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Abstract

Data from protist genomes suggest that eukaryotes show enormous
variability in their gene complements, especially of genes coding
regulatory proteins. Overall counts of eukaryotic signaling proteins
show weak nonlinear scaling with proteome size, but individual
superfamilies of signaling domains might show vast expansions in
certain protists. Alteration of domain architectural complexity of
signaling proteins and repeated lineage-specific reshaping of archi-
tectures might have played a major role in the emergence of new sig-
naling interactions in different eukaryotes. Lateral transfer of various
signaling domains from bacteria or from hosts, in parasites such as
apicomplexans, appears to also have played a major role in the origin
of new functional networks. Lineage-specific expansion of regulatory
proteins, particularly of transcription factors, has played a critical
role in the adaptive radiation of different protist lineages. Compar-
ative genomics allows objective reconstruction of the ancestral con-
ditions and subsequent diversification of several regulatory systems
involved in phosphorylation, cyclic nucleotide signaling, Ubiquitin
conjugation, chromatin remodeling, and posttranscriptional gene
silencing.
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INTRODUCTION

Eukaryotes are unparalleled in terms of diver-
sity of size, mass, form, physiology, life cycles,
and organizational complexity (12). This
entire span of diversity might be encountered
in a single eukaryotic kingdom. For example,
in the green plant lineage we see both the
smallest eukaryotes, such as Ostreococcus, a
unicellular photosynthetic machine <1 pm,
and the largest photosynthetic organisms,
such as the sequoia tree, which is ~107 times
larger in linear dimensions. Multicellular
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forms compose only the proverbial tip of
the iceberg of eukaryotic diversity, with the
bulk being formed by protists (eukaryotes
with a unicellular morphology or that show
a dominant unicellular phase in their life
cycle) (50). The evolutionary and functional
basis of this extraordinary diversity has long
fascinated biologists, but only now are we
beginning to apprehend it due to ongoing
genome-sequencing efforts (6, 36). The main
promise of genomics lies in its ability to re-
veal the molecular foundations of eukaryotic
diversity within an objectively reconstructed
and testable evolutionary framework (6, 19,
36, 70). Current availability of completely
sequenced protist genomes, covering several
branches of the eukaryotic tree, provides new
insights that were previously unattainable.
The study of the molecular basis of protist di-
versity is important for several reasons: (#) It
often provides models for the state close to
the ancestral condition from which the mul-
ticellular taxa emerged. (b)) Various parasitic
protists, such as apicomplexans, microsporid-
ians, kinetoplastids, Giardia, and Entamoeba,
are major causes of morbidity and mortality
in humans and livestock. (c) Protists include
many lineages with novel and unprecedented
physiological features that have not been
amenable to traditional genetic approaches.
(d) Most importantly, any description of eu-
karyotic biology would be grossly incomplete
without a thorough understanding of protists.

Eukaryotes are unified not only by unique
aspects of their cell structure, but also by a
highly distinctive set of molecular features in
their core functions such as DNA and RNA
synthesis, translation, nuclear structure and
dynamics, vesicular transport, and cytoskele-
ton (6, 19, 36, 70). The key to the enor-
mous eukaryotic diversity lies in understand-
ing both structural and regulatory innovations
that characterize different lineages. The role
of structural innovations is more obvious—
distinctive enzymes and structural proteins
are directly involved in the synthesis or con-
struction of unique morphological and oper-
ational features (e.g., cell walls or pellicles).
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Regulatory innovations, namely mechanisms
of signal transduction and control of gene ex-
pression, are often subtle and are the cause
of functionally equivalent gene products be-
ing differentially deployed in various organ-
isms. With the exception of Dictyostelium and
the fungal models, most studies on proteins
of eukaryotic regulatory systems have been
carried out on multicellular crown group lin-
eages. But protist genomics are opening up
previously unseen horizons for both compu-
tational and experimental exploration (6, 19,
36, 70). In this article we attempt to synthe-
size the data from protist genomes to present
a sketch of the tangled evolutionary history of
eukaryotic regulatory systems.

ORIGINS, PHYLOGENY, AND
GENOMIC DIVERSITY OF
EUKARYOTES

Organisms with completely sequenced
genomes cover only a small portion of
the known eukaryotic diversity and are
biased heavily toward multicellular model
organisms and causative agents of common
parasitic diseases (Figure 1). Yet, the available
sequenced genomes represent sufficiently di-
verse branches of the eukaryotic tree to allow
a reasonable approximation of the major evo-
lutionary trends. Although still controversial,
the primary endosymbiosis, which gave rise
to the ancestral eukaryote, probably involved
a complex a-proteobacterium, i.e., the mi-
tochondrial progenitor, and a euryarchaeon
(6, 36, 37,41, 46). Consistent with this, there
are no known primitively amitochondriate
eukaryotes, though mitochondria were
repeatedly degraded, modified, or lost during
adoption of anaerobic lifestyles in several
lineages (11, 37). The bacterial endosymbiont
made several key genetic contributions to the
emergence of defining eukaryotic structures,
their distinctive
nuclear and chromosome structure, and

general metabolism (6, 37, 41).

including cytoskeleton,

The archaeal contribution is mainly re-
flected in multimeric protein complexes as-

sociated with translation, transcription, DNA
replication and repair, core RNA metabolism,
and protein stability (6, 19, 70). The earli-
est phase of eukaryotic evolution, prior to
the last eukaryotic common ancestor (LECA),
was marked by coeval (approximately simul-
taneously in evolutionary time) proliferation
of various proteins, usually represented by
a single precursor in archaea, to form fam-
ilies of paralogs. These paralogous groups
of proteins have been strongly conserved
throughout eukaryotic evolution and typi-
cally comprise subunits of torroidal or ring-
shaped multimeric complexes—DNA repli-
cation ATPases (MCMs), cytoplasmic TCP1
chaperones, proteasomal ATPases, and SM
proteins (6, 7, 19). This paralog prolifer-
ation resulted in a greater complexity of
core eukaryotic systems, compared with their
prokaryotic counterparts, right from the early
phases of their evolution.

