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tion by simply disrupting or generating protein-
protein interactions (fig. S2B).

An important implication of flexibility in
phosphorylation site positioning is that combi-
natorial control by multiple kinases is readily
evolved. Indeed, the protein kinase Ime2, a dis-
tant relative of Cdk1 that is expressed solely in
meiotic cells, phosphorylates a large number of
Cdkl substrates at distinct sites but can still have
the same effect as Cdk1 on substrate function (/7).

The evolution of Cdkl1 signaling appears to
share features with the evolution of transcrip-
tional regulation (fig. S7). Transcriptional regu-
lators and Cdks both maintain their biochemical
specificities (the DNA consensus motif and pep-
tide consensus motif, respectively) over long evo-
lutionary time scales. However, in both cases
there is rapid evolution of the intergenic and dis-
ordered regions, respectively, that contain these
motifs. In transcriptional regulation, DNA se-
quence motifs can function from many positions
relative to the gene being controlled and, be-
cause of their short length and sequence degen-
eracy, can evolve rapidly (/8-20). Similarly,
many Cdk1 phosphorylation sites are not tightly

constrained within the protein target sequence,
and the signals for phosphorylation are short
and easily evolved. These features allow cell-
cycle control mechanisms to adapt rapidly to
developmental challenges and opportunities that
arise over time.
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Positive Selection of Tyrosine Loss in

Metazoan Evolution
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John Nash showed that within a complex system, individuals are best off if they make the best
decision that they can, taking into account the decisions of the other individuals. Here, we
investigate whether similar principles influence the evolution of signaling networks in multicellular
animals. Specifically, by analyzing a set of metazoan species we observed a striking negative
correlation of genomically encoded tyrosine content with biological complexity (as measured

by the number of cell types in each organism). We discuss how this observed tyrosine loss
correlates with the expansion of tyrosine kinases in the evolution of the metazoan lineage and
how it may relate to the optimization of signaling systems in multicellular animals. We propose
that this phenomenon illustrates genome-wide adaptive evolution to accommodate beneficial

genetic perturbation.

plexity shows limited correlation with gene
repertoire size (/). However, some protein
families (2) have expanded with organism com-
plexity as measured by number of cell types (3),
especially those involved in regulation, such as

It is a biological paradox that organism com-
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tyrosine kinases in signaling, cell-cell commu-
nication, and tissue boundary formation (4, 5).
We observed a striking negative correlation of
genomically encoded tyrosine content with the
number of distinct cell types in metazoan spe-
cies (Spearman’s p = —0.89, approximate P =
3.0 x 107%; Pearson’s p =—0.89, approximate P=
4.0 x 10°°) (Fig. 1A). Thus, metazoans with
more cell types have proportionally less potential
tyrosine phosphosites. Similarly, we observed
that the number of tyrosine kinase domains cor-
relates negatively with genomic tyrosine content
(Spearman’s p = —0.68, approximate P = 3.7 x
1073 ; Pearson’s p =—0.81, approximate P= 1.3 X
107 (Fig. 1B). Including dual-specificity mixed-
lineage kinases (MLKs) and mitogen-activated
protein kinase kinases (MEKs) revealed a similar
pattern (fig. S1A).

These observations suggest an evolutionary
model in which the acquisition of a tyrosine ki-
nase results in systems-level adaptation to remove
deleterious phosphorylation events that cause ab-
errant cellular behavior and diseases (4). Assum-
ing that a cell begins with a single tyrosine kinase,
which is subsequently duplicated, it follows that
the kinases may functionally diverge, as a result
of relaxation in evolutionary constraints, to phos-
phorylate new substrates. Emerging kinase speci-
ficities could be retained if new substrates confer
selection advantage. However, it is unlikely that
every new phosphorylation event is beneficial. We
hypothesize that optimization of newly emerged
signaling networks would follow (6) through the
elimination of detrimental phosphorylation events
by tyrosine-removing mutations. Even if many
new phosphorylation sites are not deleterious, an
organism with minimized noisy signaling systems
is likely to have a fitness advantage. This scenario
is repeated with the subsequent duplication of
tyrosine kinases leading to more tyrosine resi-
dues lost (7).

