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Thinking combinatorially

Stuart Kauffman* and Andrew D Ellington'

Biopolymers and chemical compounds with novel functions
can be selected or screened from randomized libraries.
Recently, it has become possible to augment the functions of
biopolymers via the conjugation or incorporation of unnatural
chemical moieties. In the future, it should prove possible to
engineer systems that can self-evolve and thereby reveal
unexpected emergent properties.
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Introduction

Two seminal events occurred in the war-heavy year of
1944. Erwin Schrodinger published his famous and
famously small book, ‘What is Life?’ [1], and at the
University of Pennsylvania, the first digital computer
crackled into action. Slightly over fifty years later, molecu-
lar biology has fully come of age, and the
computer-mediated information revolution has trans-
formed much of the economy.

In 1990, with the near simultancous publication of several
articles on phage display and nucleic acid selection [2-5],
molecular diversity and, soon after, combinatorial chem-
istry sprang into practical existence. Fifty years from 1990
is 2040. Can we begin to guess what shall have come into
being, unleashed by the stunning novelty of our capacity
to create and work with libraries of over 10'5 molecular
species, a number that rivals the diversity of proteins and
nucleic acids already present in nature? Our own initial
guess is that we have crossed a threshold as fundamental as
the two traversed in 1944. Molecular diversity, writ large,
already promises new medicines, enzymes, diagnostics,
structures and new approaches to structure/function rela-
tionships, but even more importantly, points us towards a
post-genomic era in medicine and biology, towards the
development of increasingly complex networks of chemi-
cal reactions, towards new forms of self-reproducing
molecular systems, and thus towards a ‘general biology’
freed from the constraints of terrestrial biology to consider
the characteristics of new living systems both man-made
and throughout the Cosmos.

This much we can begin to glimpse, and if history is any
guide, we cannot yet glimpse the half of it. Nonetheless, in
this review we can perhaps begin to map the major eras that

are now upon us and those that are the next to arise. First and
foremost, of course, is the cornucopia of molecular diversity
that is now being sieved for biopolymers and chemicals with
novel functions; next and nascently is the augmentation of
biopolymer libraries with unnatural chemistries, and the aug-
mentation of chemical libraries with biological properties
such as replicability; and, finally, i1s the design and evolution
of systems whose emergent properties are far greater than
the sum of their parts, which is on the horizon.

Diversity

The recent past has been a necessary prologue to the pros-
perous present: Speigleman and co-workers’ [6,7] early
experiments with Qbeta replicase and the parallel insights
of leaders such as Eigen and Schuster [8] and Orgel [9]
clearly and cleanly foreshadowed the development of iz
vitro selection methods; Geysen ez a/.’s [10] fine work with
random peptides on pin arrays (and the concomitant patent
[P1]) is the intellectual forebear of most combinatorial
chemistry that exists today; Smich’s [5] first phage peptide
libraries have spawned a rash of surface display methods;
and finally the Ballivet-Kauffman patent (filed first in
1985 [P2]) bespeaks the power of combinatorial methods
to transform chemistry and biology. Similarly powerful
innovations in combinatorial chemistry and biochemistry
continue to this day, such as Stemmer’s inspired develop-
ment of artificial recombination methods for protein

engineering (DNA shuffling [11]).

In the present, these advances have allowed nucleic acid
binding species and catalysts to be selected i vitro from
almost unimaginably large random sequence populations,
peptides and proteins to be quickly optimized by selec-
tion, and a wealth of chemical compounds to be modularly
constructed. When coupled with high-throughput screen-
ing methods, these technologies enable the genesis of a
new ‘chemical biology’ that pairs compounds with pheno-
types [12]. As the human genome project comes to
completion and fine-grained genetic variations in popula-
tions are clucidated, the enhanced capacity in drug lead
discovery enabled by molecular diversity will help create
increasingly sculpted drugs to treat subsets of patients with
precision for what might otherwise be orphan diseases.
The ease of lead generation also implies the ease of diag-
nostic libraries, arrays and kits.

Nonetheless, no matter how impressive the selection of a
ribozyme amide synthetase [13,14] or the identification of
antibodies that can bind magnetite [15] may be, the fact
remains that combinatorial biochemistry and chemistry
are essentially short cuts for rational design. While the
combinatorial methods may have for the moment out-
paced rational design strategies, they cannot in the end
overcome them. Just as computers quickly caught up with



and surpassed several thousand years of paper accounting,
computer-assisted rational design will probably soon catch
up with and surpass brute-force combinatorial efforts. For
example, it has already proven possible to de novo design
rather than screen for novel protein catalysts [16*°]. To
hasten the day when research costs are further pared by
compound identification ## sifico rather than selection or
screening iz vitro, the link between rational design and
combinatorial experimentation needs to be made mani-
fest. There are currently relatively few efforts to explain
why a particular combinatorial biopolymer or chemical is
efficacious, nor to determine if the results of screens
might be ¢ posteriori recapitulated and eventually @ prior:
mimicked by computers.

