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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 Resurrectionsa

Ancestral Gene Approximate Age

Extant Genes Resurrected (million years) References

Digestive

ribonucleases

Ancestor of buffalo

and ox

5 Benner, 1988;

Stackhouse et al.,

1990

Digestive

ribonucleases

Digestive RNases in

the first ruminants

40 Jermann et al., 1995

Lysozyme Ancestral bird

lysozyme

10 Malcolm et al., 1990

L1 retroposons

in mouse

Ancestral rodent

retrotransposon

6 Adey et al., 1994

Chymase proteases Ancestral ortholog

in LCA of mammals

80 Chandrasekaran

et al., 1996

Sleeping Beauty

transposon

Active ancestral

transposon from fish

10 Ivics et al., 1997

Tc1/mariner

transposons

Ancestral paralog

genomes of eight

salmonids

10 Ivics et al., 1997

Immune RNases Ancestral ortholog

LCA of higher

primates

31 Zhang and Rosenberg,

2002

Pax transcription

factors

Ancestral paralog 600 Sun et al., 2002

SWS1 visual

pigment

Ortholog in LCA

of bony vertebrates

400 Shi and Yokoyama,

2003

Vertebrate

rhodopsins

Archosaur opsins 240 Chang et al., 2002

Fish opsins

(blue, green)

Fish opsins 30–50 Chinen et al., 2005b

Steroid hormone

receptors

Ancestral paralog 600 Thornton et al., 2003

Yeast alcohol

dehydrogenase

Enzyme at origin of

fermentation

80 Thomson et al., 2005

Green fluorescent

proteins

Ancient fluorescent

proteins

ca. 20? Ugalde et al., 2004

Isocitrate

dehydrogenase

Ancestral eubacteria 2500 Zhu et al., 2005

Isopropylmalate

dehydrogenase

Ancestral

archaebacteria

2500 Miyazaki et al., 2001

Isocitrate

dehydrogenase

Ancestral

archaebacteria

2500 Iwabata et al., 2005

Elongation factors LCA of eubacteria 3500 Gaucher et al., 2003

aLCA, 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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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

FIGURE 1. Old World fossil suid shortly after the emergence of large litter sizes.
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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 tour 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� 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

C 11.5 
S  0.1  2.2 
T -0.5  1.5  2.5 
P -3.1  0.4  0.1  7.6 
A  0.5  1.1  0.6  0.3  2.4 
G -2.0  0.4 -1.1 -1.6  0.5  6.6 
N -1.8  0.9  0.5 -0.9 -0.3  0.4  3.8 
D -3.2  0.5  0.0 -0.7 -0.3  0.1  2.2  4.7 
E -3.0  0.2 -0.1 -0.5  0.0 -0.8  0.9  2.7  3.6 
Q -2.4  0.2  0.0 -0.2 -0.2 -1.0  0.7  0.9  1.7  2.7 
H -1.3 -0.2 -0.3 -1.1 -0.8 -1.4  1.2  0.4  0.4  1.2  6.0 
R -2.2 -0.2 -0.2 -0.9 -0.6 -1.0  0.3 -0.3  0.4  1.5  0.6  4.7 
K -2.8  0.1  0.1 -0.6 -0.4 -1.1  0.8  0.5  1.2  1.5  0.6  2.7  3.2 
M -0.9 -1.4 -0.6 -2.4 -0.7 -3.5 -2.2 -3.0 -2.0 -1.0 -1.3 -1.7 -1.4  4.3 
I -1.1 -1.8 -0.6 -2.6 -0.8 -4.5 -2.8 -3.8 -2.7 -1.9 -2.2 -2.4 -2.1  2.5  4.0 
L -1.5 -2.1 -1.3 -2.3 -1.2 -4.4 -3.0 -4.0 -2.8 -1.6 -1.9 -2.2 -2.1  2.8  2.8  4.0 
V  0.0 -1.0  0.0 -1.8  0.1 -3.3 -2.2 -2.9 -1.9 -1.5 -2.0 -2.0 -1.7  1.6  3.1  1.8  3.4 
F -0.8 -2.8 -2.2 -3.8 -2.3 -5.2 -3.1 -4.5 -3.9 -2.6 -0.1 -3.2 -3.3  1.6  1.0  2.0  0.1  7.0 
Y -0.5 -1.9 -1.9 -3.1 -2.2 -4.0 -1.4 -2.8 -2.7 -1.7  2.2 -1.8 -2.1 -0.2 -0.7  0.0 -1.1  5.1  7.8 
W -1.0 -3.3 -3.5 -5.0 -3.6 -4.0 -3.6 -5.2 -4.3 -2.7 -0.8 -1.6 -3.5 -1.0 -1.8 -0.7 -2.6  3.6  4.1 14.2 
    C    S    T    P    A    G    N    D    E    Q    H    R    K    M    I    L    V    F    Y    W

