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hallmark of the eukaryotic cell is

the actin cytoskeleton, involved in
a wide array of processes ranging from
shape determination and phagocytosis to
intracellular transport and cytokinesis.
Recently, we reported the discovery of an
actin-based cytoskeleton also in Archaea.
The archaeal actin ortholog, Crenactin,
was shown to belong to a conserved
operon, Arcade cyto-
skeleton in Archaea involved in shape

(actin-related

determination), encoding an additional
set of cytoskeleton-associated proteins.
Here, we elaborate on the implications of
these findings for the evolutionary rela-
tion between archaea and eukaryotes,
with particular focus on the possibility
that eukaryotic actin and actin-related
proteins have evolved from an ancestral
archaeal actin gene. Archaeal actin could
thus have played an important role in
cellular processes essential for the origin
and early evolution of the eukaryotic lin-
eage. Further exploration of uncharac-
terized archaeal lineages is necessary to
find additional missing pieces in the evo-
lutionary trajectory that ultimately gave
rise to present-day organisms.

Discovery of an Actin-Based
Cytoskeleton in Archaea

In eukaryotes, actin filaments consti-
tute key components of the cytoskeleton,
involved in pivotal processes such as deter-
mination and maintenance of cell shape
and cellular junctions, cytokinesis, and
vesicle-mediated transport such as endo-
cytosis and phagocytosis.! Recently, bona
fide archaeal actin orthologs were iden-
tified in several crenarchaeal genomes,
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as well as in Candidatus Korarchaeum
cryptofilum? (Fig. 1). The archaeal actin
ortholog, denoted Crenactin, was shown
to polymerize into a cytoskeletal structure
in the hyperthermophilic crenarchaeon
Pyrobaculum calidifontis, and therefore
inferred to be involved in cell shape deter-
mination.” Immunofluorescence micros-
copy imaging- revealed that-Crenactin
formed helical filaments that traversed the
length of the rod-shaped cells.® In a cell
subpopulation, these filaments had been
remodelled into band-like structures, pre-
sumably in-preparation for cell division,
in this" respect resembling the bacterial
cell-shape-determining protein MreB,*
which belongs to the same ATPase super-
family as actin and Crenactin. In addi-
tion, the phylogenetic distribution of the
Crenactin-encoding gene (cren-1) across
archaeal genomes correlated with rod- or
filamentous cell morphologies, supporting
an involvement in cell shape formation for
the archaeal actin orthologs.?

The cren-1 gene was found to belong
to a conserved gene cluster, which, in
agreement with the involvement in cyto-
skeletal processes, was denoted Arcade
(actin-related cytoskeleton in Archaea
involved in shape determination; grey
panel in Fig. 1). In addition to cren-1, the
gene cluster comprised several genes (rkd
genes) whose products, Arcadins, were
shown also to assemble into helical struc-
tures, presumably in conjunction with
Crenactin filaments.?

The Arcadin-2 gene product, in con-
trast, displayed a punctuated distribution
across P. calidifontis cells, and was found
to localize between segregated nucleoids
in a cell subpopulation and might, hence,

Volume 4 Issue 6



100 -

Crenactin

L MamK

0.8

< Actin

*Ca. Caldiarchaeum subterraneum’ 315426117 ==+« == == ===+~
pendens 119719444. .

*Ca. Korarchaeum cryptofilum’ 170290893 - - -
Caldivirga maquilingensis 159041441
100 [ Vulcanisaeta distributa 307595311 - -

Thermoproteus uzoniensis 327310408 - - - I N
Pyrobaculum islandicum 119872399 - - - - I N

Pyrobaculum aerophilum 18313231 - - - - - - L 4
Pyrobaculum calidifontis 126460240 - - -

o :"« ParM/ALPs

Pyrobaculum arsenaticum 145592015- - - DN

7) ilus 171185893

tin tree, although with low support.

Figure 1. An archaeal actin ortholog. Schematic overview of actin protein family phylogeny,
demonstrating strong support (bootstrap value 97) for common ancestry of archaeal Crenactin
and eukaryotic actin proteins. The tree was generated as described previously in reference 3,
except that distant members (MreB and Hsp70) of the actin protein family were omitted and novel
archaeal sequences were added (Crenactin orthologs from Ca. Caldiarchaeum subterraneum,
Vulcanisaeta distributa, Vulcanisaeta moutnovskia and Thermoproteus uzoniensis). For clarity, the
actin, ParM/ALPs and MamK clades are displayed as triangles. The grey shading highlights the Cr-
enactin clade and, for each species, the gene organization of the arcade gene cluster is indicated,
with the genes encoding Arcadin-1 (rkd-1), Crenactin (cren-1), Arcadin-2 (rkd-2), Arcadin-3 (rkd-3)
and Arcadin-4 (rkd-4) depicted in orange, blue, green, magenta and yellow, respectively. The tree
was rooted according to the topology obtained previously in reference 3, with bootstrap values
shown for branches with a support above 70 (out of 100 replicates). Sequences are denoted by
species name and gene identifier, with crenarchaeal, korarchaeal and aigarchaeal Crenactin
orthologs indicated in green, red and blue fonts, respectively. Note that the Crenactin ortholog of
the aigarchaeon ‘Ca. Caldiarchaeum subterraneum’ represents the deepest branch in the Crenac-

play a cytokinesis-associated role in this
organism. The presence of an Arcadin-2
ortholog in the composite genome of

