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Features of the physical environment surrounding an ancestral
organism can be inferred by reconstructing sequences'™ of
ancient proteins made by those organisms, resurrecting these
proteins in the laboratory, and measuring their properties. Here,
we resurrect candidate sequences for elongation factors of the
Tu family (EF-Tu) found at ancient nodes in the bacterial
evolutionary tree, and measure their activities as a function of
temperature. The ancient EF-Tu proteins have temperature
optima of 55-65 °C. This value seems to be robust with respect
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to uncertainties in the ancestral reconstruction. This suggests
that the ancient bacteria that hosted these particular genes were
thermophiles, and neither hyperthermophiles nor mesophiles.
This conclusion can be compared and contrasted with inferences
drawn from an analysis of the lengths of branches in trees joining
proteins from contemporary bacteria'’, the distribution of ther-
mophily in derived bacterial lineages'’, the inferred G+C content
of ancient ribosomal RNA'?, and the geological record combined
with assumptions concerning molecular clocks™. The study
illustrates the use of experimental palaeobiochemistry and
assumptions about deep phylogenetic relationships between
bacteria to explore the character of ancient life.

This year marks the 40th anniversary of the observation by
Pauling and Zuckerkandl that it should be possible to infer the
sequences of ancient proteins by comparing the sequences of their
descendants'. Some 25yr were required, however, before their
vision of resurrecting ancient proteins for study was first real-
ized"**. The properties of resurrected ancestral proteins have been
used to correlate molecular behaviour with changing geology,
ecology and physiology in mammals'®, analyse the evolution of
substrate specificity in biomedically important proteases®, and
identify in vitro behaviours of proteins involved in inflammation
and vision that are important to changing physiological function®’.

So far, however, experimental palacobiochemistry has carried
experimental scientists back in time only approximately 240 million
years®. This has left untouched many of the most intriguing
questions about ancient life. One of these relates to the role of
thermophily in the history of life on Earth. Various models for
environments in the Precambrian have suggested that the Earth was
cold and covered with snow. Other models, inspired by the
discovery of modern microorganisms that live at high temperatures,
suggest that early bacteria may have been thermophiles, or possibly
extreme thermophiles. Arguments based on indirect evidence, such
as the lengths of branches of various trees, the G+C content of
reconstructed ancestral rRNA, the possible cold temperature of
early Earth, and the distribution of thermophily in contemporary
taxa, have generated contradictory inferences.
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Figure 1 The two unrooted universal trees used to reconstruct ancestral bacterial

sequences. Archaea and Eukarya serve to provide a node within the bacterial subtree from
which ancient sequences can be inferred. Thermophilic lineages are highlighted in bold.
Aquificaceae subfamily not shown. a, Maximum likelihood topology used to reconstruct
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the stem elongation factors from bacteria (ML-stem), or most recent common ancestor
of bacteria, and the ancestral sequence for mesophilic lineages only (ML-meso).

b, Alternative topology used to reconstruct the stem elongation factors from bacteria
(Alt-stem).
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We reasoned that if we were able to reconstruct the sequences of
ancestral proteins from bacteria that lived in the Precambrian,
resurrect these proteins in the laboratory, and measure their thermal
stabilities, we might be able to obtain direct evidence addressing the
temperature(s) at which the particular ancestral bacteria lived. To be
suited for the study, the protein would need to have temperature-
dependent behaviour, with an optimum at physiological tempera-
ture. Furthermore, the rate of divergence of the protein must be
slow enough, and the number of available derived and sibling
protein sequences large enough, that the ancestral sequences can
be reconstructed with minimal ambiguity. In addition, when the
inevitable ambiguity is encountered, various sequences capturing
that ambiguity must be sampled to see whether the interpretation,
however made, is robust with respect to that ambiguity.

Elongation factor Tu (from Bacteria) and elongation factor 1A
(from Archaea and Eukarya) are suitable proteins for such a study
on all counts. EFs are G proteins that present charged aminoacyl-
transfer RNAs to the ribosome during translation. Because of their
relatively slow rates of sequence divergence, most character states of
ancient EF sequences can be robustly reconstructed for proteins that
lived on the order of a billion years ago. This has made them
frequently useful for phylogenetic analysis. Furthermore, the opti-
mal thermal stabilities of EFs correlate with the optimal growth
temperature of the host organism. Thus, EFs from mesophiles,
thermophiles and hyperthermophiles—defined as organisms that
grow at 20—40, 40-80 and >80 °C, respectively, and represented by
species of Escherichia, Thermus and Thermotoga—have temperature
optima in their respective ranges'®'®. This is consistent with a
previous study based on a large set of proteins in which a correlation
coefficient of 0.91 was calculated between environmental tempera-
tures of the host organisms and protein melting temperatures'.