Although the complete phylogenetic pic-
ture of eukaryotes is far from settled, the evo-
lutionary affinities of completely sequenced
eukaryotes are fairly clear (8, 11, 63, 66). A
reasonably consistent picture emerges from
comparative genomics and phylogenetic anal-
ysis of large concatenated alignments of sev-
eral highly conserved protein families shared
with the archaea (11, 66) (Figure 1). The
well-supported monophyletic clade of animals
and fungi is in turn a sister group to amoe-
bozoa, a group of diverse amoeboid protists
(11, 62). These, together with the plant lin-
eage, form the crown group of eukaryotes
(Figure 1). The plant lineage was the pri-
mary photosynthetic lineage of eukaryotes,
whose chloroplast emerged from a cyanobac-
terial endosymbiont (15). The two other ma-
jor monophyletic lineages are the alveolates,
which contain ciliates and apicomplexans, and
the chromists or stramenopiles, which in-
clude a highly diverse assemblage of protists
such as the photosynthetic diatoms, golden
(chrysophyte) and brown (phaeophyte) al-
gae, and saprophytic or parasitic oomycetes.
These two lineages appear to form a higher-
order assemblage called the chromalveolate
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Crown group: all
the lineages
descended from a
major cladogenesis
event, recognized by
possessing the clade’s
derived characters

Primary
endosymbiosis: a
symbiosis arising
from a bacterium
dwelling within a
eukaryote/eukaryote
progenitor for the
first time

LECA: last
eukaryotic common
ancestor
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clade, which forms a sister group to the
abovementioned crown group (9, 15, 66, 68).
The common ancestor of the chromalveolate
assemblage is claimed to have acquired a pho-
tosynthetic organelle via secondary endosym-
biosis involving a red alga (thodophyte) of the
plant lineage. Subsequently, this plastid de-
generated to differing degrees in several lin-
eages or was displaced by tertiary endosym-
bionts from various plant lineages, including
chlorophytes (15). Outside of this clade lie two
more basal lineages (Figure 1), kinetoplastids
and diplomonads (61).

In terms of sequenced genomes there is
extensive representation of multicellular ani-
mals, plants, and both basidiomycete and as-
comycete fungi (29). The remarkable genome
of the microsporidian Encephalitozoon, repre-
senting an early-branching, degenerate lin-
eage of fungal clade, is also available (31,
33). Recently, the diversity of genomes from
the plant lineage has been extended by the
publication of the sequence of the minimal-
ist unicellular chlorophyte alga Ostreococcus
(20). Among the amoebozoans, sequences of
Dictyostelium and the enteric parasite Enta-
moeba have been published (24, 40). Alveo-
lates are represented by complete genome se-
quences of at least four apicomplexan genera
and two ciliates, of which that of Tetrabymena
thermophila is publicly available (25, 52, 66).
In the chromist clade the partially assembled
genomes of the abundant marine diatom 7Tha-
lassiosira and the oomycete Phyrophthora have
been reported (9, 68). Among the kinetoplas-
tids we have genome sequences of the hu-
man parasites of the genera Leishmania and
Trypanosoma, and Giardia lamblia is the sole
diplomonad with reasonable public sequence
data (14, 27).

Though limited, this set of genomes is
fairly representative of generic organizational,
ecological, physiological, and genome-size
categories encountered in eukaryotes. In fun-
gal, amoebozoan, and plant lineages we have
representatives of both simple unicellular pro-
tistan forms as well as those with different
levels of multicellular organization and dif-

ferentiation (Figure 1). Among alveolates we
have both obligately parasitic apicomplexans
and free-living predatory ciliates (Figure 1).
Genome comparisons reveal that the com-
mon ancestor of the crown group was likely
a motile free-living organism with a reason-
ably large genome and well-developed regu-
latory systems. However, in the common an-
cestor of fungi there appears to have been
large-scale gene loss, probably associated with
the adoption of a saprophytic lifestyle (29).
The gene loss was exacerbated in parasitic mi-
crosporidians, along with genome compres-
sion, resulting in some of the smallest eukary-
otic genomes that retain little more than core
housekeeping functions (31, 33). This is also
reflected in the size of their proteins, which
are on average much smaller than their coun-
terparts from other eukaryotes.

In contrast, proteins of several protists
such as Plasmodium and Dictyostelium show ap-
parently superfluous enlargement due to in-
serts of low-complexity sequences (24, 62, 66).
Differing degrees of gene loss are also seen
in the other parasitic eukaryotes when com-
pared with their free-living sister groups. In
apicomplexans, the loss results in marked re-
duction of metabolic capabilities, whereas in
Entamoeba there is loss of several components
of the replication apparatus (40, 66). Some lin-
eages such as Giardia, Leishmania, and to a cer-
tain extent Cryprosporidium and Saccharomyces
are also marked by extensive intron losses and
concomitant degradation of the pre-mRNA
splicing apparatus (32, 35). Several protists
show considerably higher rates of protein se-
quence divergence compared with the multi-
cellular crown group lineages (2, 62). A par-
ticularly high rate of divergence is observed
in microsporidian and Entamoeba proteins,
where it may be linked to relaxation of certain
selective constraints of protein-protein inter-
action due to gene loss.

The cyanobacterial progenitor of the
chloroplast has infused a new set of bac-
terial genes to the plant lineage. Like-
wise, secondary and tertiary endosymbio-
sis in chromists, alveolates, and perhaps
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Secondary
endosymbiosis: a
symbiosis in which a
photosynthetic
eukaryote dwells
within another
heterotrophic
eukaryote

Low-complexity
sequence: a protein
sequence
significantly
enriched in one or
few amino acids that
adopts a nonglobular
structure
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Lateral transfer:

acquisition of genes
or parts thereof from

other organisms

Ortholog: genes

in

different species that
were derived from a

single gene in the

common ancestor of

the species

HTH:
helix-turn-helix
domain
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kinetoplastids has resulted in different de-
grees of chimerism in terms of evolution-
ary affinities of the proteomes (9, 15, 66). In
both diatoms and apicomplexans one can ob-
serve key aspects of metabolism and regula-
tion being taken up by new genes delivered
by these endosymbiotic events (9, 66). Fur-
thermore, other kinds of lateral gene trans-
fer, especially those between hosts and para-
sites, and bacteria, which are phagocytosed by
several protists, contribute to the complexity
of the evolutionary history of eukaryotic pro-
teins. Together, gene losses, lateral transfers,
and high rates of sequence evolution obscure
vertical evolutionary relationships among eu-
karyotic taxa and impede proper reconstruc-
tion of ancestral functional systems (1, 9, 22,
31, 66). In trees rooted with archaeal or-
thologs, diplomonads (Giardia) emerge as the
most basal eukaryotes (11, 66), but the pos-
sibility of extensive gene loss and high diver-
gence rates warrant caution in reconstructing
ancestral eukaryotic systems based on Giardia.
Despite the above issues, there is much being
learned from protist genomes about the natu-
ral history of eukaryotic regulatory systems, in
terms of general tendencies, relative temporal
sequence of emergence, and lineage-specific
adaptations (6, 19, 62, 70).