‘Candidatus

neum’, belonging to the recently pro-

Caldiarchaeum  subterra-
posed Aigarchaeota phylum’ is, however,
puzzling since this genome also encodes
components of both the CdvBC and
FtsZ cell division machineries, although
the latter protein seemingly lacks the
typical tubulin motif.® In this light, it
is interesting to note that recent stud-
ies have reported that CdvA protein has
been shown to bind DNA,” and that the
FtsZ homolog TubZ has been reported to
effectuate plasmid segregation in Bacillus
species.® These observations open up the
possibility that the CdvA function in
‘Ca. Caldiarchaeum subterraneum’ has
been taken over by Arcadin-2, in accor-
dance with an involvement in division,
together with CdvB and CdvC, while
the FtsZ homolog might play a role in
the genome segregation process and/or in
coordination of mitosis and cell division.
However, other scenarios are also pos-
sible, and experimental data is required to
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conclusively corroborate the functions of
the respective proteins in these evolution-
ary distinct archaeal lineages.
Irrespective, a picture emerges from
the P. calidifontis study in which a core
cytoskeleton is formed by Crenactin
and Arcadin-1, with Arcadin-3 and -4
performing auxiliary roles, while the
precise function of Arcadin-2 in the
Thermoproteales® needs to be further
investigated. Detailed biochemical and
molecular characterization of Crenactin
and Arcadins is also of potential value for
biotechnological exploitation, due to the
intrinsic heat-stability of all gene products
from the hyperthermophilic P. calidifontis
species.
Importantly,
Crenactin-based

the identification of
shape-determining
structures in Archaea indicates that an
actin-based cytoskeleton was established
prior to the divergence of the archaeal
and eukaryotic lineages. In the follow-
ing, we discuss the implications of this
observation with respect to the process of
eukaryogenesis and the emergence of the
eukaryotic cell.
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ARTICLE ADDENDUM

Crenactin and Eukaryogenesis

Recent phylogenomic studies have pro-
vided support for an evolutionary scenario
in which the eukaryotic lineage emerged
from within the archaeal domain.’!!' In
particular, evidence has been presented for
amodel in which eukaryotes are suggested
to have originated from a lineage that also
gave rise to the Crenarchaeota phylum."*In
light of this, the discovery of an actin-
based cytoskeleton in crenarchaea, as well
as in other deep archaeal lineages, adds
momentum to discussions concerning
the origin of the eukaryotic cell and early
stages of eukaryogenesis. The role of actin
as a key-player in invagination-based pro-
cesses such as endocytosis and phagocyto-
sis is well documented, and a requirement
for a phagocytotic machinery to engulf
a putative alphaproteobacterial ancestor
of the mitochondrion has been put for-
ward as a prerequisite in several models
to-explain the origin of the eukaryotic cell
(reviewed in ref. 13).

In certain evolutionary models, it
is argued that the proto-eukaryote was
relatively complex at the cellular level
in order to-execute engulfment.’* The
phagocytotic machinery present in extant
eukaryotes is, indeed, highly complex and
comprises a wide variety of associated
proteins,? in addition to actin. We envi-
sion that Crenactin could have provided
primitive phagocytotic capabilities to an
ancestral archaeal lineage that contributed
to the emergence of the eukaryotic cell, by
facilitating the fusion with the proto-mito-
chondrion® in a far less complex process
than that carried out by the fully devel-
oped phagocytotic machineries present in
extant eukaryotes. Interestingly, several
members of the Thermoproteales, all of
which contain the Crenactin-encoding
gene, display bent or even branched cells,
occasionally with extended cellular pro-
trusions.”'® Assuming these structures are
not methodological artifacts, this suggests
a certain degree of cytoskeletal flexibil-
ity in these species, and, by inference, in
ancestral archaeal lineages. It is, thus, con-
ceivable that, in an archaeal lineage from
which the eukaryotic lineage would have
emerged, such actin-mediated cytoskeletal
flexibility may have allowed for primitive
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phagocytosis that occasionally sustained
cellular fusions.

