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Abstract

The availability of numerous complete genome sequences of
prokaryotes and several eukaryotic genome sequences
provides for new insights into the origin of unique functional
systemsoftheeukaryotes.Severalkeyenzymesoftheapoptotic
machinery, including the paracaspase and metacaspase
families of the caspase-like protease superfamily, apoptotic
ATPasesand NACHT family NTPases, and mitochondrial HtrA-
like proteases, have diverse homologs in bacteria, but not in
archaea.Phylogenetic analysis strongly suggests amitochon-
drial origin for metacaspases and the HtrA-like proteases,
whereasacquisitionfromActinomycetesappearstobethemost
likely scenario for AP-ATPases. The homologs of apoptotic
proteins are particularly abundant and diverse in bacteria that
undergo complex development, such as Actinomycetes,
Cyanobacteria and a-proteobacteria, the latter being progeni-
torsofthemitochondria.Inthesebacteria,theapoptosis-related
domainstypically form multidomain proteins,whichareknown
orinferredtoparticipateinsignaltransductionandregulationof
geneexpression.Someofthesebacterialmultidomainproteins
contain fusions between apoptosis-related domains, such as
AP-ATPase fused with a metacaspase or a TIR domain. Thus,
bacterialhomologs of eukaryotic apoptotic machinery compo-
nentsmightfunctionallyandphysicallyinteractwitheachother
aspartsofsignalingpathwaysthatremaintobeinvestigated.An
emerging scenario of the origin of the eukaryotic apoptotic
system involves acquisition of several central apoptotic
effectors as a consequence of mitochondrial endosymbiosis
and probably also as a result of subsequent, additional
horizontal gene transfer events, which was followed by
recruitmentofnewlyemergingeukaryoticdomainsasadaptors.
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Programmed cell death: sine qua non of a
multicellular state

The origin of eukaryotes and the advent of multicellularity are
momentous evolutionary transitions that involved invention of
several fundamentally new functional systems. The eukar-
yotic chromatin remodeling machinery, the cell cycle regula-
tion systems, the nuclear envelope, the cytoskeleton, and the
programmed cell death (PCD, or apoptosis) apparatus all are
such major eukaryotic innovations, which do not appear to
have direct prokaryotic predecessors.’ Although bacterial
cells commit suicide under certain circumstances, for
example, during fruiting body formation in Myxobacteria,
these mechanisms do not appear to be essential for the
survival of prokaryotes in general and their molecular build-up
seems to be unrelated to that of eukaryotic apoptotic
machinery.2=* In contrast, in multicellular eukaryotes, PCD
appears to be universally present and indeed should be
regarded as one of the hallmarks of the multicellular state
itself.> From a purely systemic point of view, PCD in a
multicellular organism appears to be just as inevitable as law
enforcement in a state. In any differentiated community (of
specialized cells or of citizens), rogue elements will
necessarily emerge in as (pre)cancerous cells with impaired
division control or as criminals with impaired social respon-
sibility, and to protect the community, these need to be
subdued or destroyed by dedicated agencies. Those
agencies also contribute to the defense against invaders,
such as viruses, pathogenic bacteria or rival states, and, at
least in the case of PCD, to the normal development of the
multicellular organism.6 In a sense, the teleology of the
emergence of the eukaryotic apoptosis machinery may be
best described in terms of the anthropic principle:” eukaryotes
had to come up with a PCD systems in order for any complex
form of multicellularity to emerge and, accordingly, for us to be
here and ponder the mysteries of biological evolution, the
origin of apoptosis among them.

Thus, the question that needs to be addressed regarding
the origin of eukaryotic PCD is not so much why, but how,
i.e. where have the suitable components for the making of
the apoptosis molecular machinery come from and what
particular innovation(s) did it take to piece them together?
Three, not mutually exclusive, principal paths can be
envisaged for the origin of eukaryotic functional systems
that do not have obvious counterparts in prokaryotes: (i) a
cryptic prokaryotic precursor, i.e. an ancestral system in
prokaryotes with the same or similar function as the novel
eukaryotic system, that has not been studied experimen-
tally, but could be recognized via comparative genomics;
(i) recruitment of prokaryotic proteins (domains) whose
original biological function(s) in prokaryotes are unrelated to
the new function(s) in eukaryotes, but whose biochemical
activities could be employed towards that function (exapta-
tion);® (iii) evolution of new, eukaryotes-specific proteins
(domains) for the new functions. In case prokaryotic



