or acetate as the only limiting factor. The ancestral NAD
binding IDH was strongly selected against when grown on acetate, yet it
was favored over the NADP binding wild-type when grown on glucose.
These results supported the hypothesis.

To further establish selection on acetate, not some other factor, such as
altered kinetics or less efficient regulation, the authors devised a test to
confirm their finding. If the selection at the IDH gene is truly caused by
cofactor specificity, then if other sources of NADPH were removed,
selection for the IDH-NADP gene should increase. Conversely if this effect
is independent of coenzyme use, no such increase should be observed.
Indeed, competition studies on strains with deletion background in genes
contributing NADPH (maeB, pntAB, and udhA encoding a soluble
transhydrogenase, UdhA) showed that selection on acetate against the
ancestral NAD-IDH increases as the sources of NADPH decline. These
results further support the hypothesis.

Genomic comparisons also supported the plaeoscience results. It was
found that isocitrate lyase (ICL), an essential enzyme for growth on acetate,
was always found in all of the 46 genomes that also encode NADP-
dependent IDH. Further, no ICL is found in the 12 genomes encoding
NAD-dependent IDH. Members of both groups represent highly diverse
phylogenies, including archaea, bacilli, and o- and y-proteobacteria, and
with variable metabolic lifestyles and habitats. The genomic studies in
isolation would have been merely a hint, but when added to the
paleobiochemical experimental results, they become part of a sophisticated
scientific narrative that not only shows evolutionary adaptation but also
clarifies the structural and mechanistic basis for such selection.
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V. GLOBAL LESSONS

The results of these 20 examples provide the first glimpse of the power
of a field that is just beginning. These examples also provide rejoinders to
some of the objections that are frequently raised by those who criticize the
paradigm. First, the resurrected sequences provide more information
than consensus models, single-residue swapping, or simply comparing
ancestral sequences. In many cases, the properties of the ancestral proteins
are not simply an average of the properties of the descendent proteins (Axe,
2000). This is a consequence of a very fundamental principle of organic
chemistry; the whole is not a linear sum of the parts in most molecules, and
certainly not in proteins. The implication of this generalization is that
selective reconstruction might not be sufficient to draw accurate inferences.
The more complete the resurrection, the more likely the result is to give a
reliable result.

These examples show a wide range of tactics for managing
ambiguities. With the exception of those who chose to use consensus
sequences to approximate an ancestral sequence, the degree to which
ambiguity was managed reflected in large part the extent to which the
data allowed the ambiguity to be managed. Sequence data are adequate to
ensure that if the target for resurrection lived in the past 100 million
years, the ambiguity could be sampled comprehensively. In more ancient
resurrections, limitations from the data set meant that the sampling was
less comprehensive.

One outcome of these studies was how infrequently it was found that
ambiguities compromised the biology. In general, when the ambiguity was
sampled comprehensively, a few of the proteins appeared to be defective to
an extent that that particular sequence was deemed to be unlikely to be a
true ancestor. Otherwise, it was difficult to find an example where
ambiguity caused a biological interpretation to be uncertain.

This observation is, of course, good news for those working in the area.
As suggested in Section II, it may reflect the fact that ambiguity is generally
at sites that have suffered a large amount of neutral amino acid
replacement, and that neutral drift generally means that replacement of
an amino acid at that site does not have any impact on a functionally
significant behavior of a protein. Further work is required to explore the
generality of this observation.

It is clear that functionally significant in vitro behaviors for a protein
where new biological function has emerged can also be identified by
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paleomolecular resurrections. Several examples now exist of a strategy that
examines the behavior of proteins resurrected from points in history before
and after the episode of adaptive evolution, as indicated by a high rate of
sequence change. Those behaviors that are rapidly changing during the
episode of adaptive sequence evolution, by hypothesis, confer selective
value on the protein in its new function, and therefore are relevant to
the change in function, either directly or by close coupling to behaviors that
are. The in vitro properties that are the same at the beginning and end of this
episode are not relevant to the change in function.

By the end of the current century, all information that we have about life
on Earth will be captured within a network of narratives that describe
specific biomolecular systems, interactions between these systems, and
models (formal and heuristic) that organize these interactions at various
levels (cell, organism, and ecosystem). This network will, of course,
include molecular structures from natural products chemistry, genomics,
metabolomics, and crystallography, as well as mathematical models from
systems biology. But it will also describe biomolecular systems as the
products of Darwinian evolution, including historical accidents, drift, and
adaptive selection. It will therefore include narratives describing the history
of these systems, set within a model for the history of the global biosphere
built from the geological, paleontological, and genomic records.

None of these narratives will be individually compelling or in any sense
proven. Nor could they be. Human knowledge is (at its core) heuristic and
intuitive, even that captured by mathematical formalisms. The strength of
the global theory must therefore come from the density of its interconnec-
tions between its narratives, its ability to “‘explain” (in a human sense)
behaviors of these systems, and the range of information, from molecular to
geological, that it coherently unifies. Thus, the global biotherapy will be
analogous to structure theory from chemistry, which combines heuristic
and formal models, all lacking ‘“‘proof” but nevertheless offering
understandable explanations that when combined with human intuition,
confer predictive and manipulative power.

The impact of incorporating natural history into medicine in the coming
century will be as broad as the impact created by incorporating chemistry
into medicine over the past century. Human disease is in many cases the
consequence of imperfect adaptation to a changing biosphere, is aggavated
by changing environments in modern civilization, and evolves in patients
both spontaneously and is response to medical treatment. The global theory
will capture this historical dynamic and allow medicine to exploit the
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truism that any system, natural or human-made, is better understood when
we understand both its structure and its history. Under this new paradigm,
the global theory will allow biomedical researchers to use natural history to
answer the “why?” questions that reductionist models leave largely
unanswered.

Paleogenetics experiments will be key to the development of this vision.
The fundamental objection that many molecular biologists have to
historical explanations for modern biology come from the view that
historical models are inherently untestable, and therefore intrinsically
unscientific. Similarly, much evolutionary bioinformatics examines
collections of protein sequences, not specific cases, because most
statisticians and computer scientists view a theory based on case studies
as not being entirely ““correct.”” Further, many scientists are not prepared to
concede that human knowledge is fundamentally heuristic. This fact, well
understood by those who study logic, epistemology, and the history of
science, is viewed by many scientists as an affront.

Therefore, the key task in engineering the maturation of the biomedical
paradigm from one that focuses on ‘“hard” science (chemistry and
mathematics) to one that also includes “‘soft” natural history is to identify
experimental tools to test historical models and generalize case studies.
Experimental paleogenetics is one tool now available to do both.
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