EUKARYOTE-TYPE VERSUS
PROKARYOTE-TYPE
REGULATORY SYSTEMS

Eukaryotic regulatory proteins and their in-
teractions display several specific features
that differentiate them from their prokary-
otic counterparts (4). Like in prokaryotes,
protein phosphorylation is the mainstay of
eukaryotic signal transduction; however, the
preponderant kinases of eukaryotes phospho-
rylate serine, threonine, or tyrosine (44), in
contrast to histidine kinases (HK), which are
dominant in most prokaryotes (47). Further-
more, most prokaryotic phosphorylation cas-
cades typically feature two components: an
upstream HK and a downstream target, usu-
ally a transcription factor (TF) with a receiver
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domain. In contrast, eukaryotic kinases often
transmit signals via multikinase phosphoryla-
tion cascades, such as the MAP kinase cascade
(4,44, 47). Prokaryotic regulatory systems are
dominated by simple one-component TFs,
which typically combine a solute-binding sen-
sor domain with a DNA-binding domain (3).
Such systems are infrequent in eukaryotes,
with most TFs functioning downstream of ki-
nase cascades. Eukaryotes also have a unique
and extensive network of GTPase switches
that regulate cytoskeletal organization, mem-
brane fusion, and transcompartment trans-
port of biopolymers (16, 49). These distinc-
tive features of eukaryotic signaling systems
are potential adaptations related to the ori-
gin of their multicompartment cell structure
(6, 70). Whereas most prokaryotic TFs con-
tain a version of the helix-turn-helix (HTH)
DNA-binding domain, eukaryotic TFs use, in
addition to the HTH, a structurally diverse
array of DNA-binding domains in their TFs
(3). Eukaryotes are distinguished by a unique
chromatin structure with histones containing
positively charged low-complexity tails. Eu-
karyotic chromatin dynamics are regulated
by a distinctive slew of enzymes that carry
out a variety of covalent modifications of
constituent proteins and ATP-dependent re-
modeling of histone distributions, and adap-
tor domains that specifically recognize co-
valently modified peptides (64). Eukaryotes
also possess characteristic posttranscriptional
regulation in the form of nonsense-mediated
mRNA decay and RNAi systems (69,
71).

These distinct features notwithstanding,
recent studies suggest deeper evolutionary
connections between protein domains found
in bacterial and eukaryotic signaling systems
(4-6). Specifically, conserved domains in
hallmark eukaryotic signaling systems, such
as chromatin-level regulation, posttran-
scriptional gene silencing, Ubiquitin (Ub)-
conjugation and Ub-deconjugation, protein
phosphorylation, and site-2 protease-like
membrane metallopeptidase-dependent sig-
naling cascades, as well as other pathways such
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as cyclic nucleotide monophosphate (¢c(NMP)
signaling, have emerged entirely or in part
from bacterial contributions (4-6). Several
enzymatic (e.g., transglutaminase-type or
caspasoid peptidase domains) and adaptor
domains [e.g., Src homology domain 3 (SH3),
ASPM, SPD-2, and Hydin (ASH)-type im-
munoglobulin (see below), and fibronectin-I1II
domains] found in bacterial extracellular or
surface proteins were recruited for intra-
cellular functions in the early eukaryotic
cell. This suggests that these domains were
probably secreted from the promitochondrial
a-proteobacterial endosymbiont and used in
the cytoplasm or nucleus. Several of the same
domains were again secondarily acquired
by eukaryotes later in their evolution, but
this time they were deployed in eukaryotic
surface proteins, just as their bacterial coun-
terparts. Later acquisitions of domains from
bacteria were from cyanobacteria in photo-
synthetic lineages (9, 66), and sporadically
throughout evolution, probably on account
of phagotrophic nutrition (22).

PROTIST GENOMES REVEAL
MAJOR EVOLUTIONARY
TRENDS OF SIGNAL
TRANSDUCTION SYSTEMS

Demography of Signaling Domains

An estimate of all signal transduction pro-
teins in a given eukaryotic proteome can
be obtained using sensitive sequence pro-
file searches and comprehensive libraries of
all major domains found in signaling pro-
teins (4, 5, 28, 39). These estimates show
that the demography (distribution and nu-
merical abundance) of signaling proteins in
eukaryotes shows a slight nonlinear scaling
with proteome size that is approximated by
a quadratic curve (Figure 2a). This scal-
ing suggests that at larger proteome sizes
there is disproportionately greater alloca-
tion of the proteome for the signal trans-
duction network. Complex protists, such
as the ciliate Tetrabymena and slime mold

Dictyostelium, and multicellular forms with
similar proteome sizes appear to devote com-
parable numbers of proteins to signaling.
Likewise, parasitic protists and free-living
protists with congruent proteome sizes also
appear to be comparable in their numbers
of signaling proteins (Figure 24). Thus, un-
like pathogenic bacteria, most currently sam-
pled eukaryotic pathogens appear to retain
more robust signaling systems (66). Scaling of
individual large families of signaling domains,
such as serine/threonine/tyrosine (S/T/Y) ki-
nases and GTPases, however, tells a different
story: Both show strong linear scaling, un-
like the overall counts of signaling proteins
(Figure 2b,c). Hence, in general there ap-
pears to be a relatively constant ratio of reg-
ulatory inputs per protein in the proteome
via phosphorylation or GTP-based signaling
mechanisms.