contributions to a particular eukaryote-specific system are
detectable, another important question to address is
whether these contributions belong to the ancestral,
archaeo-eukaryotic heritage or were they acquired from a
bacterial source via horizontal gene transfer (HGT). The
eukaryotic genome is a chimera of at least two prokaryotic
genomes, those of the archaea-like ancestor of the
eukaryotic lineage and of an a-proteobacterium that gave
fise to the mitochondrion via endosymbiosis.®~'" In plants,
genes coming from a cyanobacterium, the pro-chloroplast
endosymbiont, make up an obvious second wave of
bacterial invasion.'> However, it appears likely that the
bacterial input to the making of the eukaryotic genome was
not limited to these two major infusions, but rather involved
many more piecemeal acquisitions of bacterial genes from
more transient symbionts and parasites, particularly at the
early stages of eukaryotic evolution.'®'*

Here we re-examine and extend the results of our
previous studies on the provenance of the molecular
components of the eukaryotic PCD machinery and the role
of each of the above processes in its origin and
evolution.’™'® The central conclusion is that infusion of
bacterial genes, coming from mitochondria, but possibly
also from other sources, including Actinomycetes, was
indispensable for the emergence of the apoptotic system.

Phyletic patterns of the apoptotic
machinery components

These days, with multiple, complete genome sequences from
various walks of life available for analysis, it is natural to start
an evolutionary study of any functional system with a
comprehensive, genome-oriented inventory of its compo-
nents. Producing such an inventory is a straightforward, but
not necessarily easy task because, for the results to be
meaningful, one needs to apply the most powerful methods
for protein sequence and, on some occasions, structure
analysis to identify even those homologs, in which sequence
conservation has been (virtually) erased, and to distinguish
orthologs (direct evolutionary counterparts) from paralogs
(genes related by duplication). More specifically, application
of such methods and careful analysis of the results were
critical for the identification of the prokaryotic homologs of
some quintessential eukaryotic proteins. The prokaryotic
counterparts of actin and tubulin are early examples of such
fundamental findings that were first made by sequence
analysis and subsequently confirmed by determination of
the structures of the respective bacterial proteins.’”~° The
identification of bacterial homologs of eukaryotic DNA
primase and DNA-binding protein Ku is a more recent result
of the ongoing search for crucial eukaryote-prokaryote
connections.?>2! The salient computational approaches have
been repeatedly discussed elsewhere and here we are not
going into any details, referring the reader to these
sources.?~%7

The results of such a genomic census can be
conveniently conceptualized and presented in the form of
phyletic patterns, i.e. patterns of presence/absence of the
given group of orthologous genes or a given domain in the
genomes of species from all sampled taxa.2®=2° Examina-
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tion of phyletic patterns is no substitute for traditional and
new methods of phylogenetic analysis, but it is extremely
useful as a means for obtaining a first approximation of the
evolutionary scenario for a given protein or domain and as
a tool for functional inference.®'

The phyletic patterns for the key components of the
eukaryotic PCD system are compiled in Table 1. The meta-
pattern emerging from the comparison of these patterns is
clear-cut: the enzymes involved in apoptosis tend to show a
broad phyletic distribution, with bacterial homologs identifi-
able, whereas the non-enzymatic components are less
conserved and are often limited in their distribution to only
one eukaryotic lineage (Table 1). A notable exception is the
Toll-interleukin-receptor (TIR) domain, which is present not
only in both plants and animals, but also in many bacterial
species. The feature of these patterns that appears to be
critical for our understanding of the origin and evolution of
eukaryotic PCD is that, with the single notable exception of
the Apoptosis-Inducing Factor (AlF), the prokaryotic homo-
logs of the proteins involved in PCD are widely represented
in bacteria, but not in archaea. The only other exception is
the presence of a predicted AP-ATPase in the archaeon
Pyrococcus horikoshii, but this is readily attributable to HGT
from a bacterial source (see below). In and by itself, this
pattern suggests the possibility of a substantial contribution
of acquired bacterial genes to the evolution of the
eukaryotic PCD system. In the following sections of this
study, we assess this hypothesis through a more detailed
examination of the prokaryotic homologs of the eukaryotic
proteins involved in PCD and phylogenetic analysis of the
corresponding protein families.