Despite several recent systematic phospho-
proteomic studies (&), many human proteins have
no observed phosphotyrosines. Our model sug-
gests that tyrosine loss had occurred predomi-
nantly in these proteins in order to minimize
tyrosine phosphorylation. To test this hypothesis,
we investigated differences in tyrosine loss be-
tween these proteins (Non-pTyr) and those that
are tyrosine phosphorylated (pTyr). Comparing
members of these two groups to their orthologous
proteins in S. cerevisiae (7), which lack con-
ventional tyrosine kinases, enabled us to assess
the degree of tyrosine loss that may be triggered
by the onset of phosphotyrosine signaling in
metazoans.
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A significantly smaller fraction of amino acids
are tyrosines in human proteins than in their yeast
orthologs (approximate P = 3.5 x 107, paired
Wilcoxon signed rank test) (Fig. 1C). However,
this phenomenon was statistically more pronounced
in non-pTyr proteins than in pTyr proteins (ap-
proximate P = 5.1 x 10~°, Mann-Whitney test)
(Fig. 1C). A similar trend was observed on the
basis of absolute tyrosine residue counts (approx-
imate P = 2.0 x 107, Mann-Whitney test) (fig.
S1B) and on a higher confidence subset of pTyr
proteins that either have multiple phosphotyrosines
or have sites observed in multiple studies (approx-
imate P= 1.3 x 10"’ Mann-Whitney test).

Thus, tyrosine loss was strongly favored in
human protein evolution, most notably in pro-
tein subsets that are not known to be tyrosine-
phosphorylated. Genetic drift (9) is unlikely to
account for these differences observed in a large
number of evolutionarily distant human-yeast pro-
tein orthologs. Because tyrosine is an essential

and the most expensive amino acid to biosyn-
thesize (/0) after tryptophan and phenylalanine,
essentiality and biosynthetic cost could be major
factors in the observed loss. However, this is un-
likely because we observed a strong positive cor-
relation of number of cell types with tryptophan
and a weaker negative correlation for phenyl-
alanine (table S1). Instead, we propose that pos-
itive selection of tyrosine-removing mutations
occurred in the metazoan lineage to reduce ad-
ventitious tyrosine phosphorylation, at least in
part. This optimization process probably shaped
signaling networks crucial for the development
of multicellular animals. Additionally, this could
provide a mechanism to prevent unspecific phos-
phorylation events that operates with the evolution
of domains, consensus motifs (//), and contextual
factors to colocalize kinases with their substrates
(11-13). We observed a slightly stronger negative
correlation of genomically encoded tyrosine con-
tent with the number of inferred phosphotyrosine-
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binding domains than tyrosine kinase domain count
(Spearman’s p = —0.81, Pearson’s p = —0.88) (fig.
S1A), which is in agreement with the notion that
tyrosine phosphorylation exerts parts of its
functional effects through creating binding sites
for phosphobinding domains like Src homology
2 (SH2) and phosphotyrosine binding domain
(PTB) (14).

The choanoflagellate Monosiga brevicollis,
which is a member of the only known unicellular
lineage with canonical tyrosine kinases (15), is an
outlier in the cell-type correlation studied above.
This observation is consistent with the emerging
picture that choanoflagellates represent a distinct
evolutionary branch from metazoans in which
phosphotyrosine-signaling systems have been used
for divergent functions (16, 7). Nevertheless, the
Monosiga analysis is still consistent with optimiza-
tion of phosphotyrosine signaling in this lineage;
compared with the metazoans analyzed here,
Monosiga has higher numbers of tyrosine kinases

Fig. 1. Correlation of expansion A B
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[127 (7)] and lower genomically encoded tyrosine
content (2.3%).

Other factors, such as tyrosine sulfation, could
have contributed to the observed tyrosine loss,
which raises the question of whether other post-
translational modifications and regulatory mech-
anisms are under similar evolutionary selection
that could also explain genomic GC conversion.
We observed a strong negative correlation of num-
ber of cell types with amino acids that can be
methylated or glycosylated (table S1). The num-
bers of genomically encoded threonine showed
strong negative correlations with serine/threonine
kinase and cell-type numbers, although these trends
were not observed with serine (fig. S2), which sug-
gests possible coarse-grained functional differences
between serine- and threonine phosphorylation in
metazoans.