Encouragingly, some of the tools necessary to begin
melding screening and design are already available. The
concept of sequence space, popularized by Smith in 1970
[17], now underlies many forays into biochemical diversi-
ty (Figure 1). The notion of shape space (a
multidimensional space of physical properties, including
the three spatial dimensions and physical features such as
charge, dipole moment, hydrophobicity and so on, where
a point represents shape), introduced by Perelson and
Oster in 1979 [18], is also paying off. For example, their
observation that a sufficient diversity of molecular
species, such as the human immune repertoire, could
‘saturate’ shape space in turn suggests that it may be pos-
sible to use automated, high-throughput selections of
antibodies [19,20] to develop therapeutic reagents for
known and unknown chemical and biological weapons.
Understanding the nature of molecular fitness landscapes
[21-23] (Figure 1) is becoming increasingly pertinent to
increasing the speed and efficiency of lead optimization.

Augmentation

For the most part, combinatorial biochemistry and chem-
istry are simple extensions of the core Darwinian dogma of
vary, select and amplify. The methods that have been
developed for searching sequence and fitness landscapes
may allow man to ponder a larger number of variants than
nature can, but the throughput increase is a quantitative
change, not a qualitative one. However, technological
innovations are also beginning to give rise to new types of
landscapes with new types of molecules, molecules with
properties that deviate significantly from what has previ-
ously been observed in either nature or industry. These
innovations can generally be described as ‘augmenting’ the
existing chemistries of biopolymers or organic compounds.

For example, just as natural products have long been chem-
ically modified to improve their pharmacokinetic properties,
biopolymers are now being augmented with new
chemistries. Nucleic acids have proven surprisingly adept at
incorporating and utilizing unnatural nucleotides and
appended chemical moieties [13,14,24]. Proteins have been
somewhat more resistant, but methods for the introduction
of unnatural amino acids now exist [25,26]. Conversely,
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Figure 1
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Molecular fitness landscapes. The x-y axis represents the potential
diversity of molecular species, of whatever composition. For example,
for a nucleic acid or protein landscape, the plane might represent all
possible sequences (obviously such a space would be n-dimensional,
depending on the length of the nucleic acid or protein, but can be
most conveniently represented as plane). The z axis represents
functionality. Each sequence in the plane will have an associated
function along the z axis. Hills or menhirs on this surface thus represent
molecular species of varying functionality. The ‘natural world’
comprises all molecules derived from organisms, whereas the
‘unnatural universe' comprises all possible molecules. Ongoing
experimental explorations in the era of diversity have begun to explore
what molecules may lie outside the natural world. New lines of inquiry
that have begun to define the era of augmentation change the
landscape, leading to the modulation of the functionality of old
molecules or to the appearance of completely new ones. The era of
emergent properties cannot be properly represented on such a static
landscape, since complex systems that begin to traverse a fitness
landscape will of necessity change it and themselves in the process.

whereas organic chemists have long copied nature’s struc-
tures, they are now also beginning to incorporate some of
the properties of biopolymers into organic compounds. For
example, to assist with high-throughput screening, individ-
ual compounds in chemical libraries have been tagged with
encoded or replicable biopolymers [27,28].

Most interestingly, the properties of entire systems are now
being ‘bred’ with one another. While a cell has previously
been the only intermediary between nucleic acid informa-
tion and protein phenotype, by coupling the
translation-terminating antibiotic puromycin to mRNAs,
Roberts and Szostak [29°°] have developed a system by
which nucleic acids can be directly connected to their trans-
lated products. This system should soon herald the direct
selection of protein function, and it is likely that the select-
ed nucleoproteins will have unique properties of their own
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that are an admixture of each partner. Furthermore, entire
biological systems may soon serve as combinatorial libraries
for the presentation of novel chemistries. For example,
phage display libraries can potentially provide diverse,
replicable structural scaffolds for the pharmacophores in
chemical combinatorial hibraries. Bertozzi and co-workers’
[30] recent advances in remodeling cell surfaces could sim-
ilarly lead to the development of combinatorial chimeras of
chemistry and biology.