Exceptionally, a few protists exhibit sig-
nificant deviations from the observed trends
in each of these large families (Figure 2b).
Tetrabymena has a much higher than expected
number of kinases for its proteome size (25).
Most of this surplus arises from a lineage-
specific proliferation of a novel protein family
with two tandem kinase domains, often fused
to a C-terminal leucine-rich repeat (LRR)
module (Figures 3 and 4). Analogous ex-
pansions of kinase or STAND superfamily
NTPase domains linked to LRRs in plants
and animals play a major role in recogni-
tion and defense against pathogens (5). It
is conceivable that these ciliate kinases play
a comparable role in defense against intra-
cellular pathogens such as bacteria. In both
Dictyostelium and Entamoeba there are greater
than expected numbers of GTPases, on ac-
countof independent, parallel lineage-specific
proliferations of Rab-, Rho/Rac-, and Ras-
type GTPases (Figure 2¢). Extensive devel-
opment of the cytoskeleton in relation to the
specialized locomotion of amoebozoans prob-
ably favored the proliferation and recruitment
of these GTPases in regulating cytoskeletal
reorganization and intracellular cargo traf-

ficking (24, 40).
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LRR: leucine-rich
repeat

STAND
superfamily
NTPase domain: a
specialized N'TPase
domain related to
the CED4 ATPase
domain found in
diverse signaling
proteins
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Figure 2

(@) Nonlinear scaling of total number of signaling proteins in eukaryotes with proteome size along with
the best-fit curve. () Scaling of serine/threonine/tyrosine (S/T/Y) kinases in eukaryotes with proteome
size. (¢) Scaling of GTPases in eukaryotes with genome size. In b and ¢ the significantly deviant organisms
are specifically labeled. (4) Complexity quotient plot for signaling proteins. The complexity quotient for
an organism is defined as the product of two values: the number of different types of domains that
co-occurs in signaling proteins, and the average number of domains detected in these proteins (5). The
complexity quotient is plotted against the total number of signaling proteins in a given organism.
Saturation curves fitting the distribution with and without the animals are shown. One hundred seventy
signaling domains were studied in 43 completely sequenced eukaryotic genomes. The genomes were
obtained from NCBI GenBank. The Toxoplasma gondii sequence was the current release from Toxodb
(http://www.toxodb.org/toxo/home.jsp), and the Thalassiosira pseudonana and Ciona intestinalis genomes
were obtained from the Department of Energy’s Joint Genome Institute (http://www.jgi.doe.gov/).
Organism abbreviations: Atha, Arabidopsis thaliana; Ddis, Dictyostelium discoideum; Ehis, Entamoeba
bistolytica; Tthe, Tetrabymena thermophila.

Architectural Complexity
of Signaling Proteins

Demography alone does not sufficiently de-
scribe the major evolutionary tendencies of
signaling proteins. Signaling proteins typi-
cally combine multiple functionally distinct
globular domains into a single polypeptide
(28, 39). The complexity of these domain

Anantharaman o Iyer o Aravind

architectures is a strong indicator of com-
plexity of interactions occurring during sig-
nal transduction and can be quantified using
the complexity quotient (5). This combines
the number of domains per protein as well
as their variety to obtain a measure of the
complexity of signaling proteins in an organ-
ism (Figure 2d). Architectural complexity of
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signaling proteins in different eukaryotes can
also be qualitatively depicted by domain ar-
chitecture networks (Figure 3). These net-
works are ordered graphs in which nodes rep-
resent signaling domains and the edges stand
for their adjacent co-occurrence in particular
polypeptides. Hence, if the architectural com-
plexity of signaling proteins were greater in a
given organism, their architecture networks
would show a greater number of nodes and a
greater density of connections (Figure 3). A
general increase in architectural complexity is
observed, with an increase in the number of
signaling proteins in the proteome, with Dic-
tyostelium and Tetrabymena showing the high-
est domain architectural complexity among
protists (24, 25). However, beyond a certain
point there is saturation of architectural com-
plexity, with no further increase with respect
to the number of signaling proteins in the pro-
teome (Figures 2d and 3). Thus, both Dic-
tyostelium and Tetrabymena show comparable
architectural complexity values, even though
the latter has a higher absolute count of signal-
ing proteins (Figure 2d). The domain archi-
tectural complexity of multicellular plants is
comparable to the highest levels encountered
in protists, but animals as a group consistently
show a much higher value than any protist or
plant (Figure 2d).

Within protists there appears to be a cor-
relation between higher signaling complexity
and organizational complexity: Dictyostelium
displays differentiated cells in its social condi-
tion, whereas ciliates have among the most
complex cytostructures observed in eukary-
otes (12, 24, 25). Examination of these net-
works reveals that even within related lineages
overall architectural complexity can consider-
ably differ. The ciliate network is more com-
plex in alveolates than in apicomplexans, and
among amoebozoans the Dictyostelium net-
work exceeds that of Entamoeba in complexity
(Figure 3). Similarly, the emergence of the
fungal lineage appears to have been accom-
panied by a general reduction in complexity
relative to the condition inferred in the ances-
tor of the crown group. The hike in the ani-

mals probably corresponds to their attainment
of new realms of organizational complexity
(12), beyond what could be achieved within
the unicellular or simpler multicellular frame-
works that are typical of the protists, plants,
and fungi. Among eukaryotes with highly re-
duced cell size, the picoplankton Ostreococcus
displays a reasonably complex set of signal-
ing architectures, whereas the microsporidian
Encephalitozoon has the most limited architec-
tural complexity (Figure 3). Thus, acquisi-
tion of both parasitic and saprophytic lifestyles
is accompanied by a reduction in architec-
tural complexity, possibly reflecting a lesser
requirement for integration of various regu-
latory signals in these conditions. In contrast,
the demands of a free-living lifestyle might
act against major reduction of signaling com-
plexity, despite extreme reduction in cell or
genome size (e.g., Ostreococcus) (20, 33).

DIVERSITY OF PROTIST
REGULATORY SYSTEMS

Lineage-Specific Architectural
Diversity

Qualitative examination of protist signaling
proteins reveals a rich lineage-specific diver-
sity that goes beyond what is apparent from
the proteome-wide trends in scaling and com-
plexity. One aspect of this, namely lineage-
specific domain combinations, becomes ap-
parent from the domain architecture networks
(Figure 3). For instance, S/T/Y protein ki-
nases show a variety of lineage-specific fu-
sions to other domains in different protists
(Figures 3 and 4). In amoebozoans there are
related families of membrane-associated re-
ceptor kinases with extracellular TIG (tran-
scription factor immunoglobulin) and EGF
(epidermal growth factor) domains, in Giar-
dia there are kinases fused to ankyrin repeats,
and ciliates show the abovementioned double-
kinase domain LRR proteins (Figures 3 and
4). Hence, even though kinases are expanded
in all eukaryotes (44), they have diversified in
alineage-specific manner by acquiring several
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unique domain architectures. Some architec-
tural innovations are suggestive of notable
lineage-specific functional developments: Ex-
tracellular TIG and EGF domains of amoe-
bozoan receptor kinases are likely to transmit
signals in response to the adhesive interac-

tions of these organisms during cell aggrega-
tion (in Dictyostelium) or host cytoadherence
(in Entamoeba) (40).