Our findings suggest that the implementation
of tyrosine kinase signaling, as a biological inno-
vation that probably assisted in the development
of multicellular organisms, required system-level
adaptive mutations. Analogous to the arguments
of John Nash in his dissertation (/8), this phe-
nomenon highlights a general principle of adapt-
ive evolution pertaining to the introduction of new

components into a complex system and parallels
the evolution of some human societies in which
the local populations have to adjust and adapt to
the influx of immigrants contributing to the soci-
eties’ economic development. This principle may
serve as an important framework when consid-
ering the evolution and fidelity of complex bi-
ological systems. Finally, this work raises the
possibility that complex regulatory diseases, such
as cancer, might result from systems-wide adaptive
changes in human genomes and signaling systems.
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Metabolic plasticity, which largely relies on the creation of new genes, is an essential feature of
plant adaptation and speciation and has led to the evolution of large gene families. A typical
example is provided by the diversification of the cytochrome P450 enzymes in plants. We describe
here a retroposition, neofunctionalization, and duplication sequence that, via selective and local
amino acid replacement, led to the evolution of a novel phenolic pathway in Brassicaceae. This
pathway involves a cascade of six successive hydroxylations by two partially redundant
cytochromes P450, leading to the formation of N, N°-di(hydroxyferuloyl)-N%-sinapoylspermidine,
a major pollen constituent and so-far-overlooked player in phenylpropanoid metabolism. This
example shows how positive Darwinian selection can favor structured clusters of nonsynonymous
substitutions that are needed for the transition of enzymes to new functions.

bolic plasticity that is reflected by the evo-

lution of large gene families. New family
members may emerge by segment duplication
(sometimes followed by exon shuffling), gene
fusion, or retroposition; that is, reverse transcrip-
tion of mRNAs followed by insertion of the in-
tronless cDNA into the parent genome (/). A
striking example of duplication for gene cluster
evolution in the triterpenoid metabolism was re-
cently described (2). A survey of the Arabidopsis
and rice genomes identified several retroposons
(3, 4), but retrogene evolution for the acquisition
of novel functions was well described only in
mammals or insects (/).

P lant adaptation relies on a remarkable meta-

We recently performed a global coexpression
analysis to predict the function of orphan cyto-
chrome P450 genes in Arabidopsis thaliana (35).
A candidate emerged with a predicted function in
anew branch of phenolic metabolism. CYP9848
(AT1G74540) and its paralog CYP98A49
(AT1G74550) are two chromosome 1—clustered
duplications of an ancestor of CYP98A43, the
latter previously shown to meta-hydroxylate
the p-coumaric esters of shikimic/quinic acids
to form lignin monomers (6, 7). CYP98AS
and CYP98A9 share only about 50% protein
identity with CYP98A3, but they do belong to the
monophyletic CYP98A clade that includes all
confirmed 4-coumaroyl shikimate/quinate meta-

hydroxylases; but in protein phylogenies, CYP98A8
and CYP98A9 appear separated from vascular
plant sequences by CYP98s from conifers and
moss (fig. S1B). This means either that CYP9848
and CYP9849 diverged before angiosperm evo-
lution or that they appeared recently and evolved
fast, and were thus placed at the base of the clade
because of long-branch attraction. In favor of the
latter hypothesis, cDNA phylogenies show that
CYP98A8 and CYP98A49 form a sister group with
CYP98A3 (Fig. 1A and fig. S1D), and no potential
orthologs of CYP9848 exist in the TIGR Plant
Transcript Assemblies and PlantGDB databases,
except for a single transcript assembly (CYPISA53)
from Brassica napus. CYP98AS and CYP98A9
are intronless, whereas all other known higher plant
CYP98A4s contain two introns at conserved posi-
tions, including one that is considered a signature
of the expanded CYP7! clan to which the CYP98
family belongs (8). This indicates a gene birth event
via mRNA-mediated transposition.

Ratios of nonsynonymous and synonymous
substitution rates (dN/dS or ®) were first es-
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