Phylogenetic analysis of the PCD
machinery components that have
prokaryotic homologs

The caspase superfamily proteases

Caspases are the principal proteases that are activated during
animal apoptosis and mediate cleavage of a variety of
proteins ultimately leading to cell disintegration.3%® Cas-
pases have undergone remarkable proliferation and specia-
lization in vertebrates, in which they function in a cascade
including several cleavage events. Structural comparisons
showed that caspases belong to a distinct class of cysteine
proteases, which also includes hemoglobinases, gingipains
and clostripains (hereinafter CHF-class, after Caspase-
Hemoglobinase Fold). Recent studies that involved a
combination of in-depth sequence analysis, structural analy-
sis and direct experiments revealed a substantially greater
diversity of caspase-related proteases than previously
suspected. In particular, two families of predicted CHF-
proteases that are more closely related to the classic
caspases than to other proteases of this class, designated
paracaspases and metacaspases, were identified.>* A
possible regulatory role for the human paracaspase in PCD
has been demonstrated; the functions of metacaspases
remain to be investigated, but a major role in PCD in plants
is likely, given the proliferation of the genes coding for
metacaspases in plant genomes, the absence of other
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Table 1 Domains and proteins involved in apoptosis and related pathways
Protein/domain Vertebrates Arthropods Nematodes Fungi
family (Human) (Fruit Fly) (Worm) Plants (yeasts) EBE? Prokaryotes
Ligands and receptors
TNFR 8 H° H H 0 ? 0
IL-1 like 8 0O(H) 0(H) 0(H) 0(H) 0(H) 0O(H)
Toll-like 10 8 1(?) 0(H) 0(H) (H) 0(H)
TNF 17 1 0o(H) 0 0 ? 0
Cysteine Knots TGF like:12 TGF like: 3 H 0 0 ? 0
NGF like: 3 Spaetzle like: 3
NGF like: 1
Adaptors: 6-helical domain
DD 30 9 6 0 0 ? 0
DED 7 1 0 0 0 ? 0
CARD 20 1 2 0 0 ? 0
PYRIN 8 0 0 0 0 ? 0
Adaptors: other
TIR 22 10 1 ~140 0 ? Streptomyces (4),
1 each in
Rhizobium,
Synechocystis,
Caulobacter
crescentus, Bacillus
and Anabaena.
MATH 6 (several 3 (several 1 (several ~26 MATH 1 MATH At least 1 0
(TRAF-like) additional additional additional domains but domain but MATH
MATH MATH MATH none none domain
domains domains domains directly directly but none
not directly not directly not directly related to the  related to the  directly
related to related to related to TRAFs TRAFs related to
TRAF) TRAF) TRAF) the TRAFS
BCL-2 family 11 2 1 0 0 0 0
Executors: caspase superfamily proteases
Caspases 14 (one inactive) 7 4 0 0 ? 0
Paracaspases 1 0 1 0 0 ? Mesorhizobium loti
(7), Rhizobium (1)
Metacaspases 0 0 0 ~10 1 1 (Leishmania Anabaena (2)
Plasmodium Synechocystis (1),
Trypanosome) M. loti (1),
Geococcus (at
least 1),
Rhodosphaera
(1)
(Probable) executors and regulators: other proteases
A20-family 3 1 1 Several distant Several distant Several distant 1 distant homolog
homologs; no  homologs; no  homologs; no  in Chlamydophila
orthologs orthologs orthologs pneumoniae
of A20 of A20 of A20
HtrA-family At least 4 4 6 At least 5 1 At least 1 1-8 (nearly all)
bacteria
Regulators: NTPases
AP-ATPase 1 1 1 ~190 None in yeasts ? Streptomyces (9),
but 1 in M.tuberculosis (6),
Neurospora Anabaena (3),
Mesorhizobium (3)
NACHT- 18 1 1 0 None in Streptomyces (9),
GTPases (Naip-like:17, 1 (TP1-like: 2) (TP1-like: 1) yeasts ? Anabaena (6)
TP1-like: 2) but 1 TP-like Synechocystis (2),
form is seen in Rickettsia
Podospora and conorii (1)
Neurospora
D-GTPase 2 1 2 1 0 0 0
Regulators: kinases
Serine/threonine IKK: 4; DAP: 1; IKK: 2; NIK: 1; DAP: 1; IRAK: 1 0(H) 0(H) 0(H) 0(H)
protein kinases NIK: 1; IRAK: 4 IRAK: 1
Regulators: BCL-2-family proteins
Bcl2 11 2 1 0 0 ? 0
Continued
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Protein/domain Vertebrates Arthropods Nematodes Fungi
family (Human) (Fruit Flv) (Worm) Plants (yeasts) EBE? Prokaryotes
Miscellaneous regulators: SMAC/DIABLO/Reaper-like
SMAC/DIABLO 1 0 ? 0 0 0 0
Reaper-like 0 3 ? 0 0 0 0
Nuclear factors
NFKB 5 3 O(H) O(H) O(H) 0 O(H)
NFAT 6 1 0(H) O(H) O(H) 0 O(H)
P53 3 1 0 0 0 0 0
E2F 8 2 3 6 0 0 0
DP1 5 1 1 2 0 0 0
STAT 6 1 4 0 0 0 0
RB 3 1 1 1 0 0 0
CAD 5 4 0 0 0 0 0
BIR 8 4 1 0 1 0 0