In addition, a recent study of the
deeply branching microbial eukaryote
Giardia that the

actin cytoskeleton was capable of facili-

intestinalis revealed

tating receptor-mediated endocytosis
in absence of canonical actin-binding
proteins.” Whether the relatively sim-
ple cytoskeleton in Giardia represents
a relic of an ancient past, or whether it
is the result of reductive genome evolu-
tion remains to be elucidated. Yet, it does
indicate that actin is capable of sustain-
ing membrane invagination in absence of
the array of proteins usually involved in

this process.

Actin Proliferation and
Sub-Functionalization during
Early Stages of Eukaryogenesis

Apart from a potential role in cellular
fusion ‘events that may have given rise to
the eukaryotic cell, actin has functionally
diversified during evolution and is, in addi-
tion to the well-characterized cytoskeletal
roles, implicated in other key processes
that may have promoted eukaryogenesis.
For example, a number of recent studies
have provided evidence for nuclear local-
ization of an actin sub-fraction where,
in conjunction with other proteins, it is
involved in the assembly of the nuclear
envelope and in processes influencing
transcriptional activity.'"

Further support for the importance of
actin in the evolution of the eukaryotic
cell may be inferred from the excessive
proliferation of actin homologs across
all branches of the eukaryotic tree. Most
eukaryotes contain at least eight actin
paralogs, denoted actin-related proteins
(ARDPs). ARDPs share overall structure
and low-level sequence homology with
conventional actin, and phylogenetic
analyses have revealed that ARPs can
be divided into several distinct groups,
which, inferred from their distribution,
have formed via ancient gene duplica-
tion events, most of which predate the
establishment of the major eukaryotic
lineages.?® As for actin, the functions of
ARPs are not merely restricted to a role

in cytoskeleton modulation. Whereas
certain ARPs, such as ARP2 and ARP3,
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Figure 2. Eukaryotic signature genes in archaeal phyla. Schematic overview of established, as well
as inferred, archaeal phyla, with Crenarchaeota, Thaumarchaeota, Korarchaeota and the recently
proposed Aigarchaeota forming a monophyletic group putatively including eukaryotes (red font),
with the bacterial root depicted as an arrow. Comparative analysis of archaeal genomes? has
revealed the presence of eukaryotic signature proteins within these phyla,"*° as indicated by the
shading pattern: red, actin; blue, ubiquitin-type protein modifier system; yellow, Cdv (ESCRT-III-
like) cell division machinery; purple, eukaryotic RNA polymerase subunits RPB8 (RpoG); orange,
eukaryotic RNA polymerase Il subunit RPC34; green, eukaryotic transcription elongation factor
EIf1; turquoise, eukaryotic-type topoisomerase 1B.>' Open (white) circles indicate absence of a
given ortholog. Note that actin and Cdv proteins are present in a subset of crenarchaeal genomes,
displaying an anti-correlated phylogenetic distribution, as indicated by the partly shaded circles.

play crucial roles in actin polymeriza-
tion, biochemical and genetic evidence
is mounting for other ARPs to function
largely, or exclusively, in the nucleus."
For -example, several ARPs have been
identified as
remodeling complexes that locally mod-

members of chromatin
ulate chromatin structure and activity by
re-locating or removing nucleosomes.?
Overall, a picture emerges in which
actin, and ancient actin paralogs, have
played important roles throughout the
emergence and diversification of the
eukaryotic lineage, and it is possible
that a progenitor of Crenactin played
a key role in founding the broad fam-
ily of actins and ARPs present in extant
eukaryotes.

Additional Eukaryotic Signatures
in Archaeal Phyla

The identification of a Crenactin-based
cytoskeleton in Archaea necessitates a re-
evaluation of the hypothesis of the actin
cytoskeleton as specific to the eukaryotic
cell, and the presence of actin orthologs in
members of the Crenarchaeota and other
proposed archaeal phyla lends support to
scenarios that associate a progenitor of this
phylum with the origin of the eukaryotic
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cell. Interestingly, recent studies have
revealed a series of additional presumed
eukaryotic_signature proteins (ESPs) in
different established or inferred, archaeal
phyla (Fig:~2). For example, orthologs
of the eukaryotic ESCRT-III membrane
remodeling system have been found to be
part of the Cdyv cell division machinery in
crenarchaeal species®? and, in addition,
several eukaryotic transcription machin-
ery components (Rpc34,* RpoG¥ and
Elf1?®) have been identified in crenar-
chaeal, korarchaeal and thaumarchaeal
genomes (Fig. 2). More recently, an
analysis of the Ca. Caldiarchacum subter-
raneum composite genome revealed the
presence of a presumably fully functional
ubiquitin-like protein modifier system.’
Further exploration of uncharacterized
deep archaeal lineages may well reveal
additional eukaryotic-like features, and
thus provide new insights into events that
may have been fundamental for the origin
and early evolution of the eukaryotic cell.
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