
NEW VOICES IN CHEMISTRY

B
iology has taught chem–

istry much over the past century.
What is known about the chem-
ical processes that make life pos-
sible comes largely from studies

of living cells. Our knowledge of structure/
activity relationships in small molecules has
been refined through the elucidation and
synthesis of diverse natural products. The
development of effective chemical methods
for diagnosing and treating disease has prof-
ited enormously from an understanding of
the underlying biology. Chemistry and biol-
ogy will only continue to cross-fertilize each
other in the years to come. 

The chemistry of complex systems, in
particular, has much to gain from a close

partnership between the two disciplines.
For example, whereas our grasp of struc-
ture/activity relationships in small mole-
cules is reasonably sophisticated, detailed
understanding of biological macromole-
cules lags far behind. Proteins, for example,
are linear polymers of amino acids. They
are efficiently biosynthesized in cells by a
simple genetic program that specifies their
precise length and composition. Once syn-
thesized, proteins spontaneously adopt

well-defined tertiary structures that enable
them to recognize and bind molecules and
even catalyze reactions. Yet, despite many
advances, we do not understand any sin-
gle enzyme in atomic detail. The factors
contributing to their high rates and selec-
tivities have proven difficult to separate
and quantify. Given the sequence of a pro-
tein, we cannot predict how it will fold.
Given a tertiary structure, we cannot pre-
dict what it will interact with in a cell. Most
fundamentally, we cannot build enzymes
from first principles.

The many unanswered questions about
biomacromolecules reflect their com-
plexity. Even a protein of 100 amino acids
may have more than 1,500 atoms. More-
over, the number of combinatorial
sequence possibilities is astronomical.
Using the standard set of 20 amino acids
as building blocks, 20100 possible proteins
can be made—a number that dwarfs the
approximately 6 x 1077 atoms in the uni-
verse. Furthermore, each polypeptide
chain has an enormous number of acces-
sible conformations, only a tiny fraction
of which embody function. Given this
fact, how does a protein find its proper
fold? What fundamental chemical deter-
minants favor one fold over another? Can
new folds be created? How can protein
modules be combined to make higher-
order structures? For example, the ribo-
some is an inordinately complex molecu-
lar machine responsible for high-fidelity
translation of messenger RNA into pro-
tein. It consists of roughly 50 different
proteins and 4,500 nucleotides. Under-
standing how such supramolecular assem-
blies are put together may someday allow
chemists to fashion similarly complex
objects for purposes as yet unrealized in
nature.

Integrating the enormous amount of
information emerging from genomic
sequencing projects with advances in struc-
tural biology and computation will even-
tually allow us to predict protein structures
with reasonable accuracy. It also will aid
efforts to engineer proteins de novo. How-
ever, supramolecular systems with com-

plex functions may prove more refractory
to direct design. In nature, proteins and
their assemblies are created and refined
over millions of years of evolution. In many
ways, nature is like the combinatorial
chemist who searches large molecular
ensembles for interesting “hits.” Nature
has a decided advantage, though, in that
larger libraries are sampled over longer
periods of time. Moreover, winners of each
round can be efficiently, autocatalytically
amplified. In judicious combination with
design and chemical insight, evolutionary
strategies may offer the best hope of gen-
erating interesting new macromolecules
on a human time scale.

Evolutionary methods such as DNA
shuffling and genetic selection are being
used by many researchers to elucidate the
structural and mechanistic properties of
existing protein and nucleic acid polymers
as well as to create new ones. By exhaus-
tively examining libraries of 1010 or more
molecules, statistically meaningful insights
into the complex and often subtle inter-
actions that influence the folding, struc-
ture, and catalytic mechanism of these sys-
tems can be obtained. Such approaches
will become increasingly important as
chemists and biologists tackle larger, more
complex assemblages. Perhaps analogous
methods can be developed for (unnatural)
macromolecules such as b-peptides, poly-
carbonates, and other synthetic polymers.
Selection approaches might take advan-
tage of the ability of such molecules to self-
replicate or exploit simple encoding sys-
tems analogous to the genetic code for
biological proteins. They would allow selec-
tive amplification of molecules with inter-
esting binding or catalytic properties.

To paraphrase the physicist Richard
Feynman, we cannot understand what we
cannot create. By combining chemical and
biological approaches, the engineering of
macromolecular systems with tailored
function may become routine in the fore-
seeable future. It will bring our under-
standing of their basic chemistry into
sharper focus and provide the basis for
numerous applications in research, medi-
cine, and industry.
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