3EBE, early-branching eukaryotes. °H: Indicates the presence of homologous domains but no real orthologs

caspase homologs in plants and the fusion of some of the
plant metacaspases with the LSD1 Zn-finger, a regulator of
PCD in plants.3*3% Paracaspases were detected in animals,
slime mold, and one group of bacteria, the Rhizobia, with a
notable expansion in Mesorhizobium loti, whereas metacas-
pases are present in plants, fungi, early-branching eukaryotes
and a variety of bacteria (Table 1).3% Phylogenetic analysis of
the caspase-like protease superfamily shows a clear affinity of
the eukaryotic metacaspases and paracaspases (together
with the classic caspases) with the corresponding predicted
proteases from the Rhizobia, which belong to the o-
subdivision of the Proteobacteria, the free-living ancestors
of the mitochondria (Figure 1A). This topology of the
phylogenetic tree is best compatible with the origin of
metacaspases from the mitochondrial endosymbiont. The
case of caspases-paracaspases is more complicated be-
cause this branch of the superfamily is not represented so far
in eukaryotes other than animals and slime mold. This
distribution is compatible with a second, later HGT from «-
proteobacteria to eukaryotes or with independent loss of the
paracaspase gene in multiple eukaryotic lineages.

The OMI (HtrA-like) protease

The OMI protease homologous to the widespread and well-
characterized bacterial HtrA family of serine proteases is a
recent addition to the repertoire of PCD-associated eukaryotic
proteins.®” ~° This protein, normally located in the mitochon-
dria, is released into the cytoplasm during apoptosis and
contributes both to caspase-dependent and to caspase-
independent PCD.%® HtrA-like membrane-associated pro-
teases are nearly ubiquitous in bacteria, the sole exception
so far being the mycoplasmas, the bacterial parasites with the
smallest genomes; in contrast, these proteins are missing in
most archaeal genomes that have been sequenced to this
date. Phylogenetic analysis of the HtrA family (Figure 1B)
suggests a major diversification of this family into several
distinct lineages in the bacteria with a prominent expansion in
a-proteobacteria with up to eight members of this family in the
genome of Mesorhizobium loti. This analysis strongly supports
the monophyly of the eukaryotic OMI/HtrA2 proteases, that are
involved in PCD, with a particular lineage of a-proteobacterial

HtrA-like proteases (Figure 1B), which is compatible with a
mitochondrial origin of the eukaryotic proteins.