FIGURE 2. A 20� 20 matrix whose elements are 10 times the logarithm of the probability

of the index amino acids being aligned by reason of common ancestry, divided by the

probability of their being aligned by random chance, collected from aligned protein sequence

pairs having about 0.15 amino acid replacement per site, and extrapolated to protein pairs

having 2.5 amino acid replacements per site, based on the assumption that accumulation of

accepted point mutations is a Markovian process, where subsequent point mutations are not

influenced by predecessor point mutations.
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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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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

root

 37    38   39   40    41   42    43

Eland

Ox

River
Buffalo

Swamp
Buffalo

the root is placed 
arbitrarily along 
this line

 Arg Ser Met Thr Ser Asp Arg

Arg Asn Met Thr Ser Asp Arg

Arg Asn Leu Thr Lys Asp Arg

Arg Asp Met Thr Lys Asp Arg

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.
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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:

1. Site i suffers replacement independently of site j.

2. Future replacements at site i are independent of past replacements.

3. The rate of replacement at each site is the same.

4. 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.
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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

Swamp 
buffalo

River 
buffalo

Probability of Met 
(M)  at each point 
along line

MM

1.01.0 1.01.0 1.0

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.
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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.

Probability of Met 
(M)  at each point 
along line

MM

Swamp 
buffalo

River 
buffalo

1.01.0

1.0

1.0 1.0

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.

Swamp 
buffalo

River 
buffalo

Probability of Ser 
Probability of Asn

0.0
1.0

1.0
0.0

0.5
0.5

0.75
0.25 0.75

0.25

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.
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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� 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

Swamp 
buffalo

River
buffalo

Probability of Ser 
Probability of Asn

0.0
1.0

1.0
0.0

0.5
0.5

0.75
0.25 0.75

0.25

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.
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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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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.

Y W V T S R Q 

P N M L K I H 

G F E D C A 

0.006 0.001 0.002 0.002 0.011 0.006

0.004 0.015 0.004 0.012 0.894 0.004 0.003

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.

Swamp 
buffalo

River 
buffalo

probability of 
Met at site 39

probability of all 
other amino acids

1.0

0.0

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

Swamp 
buffalo

River 
buffalo

Oxen

Ser 38 Asn 38

Asn 38

Asn-to-Ser 
replacement 
along this branch

Asn

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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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

Swamp 
buffalo

River 
buffalo

Oxen

Probability of Ser 
Probability of Asn 
Probability of others

0.0
1.0

1.0
0.0

0.48
0.48

0.0 0.04

0.10
0.84
0.06

0.05
0.87
0.08

0.00
1.00
0.00

0.0

0.05
0.87
0.08

Ser
Asn

Asn

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.
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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

P

Pachyportax

 37    38   39   40    41   42    43

 37  38   39   40  41   42  43

Eland

Ox

River
Buffalo

Swamp
Buffalo

Asp38Asn

Asn 38 Ser

Lys41Ser

Met39Leu

 Arg Ser Met Thr Ser Asp Arg

 Arg Asn Met Thr Ser Asp Arg

 Arg Asn Leu Thr Lys Asp Arg

 Arg Asp Met Thr Lys Asp Arg

 Arg Asn Met Thr Lys Asp Arg

FIGURE 13. The ancestral residues inferred for specific sites at internal nodes in the tree

also assign changes along individual branches in the tree.
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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.