Most Entamoeba versions additionally con-
tain an intracellular ASH module (Figures 3
and 4), which is a specialized version of the
immunoglobulin domain. Presence of this do-
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main in microtubule-associated proteins such
as ASPM, SPD-2 and Hydin in animals (53)
suggests that these Entamoeba receptor ki-
nases might also link extracellular adherence
to the microtubule cytoskeleton. Ostreococ-
cus also displays a diverse, lineage-specific set
of cell surface proteins with TIG domains
(Figure 4), which suggests that these might
be deployed in as yet unstudied adherence sys-
tems for forming aggregates or attachment to
substrates.
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contributor to lineage-specific architectural
diversity in certain protists. This is predom-
inantly observed in apicomplexans, which
appear to have acquired from the animal
lineage up to 17 different types of adhesion-
related protein domains and several O-linked
glycosyltransferases that modify
proteins (66). Most of these acquisitions hap-
pened prior to the divergence of the currently

surface

studied apicomplexan genera, probably in the
early phase of evolution of animal parasitism
in this lineage. Notably, many of these
laterally transferred domains have undergone
combinations with domains of bacterial or
purely apicomplexan origin, and they are
incorporated into novel domain architectures
that are not observed in animals (66).

Early in apicomplexan evolution, many
of these animal-type domains were recruited
in cytoadherence receptors that function
during zygotic development and in link-
ing cytoskeletal reorganization with inva-
sion of hosts (13, 66). Host cell invasion,
in particular, depends on adhesion recep-
tors with animal-type thrombospondin-1 do-
mains thatrecruitan Apicomplexa-specific cy-
toskeletal motor, the glidosome (13). This
complex contains, in addition to the actin

cytoskeleton, an Apicomplexa-specific candi-
date signaling molecule, GAP50, with a di-
vergent calcineurin-like phosphatase domain
that might be catalytically inactive. Strikingly,
candidates of laterally transferred animal ad-
hesion protein domains are rare in other par-
asites such as kinetoplastids and Giardia. One
such is a kinetoplastid surface protein that
combines Epidermal growth factor (EGF) and
Cl1, uEGE bone morphogenetic protein 1
(CUB) domains of animal provenance with
a subtilisin-like peptidase of bacterial origin.
Kinetoplastids also seem to have acquired
from the animal lineage a ¢cGMP phospho-
diesterase (PDE), with two GAF domains,
that likely was incorporated into their cNMP
signaling system.

HK and other modules of two-component
systems, like the receiver and histidine-
containing phosphotransfer (HPT) domains,
are a major contribution of lateral transfers
from bacteria to eukaryotic signaling systems.
Although a pyruvate dehydrogenase kinase of
the HK superfamily was probably acquired
during the mitochondrial endosymbiosis it-
self, there were numerous lineage-specific ac-
quisitions of HK, HPT; and receiver domains
(30, 39) in various protists. These domains

Figure 3

Signaling protein domain architecture network for representative eukaryotes. The network is an ordered
graph representing the connection between different signaling domains in various polypeptides. (See
inset illustrating an example of how such networks are constructed.) The thickness of the edges is
proportional to the frequency of such linkages between two domains in multiple polypeptides. Some
domains of interest are labeled. Note the presence of multiple animal-like adhesion protein domains in
the apicomplexan Cryptosporidium. The graphs were rendered with PAJEK
(http://vlado.fmf.uni-lj.si/pub/networks/pajek/). Domain abbreviations: Artlgic, acetylcholine
receptor type ligand ion channel; FNIII, fibronectin III; Fringe, glycosyl transferase; Glyc'T, bacterial
type glycosyl transferases; 7T'M, 7 transmembrane; Ank, ankyrin; Calc, calcineurin-like phosphatases;
Channel, K/Na channel; cNMP, cNMP-binding domain; Coxidase, copper amine oxidase; Cyc, cyclases;
HisKin, histidine kinase; IG, immunoglobulin domain; Lipox, lipoxygenase homology domain; Pbpl,
Type I periplasmic-binding domain; REC, receiver domain; Sig, signal peptide; ST Ykin, serine threonine
tyrosine kinase; ThiolP, thiol protease; TM, transmembrane helix; TSP1, thrombospondin I. Organism
abbreviations: Api, Apicomplexa; Art, Arthropods; Asc, Ascomycetes; Atha, Arabidopsis thaliana; Bas,
Basidiomycetes; Cpar, Cryptosporidium parvum; Crei, Chlamydomonas reinbardtii; Ddis, Dictyostelium
discoideum; Ehis, Entamoeba histolytica; Glam, Giardia lamblia; Hsap, Homo sapiens; Kin, kinetoplastids;
Lmaj, Leishmania major; Met, metazoans; Ncra, Neurospora crassa; Otau, Ostreococcus tauri; Pfal,
Plasmodium falciparum; Scer, Saccharomyces cerevisiae; Spom, Schizosaccharomyces pombe; Teru, Tirypanosoma
cruzs; Tbru, Tiypanosoma brucei; Tthe, Tetrabymena thermophila.
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pathways of the larger eukaryotic signaling
network. Similar acquisitions from bacteria of
caspasoid proteases early in eukaryotic evo-
lution, and STAND superfamily NTPases,
independently on several occasions, also re-
sulted in new lineage-specific signaling path-
ways. These appear to have been deployed
in key roles related to apoptosis, defense,
stress-response, and vesicular morphogenesis
in both protists and multicellular eukaryotes

4, 5).