Apoptotic (AP)-ATPases and NACHT GTPases

AP-ATPases are central regulators of PCD that interact with
caspases forming the so-called apoptosome and are required
for caspase activation.*'=*® AP-ATPases are present in
animals, plants, in which they are encoded by vastly
proliferated pathogen resistance genes, one fungal species
(Neurospora crassa), many bacteria, and one archaeon,
Pyrococcus horikoshii (Table 1).'® Among the bacteria, AP-
ATPase homologs are present in «-proteobacteria, cyanobac-
teria and Actinomycetes, with a particularly notable prolifera-
tion of these proteins in the latter group of bacteria.
Phylogenetic analysis of the ATPase domain of AP-ATPases
strongly supports the monophyly of the plant and animal
representatives, but does not cluster them with any bacterial
lineage in particular; in contrast, the Neurospora AP-ATPase
clusters with those of Actinomycetes as does the only archaeal
member of this family (Figure 1C). The latter two AP-ATPases
appear to be obvious cases of HGT from Actinomycetes. In the
case of the animal and plant AP-ATPases, no affinity with any
particular bacterial lineage was immediately apparent from the
tree topology (Figure 1C). However, a more detailed examina-
tion of the alignment of the AP-ATPase domain showed that a
large subgroup of these proteins, including those from plants
and animals together with those from several bacteria,
primarily actinomycetes, contained a distinct C-terminal motif,
which was missing in the rest of bacterial AP-ATPase
homologs, including those from «-proteobacteria (Figure 1C
and data not shown). This feature allows us to tentatively root
the AP-ATPase tree and hence establish the connection
between eukaryotic AP-ATPases and homologs from Actino-
mycetes. Given these observations and the absence of AP-
ATPases from the available genome sequences of yeasts and
early-branching eukaryotes, a relatively late, around the time of
animal-plant divergence, acquisition of this gene by eukar-
yotes from Actinomycetes seems to be the most likely
evolutionary scenario. In principle, however, transfer of the
AP-ATPase from mitochondria cannot be ruled out, assuming
that the a-proteobacterial progenitor of the mitochondria, unlike
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Figure 1 Phylogenetic trees for PCD-associated proteins and their prokaryotic homologs. (A) The caspase-like protease superfamily. (B) The HtrA-like protease
family. (C) AP-ATPases. (D) Apoptosis-inducing factor (AIF). Multiple alignments of protein sequence were constructed using the T-Coffee program 7® (the
alignments are available from the authors upon request) and adjusted manually on the basis of PSI-BLAST search results.”” Preliminary trees were generated
using the least squares “® and neighbor joining methods ”° as implemented in the Phylip package.° These trees were used as seeds for local rearrangements to
converge on the maximum-likelihood topology using the Protml program of the Molphy package.®! They were re-sampled with 10000 bootstrap (RELL-BP)
replicates.®? The consensus of these trees is shown, with nodes that were recovered in at least 75% of the bootstrap replicates indicated by circles. The orange bar
in (C) separates the distinct branch of AP-ATPases that lack the signature C-terminal motif from the rest of the family. The proteins are designated by the names of
the corresponding genes and abbreviated species names. Abbreviations: Hs, Homo sapiens; Mm, Mus musculus; Dre, Danio rerio; Dm, Drosophila melanogaster,
Ce, Caenorhabditis elegans; Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe; Ncr, Neurospora crassa; At, Arabidopsis thaliana; Dd,
Dictyostelium discoideum; Sso, Sulfolobus sulfotaricus; Sto, Sulfolobus tokodaii; Mj, Methanococcus jannaschii; Mta, Methanobacterium thermoautotrophicum;
Af, Archaeoglobus fulgidus; Ph, Pyrococcus horikoshii; Ap, Aeropyrum pernix; Atu, Agrobacterium tumefaciens; Pae, Pseudomonas aeruginosa; Pput,
Pseudomonas putida; Babo, Brucella abortus; Bs, Bacillus subtilis; Bhen, Bartonella henselae; Ca, Clostridium acetylbutylicum; Ccr, Caulobacter crescentus; Cj,
Campylobacter jejuni; Dehalo, Dehalococcoides species; Ec, Escherichia coli; Geosul, Geosulfurococcus; Hp, Helicobacter pylori; MI, Mesorhizobium loti; Mxa,
Myxococcus xanthus; Pgi, Porphyromonas gingivalis, Rhi, Rhizobium species; Rp, Rickettsia prowazekii; Ssp, Synechocystis sp.; Scoe, Streptomyces coelicolor;
Sme, Sinorhizobium meliloti; Tm, Thermotoga maritima; Tp, Treponema pallidum; Xf, Xylella fastidiosa
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Rhizobia, had an AP-ATPase with the C-terminal motif and that
some eukaryotic lineages have lost this gene.

