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Molecular Prodigality

Dennis Bray

enome studies reveal that we share
G about 95% of our DNA sequence
with chimpanzees (/). This con-
firms something we have known for years:
We are not solely the products of our
genes, but of our genes interacting with
each other and with the environment. The
outcome is a prodi-
giously complicat-
ed chemical system
that not only ren-
ders humans differ-
ent from monkeys, but also makes each hu-
man being (and probably each cell of each
human being) unique. In living cells,
macromolecules, and espe-
cially proteins, exist in a
myriad of forms. But how
many of these molecular
variants are accidental prod-
ucts of RNA splicing and
posttranslational modifica-
tion, and how many are ge-
netically designed and of
evolutionary significance?
Consider, for example,
the receptor used by the bac-
terium Escherichia coli to
detect temperature. This is
the very same protein—the
chemotaxis receptor, Tar—
that E. coli uses to detect the
amino acid aspartate. Not
only that, but the sense of the
temperature response de-
pends upon the concentra-
tion of aspartate in the envi-
ronment. In a medium lack-
ing this amino acid, Tar is a
detector of warmth and E.
coli swims toward a distant
source of heat. But if the sur-
rounding medium contains dissolved aspar-
tate, then Tar becomes a cold detector and
the bacterium swims away from heat. The
molecular basis for this change in behavior
is methylation of the cytoplasmic domains
of the Tar protein (2). The receptor becomes
highly methylated as it adapts to aspartate,
and this apparently changes the conforma-
tional response of the receptor to a rise in
temperature. But is it simply an accident
that methylation causes Tar to change its re-
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sponse to temperature? Or could it be that
in E. coli’s natural environment—whether a
gut, or a hamburger, or a drain—it is an ad-
vantage to titrate aspartate against tempera-
ture? In other words, could this effect have
been selected for during evolution?

E. coli has three other types of methyl-
accepting receptors in addition to Tar, and
between them they mediate attractant and
repellent responses to perhaps 50 distinct
chemicals, as well as to pH and tempera-
ture (see the figure). Not only are the re-
ceptors multifunctional, but they also clus-
ter together on the cell surface and have
been shown to influence each other’s re-
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Combinatorial possibilities of receptor clusters. Several thousand transmembrane
chemotaxis receptors of E. coli aggregate together in the plasma membrane by bind-
ing to downstream signaling proteins. Each receptor has eight possible sites of
methylation (white circles) and can exist in at least two conformational states (gray
or black). Four homologous types of receptor (distinguished by the color of their
binding sites) are randomly mixed within the cluster and interact in groups of three.

sponses (3). So, the phenomenon observed
with aspartate and temperature could be
applied to many other combinatorial
pairs, such as serine and aspartate, or ri-
bose and pH. To what extent does the bac-
terium prioritize its responses to multiple
environmental stimuli, and how much of
this is genetically programmed?

It is difficult to answer this question be-
cause of the complexity of the clusters of
E. coli chemotaxis receptors (see the fig-
ure). Each individual receptor can be
methylated at up to eight positions and can
adopt at least two possible conformations.
Within a cluster, several thousand recep-
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tors, of four different types, interact with
each other in sets of three. Thus, the num-
ber of distinct receptor trimers—each hav-
ing a different response to multiple envi-
ronmental influences—is extremely large.
Turning to “real” cells, consider the
potassium channels of a squid giant axon.
These exist in different forms as a result of
RNA editing, in which specific adenosine
residues are converted to inosine, and then
to guanosine. In one specific potassium
channel gene, RNA editing produces amino
acid replacements at up to 13 distinct loca-
tions (4). The altered amino acids produce
various functional modifications to the
channel, altering its voltage sensitivity, con-
ductance, and even levels of expression.
Each substitution site has a different effi-
ciency, so that any individual protein mole-
cule will have a distinct com-
bination of substitutions out
of a total of 8192 possibili-
ties. Because each channel is
composed of four subunits—
and these appear to be com-
bined in a random fashion—
there should be 4.5 x 10"
distinct tetrameric channels.
These are not isolated ex-
amples. Many proteins of the
mammalian myofibril exist
in multiple forms as a result
of alternative RNA splicing.
Troponin T, which affects the
calcium sensitivity of mus-
cle, occurs in more than
80 different forms, which
change their relative abun-
dance depending on the type
of muscle and on physiolog-
ical processes such as growth
and exercise (J5). Because
RNA splicing takes place in
the nucleus and muscle my-
ofibrils are multinucleate, the
troponin T complement of
any one myofibril is unique. An even more
dramatic case is that of the histone proteins
in chromatin, whose amino-terminal tails
are modified at multiple sites by acetyla-
tion, phosphorylation, and methylation. The
enzymes responsible for these histone-tail
modifications are highly specific for partic-
ular amino acid positions and are them-
selves influenced by a confluence of signal-
ing pathways and by the local concentra-
tions of other modified histones. These
modifications are so extensive that they
have been proposed to constitute a “histone
code” that extends the information con-
tained in the DNA sequence itself (6).
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Mechanisms of genetic variation in pro-
teins are abundant, especially in higher or-
ganisms. Up to one-half of all structural
genes in humans may be alternatively
spliced, and perhaps one-half of all pro-
teins are modified by phosphorylation. The
brain seems to be an especially rich source
of molecular diversity, possibly reflecting
its enormously complex anatomy and phys-
iology. For example, humans have just
three genes encoding neuronal cell surface
proteins called neurexins. However,
through alternative promoters and alterna-
tive splicing, these three genes yield thou-
sands of different isoforms expressed in
distinct combinations on the surfaces of
different neuronal cell types (7, §). Taken
together with all other sources of molecular
variation, it seems likely that each cell in an
organism—even the estimated 10'! nerve
cells of the human nervous system—is
chemically unique.