Lineage-Specific Expansions

In all eukaryotes major lineage-specific ex-
pansions (LSEs) are observed in families of
transcription regulators (38). Until recently,
the predominant TFs of protist lineages such
as the apicomplexans with multiple differen-
tiated stages and complex life cycles remained
unknown. However, the precedence that the
predominant TFs emerge because of LSEs
allowed researchers to identify the principal
apicomplexan TFs, the ApiAP2 proteins (10).
These proteins contain a specialized version
of the AP2 DNA-binding domain, and TFs
with AP2 domains are also expanded in mul-
ticellular plants and diatoms, but notin ciliates
or Ostreococcus (Figure 5). Likewise, the prin-
cipal TFs in Entamoeba, but not Dictyostelium,
appear to belong to a LSE of proteins with
the Myb domain (Figure 5), which is also
independently expanded in TFs observed in

multicellular plants and insects (38). This pat-
tern of LSE among TFs suggests that there is
likely a drastic variability of transcription reg-
ulation and a corresponding diversity in gene
expression even within relatively close eukary-
otic lineages.

Signaling proteins too show dramatic
lineage-specific diversity because of LSEs,
with some of the most frequent signaling do-
mains or proteins varying between related lin-
eages (Figure 5). A striking case from Enta-
moeba is an unprecedented LSE of signaling
proteins with the enigmatic enzymatic do-
main, namely the TBC and LysM domain
(Figures 3 and 5), that might be associated
with RAB-like GTPase signaling (28, 39). In
Tetrahymena an LSE of around 50 members of
anovel cell surface receptor contains an extra-
cellular small-molecule-sensing CACHE do-
main (4). Comparably, in kinetoplastids, es-
pecially Tiypanosoma brucei, there is an LSE
with at least 60 members of a novel receptor
adenylyl/guanylyl cyclase that contains an ex-
tracellular solute-sensing type I periplasmic-
binding protein domain (Figures 3 and 5).
Like their bacterial counterparts with simi-
lar small-molecule-binding domains (4), these
proteins are likely to function as major chemo-
taxis receptors of these organisms. 7. ther-
mophila also displays a massive LSE, with
up to 200 members, of potassium channels
with intracellular cNMP domains (Figures 3
and 5), suggesting that intracellular cyclic

Figure 4

Architectural diversity of signaling domains. Domain architectures under the cNMP cyclase and the
S/T/Y kinases headings illustrate unique architectural contexts of these enzymatic domains in different
eukaryotic lineages. Domain architectures under the TIG and LRR domain headings show diverse
architectural contexts of these domains within a given lineage. To exemplify the latter, we show
architectural contexts of the TIG domain in Ostreococcus and Dictyostelinm, and those of the LRR-domain
in Dictyostelium. Architectures are labeled by their gene name and species abbreviations separated by
underscores. If an architecture is detected in diverse lineages, its phyletic range is provided in parentheses
next to the label. Domains are usually denoted by their standard abbreviations as found in domain
databases, such as Pfam and SMART. Nonstandard abbreviations include A, ankyrin repeats; ASH-Ig,
ASH-like immunoglobulin domain; AntPA, anthrax protective antigen N-terminal domain; Efh,
Ef-hand; Glyco2, family 2 glycosyltransferase; Hiskinase, histidine kinase; Iglike, immunoglobulin-like
-sandwich domain; M, Myb domain; PP2A, PP2A-like phosphatase; R, ring finger domain; Rec,
receiver domain; SP, signal peptide; TM, transmembrane helix; Ub, Ubiquitin-like domain; X,
uncharacterized domain, probably related to PAS. Species abbreviations are as in Figure 3.
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nucleotide-regulated ion fluxes might play a
major role in ciliate signal transduction (25).

LSEs involving PAS domain proteins are
seen in the diatom Thalassiosira, suggest-
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ing a role in light-sensing as seen in other
photosynthetic organisms such as plants and
cyanobacteria (65). Smaller LSEs are also
observed among well-conserved groups of
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Lineage-specific expansions (LSEs) of proteins with signaling domains in different eukaryotic lineages.

Examples shown particularly emphasize the LSEs present in protists. For each lineage, LSEs (if any) are
shown in transcription factors, intracellular signaling proteins, and surface proteins. Each LSE, shown as

a number, is denoted either by the principal domain, domain architecture, or gene name of the protein
family that is expanded. Domain abbreviations are as in Figure 4. X refers to an uncharacterized
Dictyostelium-specific extracellular domain.
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signaling enzymes, for example, protein ki-
nases of the MAP, CDK-like, TPK (protein
kinase A), and Aurora-K families (44). In-
terestingly, TPK family kinases show small
or mid-sized LSEs in several protist lineages
such as kinetoplastids, diatoms, ciliates, and
Entamoeba, indicating independent augmen-
tation of TPK signaling pathways in differ-
ent protists. In the apicomplexans Plasmod-
ium and Toxoplasma, independent LSEs of
two distinctive families of secreted protein ki-
nases, and in the latter organism an LSE of a
PP2c-like phosphatase, are observed. Rather
than participating in endogenous signaling,
they appear to interfere with host cell sig-
nal transduction, to which they are targeted
via different specialized extrusion systems of
these parasites (26, 30, 58).

ANCESTRAL STATE AND
INNOVATIONS IN EUKARYOTIC
REGULATORY SYSTEMS

Early History of Signaling Proteins

The points of origin and the extent of general-
ity of particular eukaryotic signaling systems
are becoming apparent from protist genomes.
Seven-transmembrane (7TM) receptors, as-
sociated heterotrimeric GTPases, and their
activators, the RGS domain proteins, com-
pose a major signaling system in animals.
This system is also found in fungi, plants,
and amoebozoans, which points to an ori-
gin prior to the divergence of the crown
group (42). Tetrabymena contains several re-
lated 7TM receptors, but no G proteins or
RGS domains. This indicates that 7TM re-
ceptors probably emerged prior to the di-
vergence of the crown group and alveolates.
The associated G protein signaling appara-
tus was either lost in the ciliates or was an
innovation that specifically occurred only in
the precursor of the crown group (Figure 6).
Cyclic nucleotide signaling can be traced
back to LECA—the ancestral system had
at least one membrane-associated cAMP cy-
clase with two cyclase catalytic domains, and
one PDE with a catalytic HD phosphohy-
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drolase domain (Figure 6). In alveolates this
ancestral version of the cyclase is fused to
a P-type ATPase involved in ion transport
(72). Similarly, alveolates and Ostreococcus also
contain a fusion of another distinct cNMP
cyclase to a potassium channel domain (72),
whereas Tetrabymena and Toxoplasma show a
fusion of the PDE to an ion channel. Given
these architectures (Figure 4), it is possible
that different forms of transmembrane ion
flux and cNMP signaling were functionally
linked right from the early stages of eukaryotic
evolution.