To infer the sequences of EFs deep within the bacterial lineage,
amino acid sequences of 50 EF-Tu proteins from various bacterial
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Figure 2 Comparisons of reconstructed ancestral sequences. a, Distribution of the
marginal posterior probabilities at sites for the three reconstructed ancestral nodes. The
overall accuracies for sequence reconstructions of ML-stem, Alt-stem and ML-meso are
predicted to be 88%, 88% and 92%, respectively?’. b, Examples of the per cent sequence
identity between ancestral and modern proteins. T.m., 7. maritima; T.a., T. aquaticus,
E.c., E coli G.s., Geobacillus stearothermophilus.
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lineages were collected, aligned and phylogenetically analysed.
Because saturation at silent sites in the DNA sequence had occurred,
amino acid sequences were used in the analysis. The differences in
the rates of amino acid replacement at different sites in the sequence
were captured using a gamma distribution®’. To support an analysis
of the robustness of our interpretations with respect to plausible
changes in our evolutionary models, two phylogenetic trees were
used (see Methods). The first was constructed from EF-Tu
sequences alone using a combination of phylogenetic tools (see
Methods). The second was constructed from the literature, which
contains various views of bacterial phylogeny (see, for example,
ref. 11). These generally agree among themselves and with the EF-Tu
tree. Where they differed, however, we extracted a tree that captured
those differences (Fig. 1).

Candidate ancestral sequences were then reconstructed at nodes
throughout the bacterial subtree. Marginal reconstructions,
opposed to joint reconstructions, were calculated owing to our
interest in comparing probabilities of multiple character states at a
single interior node and selecting the character with the highest
posterior probability*'. The ‘most probabilistic ancestral sequence’
(MPAS) was then reconstructed by accepting at each site the amino
acid with the highest posterior probability.

The MPASs for the two trees were found to be surprisingly similar
to sequences from modern day Aquifex; only 4-6 amino acid
replacements out of about 400 residues were inferred to have
occurred from the most recent common ancestor of bacteria to
the modern Agquifex. The placement of the branch leading to
Aquificaceae at the base of the tree appeared, however, to be due
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Figure 3 GDP-hinding assay to test thermostability of ancestral and modern EF proteins.
The amount of tritium-labelled GDP bound at 0°C was subtracted from all other

temperature values for a given protein. Shown is the relative amount of GDP bound
compared with the amount bound at the optimal temperature for each protein.
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to long-branch attraction, an artefact that has been much dis-
cussed'>**. To test this, the 23 sites that displayed no variation within
the Archaea/Eukarya subfamily, the Aquificaceae subfamily and the
subfamily containing all other bacteria, but not conserved between
the subfamilies, were removed from the analysis. The resulting
analysis no longer places Aquificaceae at the base of the bacterial
lineage. This is consistent with the working of long-branch attrac-
tion. To eliminate bias due to this artefact, ancestral sequences were
recalculated from a data set that excluded Aquifex sequences.

Figure 1 shows the two topologies used to reconstruct ancestral
sequences at the node representing the hypothetical organism laying
near the presumed stem of the bacterial tree. The number of
archaeal and eukaryal sequences (3-20) did not affect the amino
acid reconstructions at these nodes: ML-stem (maximum likelihood
stem for elongation factors in bacteria) and Alt-stem (alternative
stem for the elongation factors in bacteria). The ancestral sequence
at the node representing the most recent common ancestor of only
mesophilic bacterial lineages was also reconstructed, and named
ML-meso (maximum likelihood mesophiles only). This node
captures a feature of models that have concluded that the last
common ancestor of certain bacteria was mesophilic*. In all,
these reconstructed ancestral sequences did not appear to be
influenced by long-branch attraction or non-homogeneous
modes of molecular evolution, such as changes in the mutability
of individual sites in different branches of the bacterial subtree®.
Figure 2 presents the range of posterior probabilities for
the reconstructed sequences and shows the sequence identity
relating the putative sequences and their descendants. ML-stem
and Alt-stem are most similar to the sequences of EFs from
Thermoanaerobacter tengcongensis (a thermophile) and Thermotoga
maritima (a hyperthermophile), respectively, and differ from each
other by 28 amino acids. ML-meso is most similar to the sequence of
EF from Neisseria meningitides (a mesophile).