Emergent properties

So far, we have considered only systems whose wholes are
more or less the sum of their parts, even when those parts
are quite chemically distinct from one another. While the
augmentation of chemistry with biology and vice versa may
lead to new landscapes, those landscapes are nonetheless
still a fixed function of the molecules that underlie them.
As the combinatorial revolution progresses, though, we
can next reach out to systems that have the capability to
actually innovate and reinvent themselves and their asso-
ciated landscapes. In a simple sense, this will merely
mean systems of increasing functional complexity. In a
more profound sense, however, it will mean systems that
incorporate self-reproduction and feedback loops during
their evolution.

To help envision the emergent properties of combinatori-
al chemistries, we suggest a parallel with the preceding
digital revolution. Early, electronically implemented
search algorithms identified patterns in data based on pre-
set criteria. 'Today, however, neural networks employ
feedback loops that allow weighting between the criteria
to be altered, and thus can learn over time to identify pat-
terns. In analogy, screens or selections can search for
particular compounds that meet preset criteria, but a more
complex system such as a cell employs multiple feedback
loops that allows it to develop new compounds while
adapting to new environments.

Some chemical and biological systems are just beginning
to approach this level of complexity. Wright and Joyce
[31**] have described continuous evolution systems that
yielded catalysts similar to those produced in more canon-
ical selection experiments. By incorporating the feedback
loop of replication directly onto and into a selection for cat-
alytic function, however, these systems have also shown an
emergent, unexpected property — the evolution of repli-
cation parasites [32]. While such emergent properties may
not always be desirable, they do illustrate the ability of
truly complex systems to change the very nature of the
landscapes on which screening or selection is taking place,
and thus to change ‘the rules of the game.” Given that dis-
crete peptides and organic compounds have been shown to
be capable of self-replication [33], the emergence of novel
properties from combinatorial libraries of such replicators
can be readily imagined. As an example, Ghadiri and co-
workers [34] have shown the emergence of coupled
hypercycles of replicating peptides.

The most obvious venue for exploring emergent chemical
and biochemical properties, though, is within and between
cells. Combinatorial experimentation on a grand scale has
frequently occurred during the evolution of cells. Even
ignoring the obvious example of the diversity of secondary
metabolites, animals and plants are the result of sustained
exchange and experimentation involving the genes, pro-
teins and metabolic pathways of eukaryotes and their
mitochondrial and chloroplast endosymbionts [35°].

Just as analyses of fitness landscapes and hypercycles
anticipated the results of selection experiments, analyses
of genomes and gene regulatory networks may now assist
in the development of novel ‘combinatorial’ metabolisms
and organisms. For example, analyses of artificial genetic
regulatory networks already suggest that eukaryotic
genomes will typically partition into genes with fixed
activities in all cell types (i.e. housekeeping genes) and
into isolated islands of genes whose activities vary
between cell types [36] . As these theoretical methods are
applied to real world problems, it may prove possible to
guide the next level of combinatorial syntheses, such as
which enzymes should be optimized in parallel to gener-
ate emergent metabolic pathways, which regulatory and
structural genes should be combined to yield emergent
cell types (such as artificial endosymbionts), and even
which regulatory elements should be co-stimulated to pro-
duce an emergent organismal phenotypes (such as a new
limb or organ).

Conclusions

At root, though, all of the eras we have described — diver-
sity, augmentation and emergent properties — harken
back to an operational understanding of selection pressure
and a theoretical understanding of landscapes. Given
enough diversity and a big enough selective hammer,
researchers can quickly pound out the details of new mol-
ecules and systems; however, even the smallest protein
landscapes are already well out of reach of complete exper-
imental searches and can quickly beggar even the largest
supercomputers. To overcome these limitations, organ-
isms, with a fine appreciation of the natural landscapes
they live on, invented recombination to jump between
functional peaks, and technologists have followed with
artificial recombination, in the guise of DNA shuffling.
Now, we stand on the verge of attempting to engineer sys-
tems that, even if they are not defined as life (a term more
suited to poetry than science), will have the characteristics
of organisms, such as adaptation, learning and communica-
tion. In this respect, our comparison to the digital world
comes full circle, as these are precisely the same character-
istics that many electronic devices are now imbued with.
Indeed, as molecular ‘alligator clips’ between the bio-
chemical and digital worlds are constructed (e.g. peptides
that interface with semiconductors, ribozyme logic gates
and neurons wired to operational amplifiers) the most effi-
cient algorithm for screening and selection may involve
establishing feedback loops between the molecules that



carry out combinatorial experiments and the devices (other
than man) that evaluate them.
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