There are also a number of potential, in-
dependent lateral transfers of cNMP cyclases
from bacteria seen in trypanosomes, Dic-
tyostelium, and the crown group. In these pro-
teins the cyclase domain is usually combined
with solute-binding domains, e.g., type I
and II periplasmic-binding protein, CHASE,
HNOB, and HNOBA domains (Figure 4),
suggesting that they function as receptors re-
sponding to diverse small-molecule signals
(4). These cyclases have been particularly im-
portant in the evolution of cell-cell signaling
in Dictyostelium and of neural signaling by ni-
tric oxide and atrial natriuretic peptide-like
molecules in animals (57). Surprisingly, mul-
ticellular plants and Entamoeba lack both cy-
clases and PDEs, indicating a possible sec-
ondary degeneration of this signaling system
after divergence from their respective sister
groups.

Data from protist genomes indicate that
systems for covalent modification of pro-
teins by phosphorylation and Ubiquitin (Ub)-
conjugation had diversified extensively prior
to LECA. At least 18-20 distinct orthologous
groups of kinases found in extant eukaryotes
were present in LECA (Figure 6). These in-
clude the cyclin-dependent kinase, which is
central to cell cycle progression; Riol/Rio2
kinases, which regulate ribosome biogene-
sis; TOR1 and TEL1/MECI kinases, which
regulate translation and DNA repair, respec-
tively; and a MAP kinase and MEK, which
together probably formed a basic MAP kinase
cascade (44). At least four calcineurin-like



Annu. Rev. Microbiol. 2007.61:453-475. Downloaded from www.annualreviews.org

by University of Washington on 08/23/12. For personal use only.

phosphatases, one PP2C-like phosphatase,
and two dual-specificity phosphatases, includ-
ing an ortholog of the chromosome seg-
regation and rDNA condensation regulator
CDC14 (67), are traceable to LECA. This
suggests that a correspondingly robust de-
phosphorylation apparatus worked in con-
junction with the kinases in LECA (Figure 6).

The Ub-conjugation system in LECA
probably included at least three to seven E1
enzymes that acted specifically on Ub and
other Ub-like proteins such as SUMO, Ufm1,
Apgl2, and Urml (59). There were also at
least six E2 enzymes and at least three to
five E3 enzymes with RING finger domains.
Similarly, the deubiquitination system trace-
able to LECA included several distinct Ub-
isopeptidases of the JAB, UBCH, and PP-
PDE superfamilies. Considerable functional
diversification of these ancient orthologous
groups of proteins belonging to the Ub sys-
tem is indicated by their roles in cell cycle
progression, and DNA repair and protein sta-
bility in the endoplasmic reticulum (51). The
distinction between subunits of the signalo-
some, which regulates diverse physiological
processes through deubiquitination, and the
proteasome lid (51) is observed in all eukary-
otes, excluding Giardia (Figure 6). Hence,
either the signalosome was lost in Giardia,
or it emerged as a distinct complex only af-
ter divergence of the diplomonad lineage.
The quintessential roles of many members
of phosphorylation and Ub-signaling systems
that go back to LECA in regulation of cell cy-
cle progression and in DNA repair are appar-
ent. These roles indicate that novel specific
control steps protecting genomic integrity,
with no precedent in the prokaryotic super-
kingdoms, emerged prior to the radiation of
extant eukaryotes.

Evolution of Chromatin-Remodeling
Proteins and Gene-Silencing Systems

The two major eukaryotic systems regu-
late gene expression by exercising control
at different levels: (#) in the nucleus at the
chromatin level and (§) posttranscriptionally,

depending on microRNAs (miRNA) or small-
interfering RNAs (siRNA). A certain degree
of cross talk between these distinct systems
forms the basis of epigenetic phenomena in
several eukaryotes (48, 71, 73). The main
contribution of protist genomics has been in
defining the ancestral condition of these reg-
ulatory systems in eukaryotes and some key
events in their early evolution. A prime fea-
ture of the unique complexity of eukaryotic
chromatin-level regulation is the deployment
of multiple chromatin-remodeling engines
with ATPase motors of the Swi2/Snf2 fam-
ily (23). Most protists contain 10-20 distinct
Swi2/Snf2 ATPases, and more than 20 mem-
bers are observed in multicellular animals and
plants, of which at least 6-7 can be traced to
the LECA (Figure 6). Giardia and the degen-
erate Encephalitzoon have only six members,
suggesting that this comprises the minimal
essential complement of Swi2/Snf2 ATPases,
which is close to what is extrapolated for the
ancestral eukaryote. Together, these observa-
tions indicate that from the earliest phases
of eukaryotic evolution the SWI2/SNF2 AT-
Pases had differentiated to perform multiple
indispensable roles. By the time of separation
of chromalveolates from the crown group,
these ATPases underwent further expansion
and fusion to DNA- and peptide-binding do-
mains such as bromo, chromo, AT-hooks,
PHD, and Myb (28, 39, 64) (Figure 6). The
connection of SWI2/SNF2 helicases to cer-
tain novel features of chromatin observed
in certain protists is underscored by the
trypanosome-specific J-base-binding protein-
2. This potentially bifunctional enzyme com-
bines 2-oxoacid-dependent hydroxylase and
SWI2/SNF2 domains. It appears to not only
remodel chromatin but also participate in
synthesis of base J, a kinetoplastid-specific
thymine derivative associated with telomeric
chromatin silencing (21).

Acetylation and methylation of positively
charged histone tails have profound global
regulatory effects, typically by opening up
chromatin, and their removal results in
chromatin condensation (64). Four distinct

www.annualyeviews.org o Protist Regulatory Proteins

E1/E2/E3 enzymes:
three enzymes that
successively activate
ubiquitin or related
modifiers through
adenylation and relay
it to the target
protein

469



Annu. Rev. Microbiol. 2007.61:453-475. Downloaded from www.annualreviews.org

by University of Washington on 08/23/12. For personal use only.

acetyltransferases can be traced back to
LECA, namely members of the ELP3,
NAT10/Kre33, GCNS, and Esal families
(Figure 6), which are derived from either bac-
terial or archaeal precursors. These enzymes
modify histones in distinct functional contexts
during transcription elongation, DNA repair,
global transcriptional activation, and rDNA
transcription. Thus, control of several differ-
ent biological processes by distinct histone
acetylases was in place in the ancestral eu-
karyote. Likewise, four distinct lysine methyl-
transferases (64) with the SET domain can
be traced back to LECA, and Giardia con-
tains close to the ancestral complement of
these enzymes (Figure 6). Domain architec-
tures of the Giardia versions are simple, but
in the course of eukaryotic evolution SET do-
main enzymes diversified because of LSE and
accretion of other domains (e.g., the PHD
finger) (23, 28, 39).