If we assume that similarity in sequence implies similarity in
thermostability, we would predict that the stem bacterium was
thermophilic or hyperthermophilic, and that the ancestral node
constructed without considering thermophiles was mesophilic. To
test these predictions based on this (unsubstantiated) assumption,
genes encoding the ancestral sequences were synthesized, expressed
in an Escherichia coli host and purified (see Methods). The thermo-
stabilities of these ancestral EFs, and three representative EFs from
contemporary organisms, were then assessed by measuring the
ability of each to bind GDP across a range of temperatures.

Each resurrected protein behaved similarly (Fig. 3a). Both
ML-stem and Alt-stem bound GDP with a temperature profile
similar to that of the thermophilic EF from modern Thermus
aquaticus, with optimal binding at about 65°C. Although the
sequence similarity was higher between Alt-stem and the modern
hyperthermophilic T. maritima, the temperature profile of Alt-stem
was not similar to that from T. maritima, which is maximally active
up to at 85°C (data not shown). The observation that the amino
acid sequences of ML-stem and Alt-stem shared only 93% identity,
but display the same thermostability profiles, suggests that infer-
ences of this ancestral property are robust with respect to both
varying topologies and ancestral character state predictions. This
suggests, on the basis of these given evolutionary models, that the
temperature in the palaeoenvironment of the ancient bacterium
that hosted these reconstructed proteins was approximately 65 °C.

We then asked what inferences might be drawn from a resurrected
EF whose sequence was reconstructed from the last common
ancestral sequences of contemporary organisms that, for the most
part, grow optimally at mesophilic temperatures. The temperature
profile of the ancestral protein, which displayed a maximum at
55 °C, suggests that the ancestor of modern mesophiles lived at a
higher temperature than its descendants (Fig. 3b). This result
demonstrates that the behaviour of an ancestral protein need not
be an average of the behaviours of its descendants, and suggests that
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phylogenetic-based ancestral sequence reconstructions (per stirpes)
should be preferred over consensus sequence reconstructions (per
capita) and applied generally”. The observation is important
because it underscores the fact, well known in protein chemistry,
that physical behaviour in a protein cannot be reliably predicted by a
model that assumes amino acids at each site contribute to protein
behaviour independently of the residues at all other sites. This, in
turn, implies that an experiment in palaeobiochemistry can yield
information beyond that yielded by analysis of descendant proteins
alone.

Clearly, as more bacterial genomes are completed, we will need to
exploit the resulting opportunity to extend these inferences to other
nodes in the universal tree. Also, although our interpretation is
robust with respect to the sampling of sequences from the extremes
of the evolutionary models presented here, other plausible inter-
mediate sequences will need to be resurrected and tested to establish
this robustness more broadly. This notwithstanding, the results
presented here show the value of experimental palaeobiochemical
reconstructions to explore features in the lifestyles of ancient life
forms, and will be particularly valuable when the relation of these
ancient life forms is established relative to the root of the universal
tree by other methods. O

Methods

Computational analyses

Completely sequenced genomes were used to determine the protein families that might
support reconstructions in the bacterial tree most successfully. The MasterCatalog
(EraGen Biosciences)'® was used as a starting point, as it presents an evolutionary model
for all protein families in a recent version of GenBank. Gene trees were surveyed to identify
the family that had the most sequences from the most diverse taxa with the least overall
protein sequence divergence, using the PAM (point accepted mutations per 100 amino
acids) distance metric. The family that represented the most potential for ancestral
reconstruction was elongation factor Tu (Bacteria, EF-Tu) and 1A (Archaea/Eukarya,
EF1A). This family was highly conserved, contained members from all of the complete
genomes, and GenBank and Swiss-Prot databases contained diverse EF representatives.
Sequences were aligned using ClustalW, and minor corrections were performed by hand.
The list of organisms, GI and/or Swiss-Prot numbers, and multiple sequence alignment are
available on request.

Two phylogenetic trees were used in the computation of ancestral amino acid character
states for bacterial EF-Tu (about 400 residues). The maximum likelihood (ML) tree was
generated as follows: a distance matrix was generated from the EF sequences using a
gamma distribution to capture site-specific rate heterogeneity using the MEGA package®.
This distance matrix was then used to build trees inter-relating the sequences from
individual lineages of bacteria using the minimum evolution criterion in the PAUP*
package®. The subtrees within the nine individual bacterial lineages were thus
constrained, and the relationships between the lineages were then inferred using the
maximum likelihood algorithm implemented within the MOLPHY package®. The second
tree was constructed by identifying in the literature plausible alternative bacterial
phylogenies. Many of these combined analyses of multiple protein, DNA and rRNA
sequences. Where these trees differed from the first tree, the differences were captured in
an alternative tree (Alt).