P

Pachyportax

38 39 40 41 42 43 37

38 39 40 41 42 43 37

Eland

Ox

River
Buffalo

Swamp
Buffalo

 Arg Asn  Met  Thr ???  Asp Arg

Asn 38 Ser

Lys 41 Ser

 Arg Ser  Met  Thr Ser  Asp Arg

 Arg  Asn  Met  Thr Ser  Asp Arg

 Arg Asn  Leu  Thr Lys  Asp Arg

 Arg Asp Met  Thr Lys  Asp Arg Asn 38Asp

Met 39 Leu

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

analysis.
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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 (¼ 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

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



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

FIGURE 16. Fossils of Eotragus. (From Musée d’Histoire Naturelle; photograph courtesy

of Steven Benner.)
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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

FIGURE 17. Fossils of Leptomeryx, a primitive ruminant from the North American

Oligocene. (From the S. A. Benner collection; photograph courtesy of Steven Benner.)
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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 kcat=KM values for the

putative ancestral RNases with the ribodinucleotide uridylyl 30,50-
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%).

TABLE 2

Kinetic Properties of Reconstructed Ancestral Ribonucleasesa

kcat/KM kcat/KM poly(U) poly(A)–poly(U)

UpA as % of Relative to Relative to

RNase Ancestor of: �106 RNase A RNase A RNase A

RNase A 5.0 100 100 1.0

ab 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, 3.3 67 103 1.0

giraffe

g Pecora 4.6 94 87 1.0

h1 Pecora and 5.5 111 106 5.2

seminal RNase

h2 Pecora and 6.5 130 106 5.2

seminal RNase

i1 Ruminata 4.5 90 96 5.0

i2 Ruminata 5.2 104 80 4.3

j1 Artiodactyla 3.7 74 73 4.6

j2 Artiodactyla 3.3 66 51 2.7

aRNase names refer to nodes in the evolutionary tree shown in Figure 18. All assays were

performed at 25�C.
bReconstructed ancient sequences are designated by italic lowercase letters.
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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 �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

TABLE 3

Thermal Transition Temperatures for Reconstructed Ancient

Ribonucleasesa

Enzyme Tm (�C) �Tm (�C)

RNase Ab 59.3 0.0

RNase Ac 59.7 þ0:4

ad 60.6 þ1:3

b 61.0 þ1:7

c 60.7 þ1:4

d 58.4 �0:9

e 61.1 þ1:8

f 58.6 �0:7

g 59.1 �0:2

h1 58.9 �0:5

h2 59.3 0.0

i1 58.2 �1:1

i2 58.7 �0:6

j1 56.5 �2:8

j2 57.1 �2:2

aThermal 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.
cFrom Boehringer Mannheim.
dReconstructed ancient sequences are designated by italic lowercase

letters.
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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 h1 (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

MOLECULAR PALEOSCIENCE: SYSTEMS BIOLOGY FROM THE PAST 43



TABLE 4

Sequence Changes in Reconstructed Ancient Ribonucleasesa

Bovine

Ancestral Sequence

RNase A a b c d e f g h1 h2 i1 i2 j1 j2

3 Thr Thr Thr Ser Ser Ser Ser Ser Ser Ser Ser* Thr* Ser Ser
6 Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Glu Glu Lys Lys