Most variations in protein structure are
likely to result from chance encounters be-
tween enzymes and their substrates. Many
other variations are probably caused by en-
vironmental influences: temperature, me-
chanical stress, and the instantaneous local
concentrations of ions and small mole-
cules. But there also must be a purely ge-
netic component underlying these structur-
al variations. Each gene, by itself or in col-
laboration with other genes, is capable of
elaborating a complex pattern of protein
products in a manner reminiscent of cellu-
lar automata—computer simulations that
generate astonishingly complex patterns by
the repeated application of a few simple
rules (9). But the extent of this genetically
specified variation is completely unknown.
How many of the variant forms of a given
protein result from natural selection?
Which modifications of protein structure
have evolved so that the organism operates
optimally under many different environ-
mental conditions?

In the immune system, variations in
protein structure are clearly functional.
Mammals manufacture millions of lym-
phocytes, each able to make a distinct type
of randomly generated antibody. Clonal se-
lection allows the proliferation of those few
lymphocytes that recognize a specific anti-
gen; the remaining lymphocytes undergo
cell death. Mechanisms for generating anti-
body diversity include the combinatorial
joining of gene segments, random varia-
tions during gene segment joining, combi-
natorial joining of antibody light and heavy
chains, and somatic hypermutation in the
antibody gene. These mechanisms, taken
together, allow a human to make perhaps
10'? different antibody molecules. The as-
tonishing success of this strategy raises the
question of whether echoes of this strategy

exist in nonimmune processes. Perhaps
there are mechanisms of protein selection
in cells that enhance some protein isoforms
at the expense of others.

From an evolutionary standpoint, a pro-
tein’s structure is significant only if it af-
fects the survival of the organism. But
many protein variants are likely to produce
only subtle changes in cellular function.
One chemical modification might slightly
increase a cell’s tendency to swim in a cer-
tain direction when confronted with a giv-
en combination of attractants. Another
might marginally increase gene transcrip-
tion at a specific stage of development.
Investigators using genetic techniques to
knock out specific genes have been puz-
zled to find that removal of even major
components of cells can have little dis-
cernable effect on development. For exam-
ple, mice lacking an isoform of creatine
kinase, one of the most important enzymes
in energy metabolism, grow like their
wild-type relatives, are fertile, and have a
normal life expectancy. It required a sys-
tematic study to show that these animals
have abnormalities in brain circuitry and
defects in spatial learning and habituation
(10). Organisms have an enormous capac-
ity to compensate and adapt to genetic
changes. Individual cells can buffer small
changes in protein structure so that they
become apparent only during periods of
stress (/7). How can we evaluate the sig-
nificance of subtle variations in protein
structure?

SIGNAL TRANSDUCTION

Fifty years ago, in the early days of mo-
lecular biology, Seymour Benzer drove the
genetic analysis of a bacteriophage gene—
the RII region of phage T2—down to the ir-
reducible limit of a single nucleotide.
Perhaps we need a similar enterprise today
to solve the issue of molecular prodigality.
Select a protein component, preferably one
that is part of a large complex, and subject
it to an exhaustive analysis. Find out pre-
cisely what forms this protein can take and
use genetic or other methods to install each
of these, separately, into an organism. Then
subject this organism to a battery of high-
throughput, high-resolution analyses in
which every possible nuance of phenotypic
behavior is examined. Such an approach
would require huge populations of identi-
cal individuals and screens that can detect
minor changes in survival rate under many
different conditions. Something only a mi-
crobiologist could contemplate.
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Capturing Polo Kinase

Herman H. W. Silljé and Erich A. Nigg

groups (phosphorylation) to proteins

is one of the principal ways in which
cells regulate protein activity. Phospho-
rylation not only directs the allosteric reg-
ulation of enzyme activity, but also is im-
portant for controlling protein-protein in-
teractions, particularly those that assemble
the protein complexes of signaling path-
ways. Phosphorylation creates docking
sites in the phosphorylated protein to
which other proteins then bind through
specific phosphopeptide-binding domains.
Prominent examples of phosphopeptide-
binding domains include SH2 and PTB
domains, which interact with phosphoty-
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rosine motifs, and Forkhead-associated
and WW (“double tryptophan”) domains,
which interact with phosphoserine (pS)
and phosphothreonine (pT) motifs (Z, 2).
On page 1228 of this issue, Elia and co-
workers (3) describe a clever proteomics
screen that they use to identify a new phos-
phopeptide-binding domain specific for pS
and pT motifs. This new domain, the Polo
box domain (PBD), was identified in Polo-
like kinase 1 (Plk1), a kinase involved in
the onset of mitosis. The PBD module ap-
pears to be specific to members of the PLK
family and may help to regulate both the
activity and subcellular localization of
these kinases.

The novelty of Elia et al’s approach is
their use of an immobilized library of de-
generate phosphopeptides to screen protein
pools (prepared by in vitro translation of a
cDNA library) for interacting proteins. Any
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