The NACHT (after NAIP, CIIA, HET-E and TP1) family is
another group of NTPases (primarily, if not exclusively,
GTPases) with a eukaryotic-bacterial phyletic pattern.** So
far, this family is represented in animals, one fungal
species (Podospora anserina) and several bacterial
species (Table 1). A major proliferation of the NACHT
family associated with an involvement in PCD and immune
response against diverse viral and bacterial pathogens is
observed only in vertebrates, whereas other animals have
only one NACHT domain that appears to be involved in the
telomerase function rather than apoptosis.'®*4=47 Typically,
the same bacteria that have AP-ATPases tend to encode
NACHT NTPases, sometimes multiple ones (Table 1). In
the general scheme of evolution of NTPases, the NACHT
family appears to be the sister group of AP-ATPases.**
Thus, given the considerable diversification of each of
these families in bacteria, the divergence between them
should date to a relatively early stage of bacterial evolution.
In the recently sequenced genome of the a-proteobacterium
Rickettsia conorii, *® we detected a bacterial member of the
NACHT family (gene RCO0370 product) that is particularly
closely related to the vertebrate, NAIP-like NACHT
NTPases. This close relationship to vertebrate proteins
and presence in a single species of Rickettsia suggests
acquisition of a host gene by the intracellular parasite as
the most likely scenario. Although the low sequence
conservation within the NACHT family makes it a poor
candidate for phylogenetic analysis, two distinct groups
could be discerned within this family. The first group
includes the vertebrate-specific expansion of NAIP-like
proteins, Rickettsial RC0370, and several other bacterial
proteins from Streptomyces and Anabaena; the second
group includes the animal TP-1-like telomerase subunits
and the fungal proteins Het-E-1 from Podospora anserina
and B24M22.200 from Neurospora crassa. This implies that
multiple HGT events might have been responsible for the
introduction of these proteins in eukaryotes, one occurring
early in evolution and resulting in the TP-1-like forms and
the second one occurring much later, perhaps even just
prior to the emergence of the vertebrate lineage, and
injecting the NAIP-like forms. If the latter scenario were to
be correct, then the form in Rickettsia conorii might
represent a close homolog of the potential bacterial gene
involved in such a lateral transfer event.

Apoptosis-inducing factor (AIF)

Apoptosis-inducing factor (AlF) is a mitochondrial protein that
is released into the cytoplasm during apoptosis and stimulates
a caspase-independent PCD pathway, which is essential for
early morphogenesis in mammals.*®%° This function of AlF is
highly conserved in evolution as evidenced by the recent
characterization of AIF in the slime mold Dictyostelium
discoideum.®’ AIF is a Rossmann-fold, FAD-dependent
oxidoreductase, but the redox activity is not required for its
pro-apoptotic function.? This protein is highly conserved and
nearly ubiquitous in all three primary kingdoms, bacteria,
archaea and eukaryotes. Phylogenetic analysis showed that
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eukaryotic AlFs cluster with their archaeal orthologs, to the
exclusion of bacterial ones (with the sole exception for
Thermotoga maritima, a hyperthermophilic bacterium that
probably received this gene from archaea via HGT) (Figure
1D). Thus, AIF seems to be the only major component of the
apoptosis apparatus that conforms with the standard model of
evolution whereby the phylogeny of a gene inherited from the
last universal common ancestor follows the tree topology with
the primary radiation of the archaeo-eukaryotic and bacterial
clades. This is particularly notable in the case of AlIF because
this is an ancestral protein that was secondarily recruited for a
mitochondrial function.