15 Ser Ser Ser Ser Ser Pro Ser Ser Ser Ser Ser Ser Ser Ser
16 Ser Ser Ser Ser Ser Ser Ser Ser Gly* Gly* Gly* Gly* Gly Gly
17 Thr Thr Thr Thr Thr Thr Thr Thr Ser* Thr* Ser Ser Ser Ser
19 Ala Ser Ser Ser Ser Ser Ser Ser Ser Ser Ser Ser Ser Ser
20 Ala Ala Ala Ala Ala Ala Ala Ala Ser Ser Ser Ser Ser Ser
22 Ser Ser Ser Ser Ser Ser Ser Ser Ser Ser Asn* Asn* Asn Asn
31 Lys Lys Lys Lys Lys Gln Lys Lys Lys Lys Lys Lys Lys* Lys*
32 Ser Ser Ser Ser Ser Ser Ser Ser Ser Ser Arg Arg Arg Arg
34 Asn Asn Asn Asn Asn Asn Asn Asn* Lys* Lys* Lys* Lys* Asn Asn
35 Leu Met Met Leu Leu Leu Leu Leu* Met Met Met Met Met Met
37 Lys Lys Gln Gln Gln Gln Gln Gln Gln Gln Gln Gln Gln Gln
38 Asp Asp Asp Asp Asp Asp Asp Asp Gly Gly Gly Gly Gly Gly
59 Ser Ser Ser Ser Ser Phe Ser Ser Ser Ser Ser Ser Ser Ser
64 Ala Ala Ala Ala Ala Ala Ala Ala Thr Thr Thr Thr Thr Thr
70 Thr Thr Thr Thr Thr Ser Thr Thr Thr Thr Thr Thr Thr Thr
76 Tyr Tyr Tyr Tyr Tyr Asn Tyr Asn Asn Asn Asn Asn Asn Asn
78 Thr Thr Thr Thr Thr Ala Thr Thr Thr Thr Thr Thr Thr Thr
80 Ser Ser Ser Ser Ser His Ser Arg* Arg* Arg* His His His His
96 Ala Ala Ala Ala Ala Val Ala Ala Ala Ala Ala Ala Ala Ala

100 Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr Ser Ser Ser Ser
102 Ala Ala Ala Ala Ala Ala Ala Ala Val Val Val* Val* Val* Glu*
103 Asn Lys Lys Lys Glu Glu Glu Glu Glu Glu Gln Gln Gln Gln

aReconstructed ancient sequences are designated by italic lowercase letters. The ancient sequences were adapted by applying maximum
likelihood. Amino acids marked with asterists indicate positions where assignment depends on ambiguous parsimony reconstructions, or might be
changed by plausible reorganization of the tree. In several of these cases, multiple sequences were reconstructed; subscripts indicate alternative
sequence reconstructions for one node in the tree.
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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

a
b

c

ef

g

h
i

j

d
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million years before present (approximate)

hippopotamus
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eland
nilgai
impala
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bridled gnu
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goat

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.
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38 by Asp in the evolution of ancestor g from ancestor h 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 (RNase1h,

RNase1g, and RNase1y), the eosinophil-associated RNase family (EAR)

(R15-17, ECP, R-pseudogene, and Ear3), and the angiogenin family

(Ang1 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 10qB1 (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), Eld’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 (Tragelaphus

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
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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

Bovine

Hog Deer

Hog Deer

Roe Deer

Roe Deer

Saiga

Duiker

An19
10

An19

An22

An23

An24

An25

An28

Cape Buffalo

Forest Buffalo

Water Buffalo

Gaur

Brahman

Bovine

An26

Lesser Kudu

Okapi

Saiga

Duiker

Roe Deer

Roe Deer

Bovine

Hog Deer

Hog Deer

An22
5

An23
1

AN24
2

AN26

1

AN25
3

An28
1

Cape Buffalo

Forest Buffalo

Water Buffalo

Gaur

Brahman

Bovine

Lesser Kudu

Okapi

O
ut

gr
ou

p
P

an
cr

ea
tic

/B
ra

in
R

N
as

e

O
ut

gr
ou

p
P

an
cr

ea
tic

/B
ra

in
R

N
as

e
S

em
in

al
 R

N
as

e

S
em

in
al

 R
N

as
e

T2 topologyT1 topology
0.1

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.
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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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