An outstanding case of such diversi-
fication is seen in kinetoplastids with a
general expansion of the SET domain,
with 7. cruzi encoding more than 50 SET
domains (Figure 5). Some unusual domain
architectures of kinetoplastid histone methyl-
transferases include (#) versions containing up
to nine tandem SET domains, of which some
are predicted to be catalytically inactive (e.g.,
Leishmania 1.344.14.4); and (b) proteins (e.g.,
Leishmania LmjF25.1780) containing a fusion
of the SET domain to a bacterial type p-Ala-
p-Ala ligase, which suggests that in addition
to methylation it might carry out previously
uncharacterized modifications of chromatin
proteins, such as ligation of amino acids to
free amino groups or side chain cross-linking.
Thus, kinetoplastids might display unprece-
dented modifications of both proteins and
DNA (21) in relation to regulation of their
chromatin structure. Although deacetylases
of both RPD3 and Sir2 families (64) are
traceable to the ancestral eukaryote, neither
of the two families of demethylases, namely
those with the Jumonji-related JOR domain
or LSD1 enzymes with the Rossmann fold
(17, 18, 34), can be confidently extrapolated
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to LECA. All known families of demethylases
are apparently lacking in lineages such as
Encephalitozoon, Entamoeba, and Giardia, in-
dicating that unlike deacetylation regulation
by demethylation might not be an obligatory
event.

Three major components of the miRINA/
siRINA-based silencing system, namely a nu-
clease with two catalytic domains of the RNA-
selll superfamily (Dicer-like nucleases), one
RNA-dependent RNA polymerase (RdRp),
and one PIWI domain nuclease, are likely
to have been present in the ancestral eukary-
ote (69) (Figure 6). These enzymes mediate
the key steps of generation of siRNA/miRNA
from precursors, their proliferation using
RNA-templated replication, and miRNA- or
siRNA-directed degradation or binding of
target transcripts, respectively (55, 69, 71).
This system appears to be highly suscepti-
ble to partial or complete loss throughout eu-
karyotic evolution: Some fungi such as Sac-
charomyces, Apicomplexa except Toxoplasma,
and Ostreococcus have entirely lost the sys-
tem. Kinetoplastids have lost the RdRp while
retaining the Dicer-like and PIWI domain
proteins, which is consistent with the evi-
dence for dsRNA-mediated mRNA degrada-
tion in some of these organisms (69). These
organisms have undergone considerable ar-
chitectural diversification in some lineages,
suggesting the emergence of new functional
interactions. For instance, Dicer RNAselll
nuclease domains underwent fusion to RNA
helicase modules only prior to the separa-
tion of the crown group and the chromal-
veolates (43, 45, 60), whereas the RdRp it-
self underwent a parallel fusion to different
RINA helicase modules in Dictyostelium, fungi
such as Gibberella, and certain animals like the
cephalochordates (45).

There is no evidence from the conser-
vation patterns of regulatory proteins that
the functional linkage between chromatin-
level regulation and RNA-level silencing was
presentin the earliest eukaryotes. However, it
appears to have been present in its basic form
in the common ancestor of the crown group
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and the chromalveolate lineage, with fur-
ther strengthening of the functional linkages
at the base of the crown group (Figure 6).
This functional association appears to have
been adapted to mediate the unusual ciliate-
specific process of DNA excisions in the gen-
eration of the somatic macronucleus from the
micronuclear genome (48, 73). Recent evi-
dence from the exclusive expression of sin-

SUMMARY POINTS

gle var genes, which encode the Plasmodium
falciparum variant surface antigen Pfempl,
point to other RNA-based systems indepen-
dent of miRNA-/siRNA-dependent pathways
that affect chromatin-level regulation (54).
The elucidation of this mechanism mightlead
to the discovery of novel pathways for the
cross talk between RNA- and chromatin-level
regulation in protists.

1. Eukaryotic genomes show enormous plasticity—some lineages such as fungi under-

went major gene loss even prior to their radiation. Protein size is also highly variable

in eukaryotes, with extreme contraction in microsporidians or enlargement due to

inserts in Plasmodium and Dictyostelium.

2. Eukaryotic regulatory systems have several features that differentiate them from their

prokaryotic counterparts. Yet, most highly conserved domains in eukaryotic regula-

tory systems appear to have been derived from bacterial and, to lesser extent, archaeal

precursors.

3. The number of signaling proteins scales nonlinearly with proteome size in eukaryotes.

Individual large families, such as kinases and G TPases, show linear scaling, albeit with

some exceptions due to LSEs.

4. Overall complexity of signaling protein domain architectures appears to be generally

correlated with organizational complexity, with ciliates and slime molds displaying

the highest values among protists. Animals have a much higher level of architectural

complexity than all other eukaryotes.

5. Three major features of the diversity of protist regulatory proteins are (#) ancient

domains combining with each other in different ways to form whole sets of new

domain architectures specific to particular lineages; (b) lateral transfer of domains

from different sources, followed by their incorporation into proteins with new domain

architectures and recruitment to endogenous regulatory networks; and (¢) LSEs of

particular domains, especially in the case of TFs.

6. Phosphorylation and Ub-based signaling had already diversified in the LECA to
occupy several functional niches that are definitive of eukaryotes such as cell cycle

progression, DNA damage checkpoints, and cytoplasmic protein degradation.

7. The ancestral eukaryote already possessed a basic chromatin-remodeling system with
several SWI2/SNF2 ATPases, histone methylases, and acetylases, each regulating
different physiological processes. These proteins subsequently diversified through

domain accretion. It also had the key components for a functional RNAI system,

which underwent considerable diversification in crown group and chromalveolates,

though it was repeatedly lost in many organisms.

8. Comparative genomics of protists point to greater variety in eukaryotic regulatory

proteins than previously expected and provide a platform for investigating its signifi-

cance for eukaryotic diversity.
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