The computation of ancestral amino acid states was performed using an empirical
bayesian statistical framework that incorporated the gamma distribution (PAML)*. For
both the ML and alternative trees, ancestral character states were predicted using the Jones,
Taylor and Thornton replacement matrix®® (JTT) (See Supplementary Information).
Using the Dayhoff*” and WAG™ (Whelan And Goldman) matrices had little effect on the
predicted ancestral states.

Synthetic gene construction and protein expression

The ancestral genes were synthesized piecemeal by polymerase chain reaction using
complementary 50-nucleotide oligonucleotides (MWG Biotech) with 15-20 base-pair
overlap. Ancestral and extant (E. coli, T. aquaticus and T. maritima) EF genes were cloned
in Topo-TA (Invitrogen). Errors resulting from primer synthesis or PCR were fixed using
standard site-directed mutagenesis. All genes were sequenced with two times coverage.
The genes were subsequently cloned and expressed in the TYB11 vector (IMPACT
System; intein-mediated purification with an affinity chitin-binding tag), and purified
according to the manufacturer (New England Biolabs). The proteins were eluted from
the chitin affinity column in a buffer comprising 20 mM Tris-HCI (pH 8.5), 500 mM
NaCl, 10 mM MgCl,, 5uM GDP and 1 pM phenylmethylsulphonyl fluoride and stored
at —20 °C. The samples were filtered and concentrated using Centricon YM-30
(Amicon). SDS-PAGE verified the isolation of a single band of appropriate size: about
44kDa.

GDP-binding assay
The thermostability of ancestral and extant proteins was determined based on an ability to

bind nucleotide across a range of temperatures'®'®. Aliquots (40 pl) of a solution

287




letters to nature

containing 1 pM EF protein in 20 mM Tris-HCI (pH 8.5), 500 mM NacCl, 10 mM MgCl,
and 2.5 uM [°H]GDP (specific activity approximately 11.5 Ci mmol ') (Amersham
Pharmacia Biotech) were assayed at different temperatures, first at 10-°C intervals between
0and 100 °C and then 5 °C on either side of the temperature optimum. For the ML-meso
putative ancestor, binding at 5-°C intervals between 40 and 70 °C was also determined. The
amount of [?’H]GDP bound to EF was determined as previously described'®.
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There are many cases where animal populations are affected by
predators and resources in terrestrial ecosystems'”, but the
factors that determine when one or the other predominates
remain poorly understood*”. Here we show, using 40 years of
data from the highly diverse mammal community of the Seren-
geti ecosystem, East Africa, that the primary cause of mortality
for adults of a particular species is determined by two factors—
the species diversity of both the predators and prey and the body
size of that prey species relative to other prey and predators.
Small ungulates in Serengeti are exposed to more predators,
owing to opportunistic predation, than are larger ungulates; they
also suffer greater predation rates, and experience strong preda-
tion pressure. A threshold occurs at prey body sizes of ~150kg,
above which ungulate species have few natural predators and
exhibit food limitation. Thus, biodiversity allows both predation
(top-down) and resource limitation (bottom-up) to act simul-
taneously to affect herbivore populations. This result may apply
generally in systems where there is a diversity of predators and
prey.

The influence of predation and resource availability on popu-
lation dynamics has long been a focus of ecological research®. Yet,
we know little about how these top-down and bottom-up forces
work together to structure diverse ecosystems* . This is particu-
larly true for mammal communities, where effects of predation and
resource limitation are usually investigated on single species or in
simple systems with low species diversity®’. We examined patterns
of predation in the diverse Serengeti ecosystem using data on
ungulate populations before, during and after a period of predator
removal.

The Serengeti ecosystem (34-36°E, 1-4°S) in Tanzania and
Kenya, East Africa, is composed of open grassland and savannah.
It supports 28 species of ungulates and 10 species of large carnivores
that prey on them'. In any one habitat, there can be seven co-
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Figure 1 The range of weights of mammal prey consumed by carnivores of different sizes

in the Serengeti ecosystem. There is a large overlap in diet at small prey sizes. Data are

from our unpublished observations and published sources'”¢.
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