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PREFACE

The nature of structure-function relationships in the context of protein
catalysis is among the holy grails of molecular biological science. The
second half of the 20th century heralded the arrival of an unprecedented
volume of structural information, as both diffraction and resonance
techniques became accessible to a large group of researchers. Almost
simultaneously, the burgeoning toolkit of modern molecular biology
facilitated the rapid redesign of existing protein scaffolds. Together, these
tools would surely unlock the secrets of protein function.

But the path to the grail has been arduous. Despite tremendous advances
in both protein folding and the development of protein catalysts, our
abilities to design protein sequence with a priori predictable function remain
largely rudimentary. Against this backdrop, evolutionary approaches
emerged as a promising tool for the de novo creation of catalytic activity.
Originally conceived in the context of antibodies, the concepts and
approaches were later applied to the evolution — or redesign — of existing
enzyme scaffolds. And while the development of synthetically useful entities
remains an important end unto itself, the opportunity to uncover fundamental
aspects of the structural basis of protein catalysis is perhaps the most
powerful motivation for the study of enzyme evolution.

In this volume, four strikingly different perspectives on protein
evolution are presented. The first chapter by Benner and coworkers offers
a retrospective approach to protein evolution. The revival of sequence data
from historical sources, dating back millions of years, provides a unique
opportunity to examine the course of “‘successful” evolutionary excur-
sions. In the second chapter, Deeds and Shakhnovich consider the larger
question of protein architectures, and explore attempts to provide a
theoretical basis for the existence of a relatively small number of protein
folds and processes by which new folds arise.

The last two chapters consider more immediate aspects of protein
evolution. In the first, Glasner, Babbitt, and Gerlt explore the notion of
structural conservation in enzyme catalysis and approaches to the selection
of a catalyst scaffold during evolutionary selection. These authors also
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explore the hypothesis that new catalytic activities arise through the
intermediacy of promiscuous progenitors, rather than by the more direct
path from one specificity to another. In the final chapter, Hilvert and
coworkers review the various experimental approaches to novel enzyme
activity, including the de novo development of catalytic activity and the
redesign of existing activities, in both cases through random and guided
approaches.

Together, the chapters of this volume consider both fundamental and
practical issues associated with the development of novel catalytic activity
and, more broadly, the development of robust structure-function relation-
ships in protein catalysis. We hope that the ideas presented here further
stimulate the evolution of protein redesign.

Eric J. Toone
Durham, NC



ABSTRACTS

Molecular Paleoscience: Systems Biology from the Past

Experimental paleomolecular biology, paleobiochemistry, and paleoge-
netics are closely related emerging fields that infer the sequences of ancient
genes and proteins from now-extinct organisms, and then resurrect them for
study in the laboratory. The goal of paleogenetics is to use information
from natural history to solve the conundrum of modern genomics: How can
we understand deeply the function of biomolecular structures uncovered
and described by modern chemical biology? Reviewed here are the first 20
cases where biomolecular resurrections have been achieved. These show
how paleogenetics can lead to an understanding of the function of
biomolecules, analyze changing function, and put meaning to genomic
sequences, all in ways that are not possible with traditional molecular
biological studies.

A Structure-Centric View of Protein Evolution, Design,
and Adaptation

Proteins, by virtue of their central role in most biological processes,
represent one of the key subjects of the study of molecular evolution.
Inherent in the indispensability of proteins for living cells is the fact that a
given protein can adopt a specific three-dimensional shape that is specified
solely by the protein’s sequence of amino acids. Over the past several
decades, structural biologists have demonstrated that the array of structures
that proteins may adopt is quite astounding, and this has lead to a strong
interest in understanding how protein structures change and evolve over
time. In this review we consider a large body of recent work that attempts to
illuminate this structure-centric picture of protein evolution. Much of this
work has focused on the question of how completely new protein structures
(i.e., new folds or topologies) are discovered by protein sequences as they
evolve. Pursuant to this question of structural innovation has been a desire
to describe and understand the observation that certain types of protein
structures are far more abundant than others and how this uneven
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distribution of proteins implicates on the process through which new shapes
are discovered. We consider a number of theoretical models that have been
successful at explaining this heterogeneity in protein populations and
discuss the increasing amount of evidence that indicates that the process of
structural evolution involves the divergence of protein sequences and
structures from one another. We also consider the topic of protein
designability, which concerns itself with understanding how a protein’s
structure influences the number of sequences that can fold successfully into
that structure. Understanding and quantifying the relationship between the
physical feature of a structure and its designability has been a long-standing
goal of the study of protein structure and evolution, and we discuss a
number of recent advances that have yielded a promising answer to this
question. Finally, we review the relatively new field of protein structural
phylogeny, an area of study in which information about the distribution of
protein structures among different organisms is used to reconstruct the
evolutionary relationships between them. Taken together, the work that we
review presents an increasingly coherent picture of how these unique
polymers have evolved over the course of life on Earth.

Mechanisms of Protein Evolution and Their Applications
to Protein Engineering

Protein engineering holds great promise for the development of new
biosensors, diagnostics, therapeutics, and agents for bioremediation.
Despite some remarkable successes in experimental and computational
protein design, engineered proteins rarely achieve the efficiency or
specificity of natural enzymes. Current protein design methods utilize
evolutionary concepts, including mutation, recombination, and selection,
but the inability to fully recapitulate the success of natural evolution
suggests that some evolutionary principles have not been fully exploited.
One aspect of protein engineering that has received little attention is how to
select the most promising proteins to serve as templates, or scaffolds, for
engineering. Two evolutionary concepts that could provide a rational basis
for template selection are the conservation of catalytic mechanisms and
functional promiscuity. Knowledge of the catalytic motifs responsible for
conserved aspects of catalysis in mechanistically diverse superfamilies
could be used to identify promising templates for protein engineering.
Second, protein evolution often proceeds through promiscuous intermedi-
ates, suggesting that templates which are naturally promiscuous for a target
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reaction could enhance protein engineering strategies. This review explores
these ideas and alternative hypotheses concerning protein evolution and
engineering. Future research will determine if application of these
principles will lead to a protein engineering methodology governed by
predictable rules for designing efficient, novel catalysts.

Novel Enzymes Through Design and Evolution

The generation of enzymes with new catalytic activities remains a major
challenge. So far, several different strategies have been developed to tackle
this problem, including site-directed mutagenesis, random mutagenesis
(directed evolution), antibody catalysis, computational redesign, and de
novo methods. Using these techniques, a broad array of novel enzymes has
been created (aldolases, decarboxylases, dehydratases, isomerases, oxi-
dases, reductases, and others), although their low efficiencies (10 to 100
M~"s ')y compared to those of the best natural enzymes (10° to 10%
M~"s ") remains a significant concern. Whereas rational design might be
the most promising and versatile approach to generating new activities,
directed evolution seems to be the best way to optimize the catalytic
properties of novel enzymes. Indeed, impressive successes in enzyme
engineering have resulted from a combination of rational and random
design.
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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
etal., 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