Other ancient apoptotic proteins

The TIR domain is the only PCD adaptor molecule®® that has
been detected in bacteria, although not so far in fungi or early-
branching eukaryotes.'® The distribution of the TIR domain in
bacteria is similar to that seen for caspase-related proteases,
AP-ATPases and NACHT NTPases, with a notable expansion
in Actinomycetes. The information contained in the TIR
domain alignment does not seem to be sufficient to produce
a reliable phylogenetic tree. Nevertheless, given that TIR
domains seem to be present only in crown-group eukaryotes,
possible evolutionary scenarios include a mitochondrial
acquisition with subsequent loss in multiple eukaryotic
lineages or a later HGT from a bacterial source.

BCL-2 family proteins are important positive and negative
regulators of PCD. At least one of the mechanisms of action
of these proteins involves integration into the mitochondrial
membrane resulting in activation or suppression of
cytochrome ¢ release from the mitochondria.>* BCL-2
protein sequences are relatively poorly conserved and no
prokaryotic homologs were detected despite extensive
sequence searches. However, structurally, BCL-2 resem-
bles the membrane translocation domains of certain
bacterial toxins, such as diphteria toxin and colicins, to the
extent that a common origin appears to be a possibility.55-°®

Bacterial homologs of eukaryotic
PCD-associated proteins: domain
architectures suggest functional
interactions

Functional information on bacterial homologs of eukaryotic
apoptotic proteins is scarce. Effectively, the only available data
point to a role of some of these proteins, such as GutR from
Bacillus subtilis and AfsR from Streptomyces coelicolor, in
transcription regulation.®”*® The GutR protein, which is a
regulatorofthe glucitol operon, has been showntofunctioninan
ATP-dependent manner.®® The AfsR protein is a global
regulator of physiological and morphological differentiation in
Streptomycesandis itself regulated by reversible phosphoryla-
tion catalyzed by the serine-threonine kinase Afsk.%%¢" Among
the numerous caspase-related proteins detected in bacteria,
only one, a generic caspase homolog roughly equidistant from
paracaspases and metacaspases, has been characterized
experimentally. This protein, ActD from Myxococcus xanthus, is
a regulator of the production of the sporulation morphogen,
CsgA, but its mechanism of action remains unknown.%2
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Figure 2 Comparison of the analogous architectures of eukaryotic and bacterial multi-domain proteins with conserved modules involved in the PCD machinery.
The bacterial proteins are shown to the left and eukaryotic proteins to the right; the proteins are broadly grouped on the basis of the principal shared domains. The
proteins are indicated by their name and the abbreviation of the species of origin (same as in the legend to Figure 1) is indicated in parentheses. The uncharacterized
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In contrast to this paucity of experimental data,
examination of the domain architectures of the bacterial
homologs of apoptotic components provides tantalizing
functional hints. First, nearly all of these proteins form
complex, multidomain architectures (Figure 2). Second,
many of them contain repetitive protein-protein interaction
modules, such as WD40, TPR and Armadillo repeats,
which tend to form scaffolds facilitating the formation of
large, multisubunit complexes. Finally, and most strikingly,
some of the bacterial apoptosis-related proteins are fused
within the same multidomain proteins, suggesting functional
interactions between them. Examples include fusion of a
caspase-like protease with an AP-ATPase (and WDA40
repeats) in the cyanobacterium Anabaena and the TIR-AP
ATPase and AP-ATPase-Adenylyl cyclase fusions in
Actinomycetes (Figure 2). Some of the domain architec-
tures observed among apoptotic protein homologs in
bacteria reflect the specifics of prokaryotic signal transduc-
tion; examples include the characteristic fusions of AP-
ATPases with helix—turn—helix DNA-binding domains in
transcription regulators (Figure 2). These peculiarities
notwithstanding, the above observations are sufficient to
substantiate a proposition that bacterial homologs of the
apoptotic proteins interact functionally and, most likely, also
physically in signal-transduction pathways whose exact
nature remains to be determined. A bolder speculation
would hold that, in bacteria with complex development and
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differentiation, such as Actinomycetes, Cyanobacteria,
Myxobacteria and some o-proteobacteria, *3~66 the homo-
logs of apoptotic proteins, in particular caspases and AP-
ATPases, form large complexes that might be functional
analogs or perhaps even evolutionary predecessors of the
eukaryotic apoptosome.*'%” A search for such a complex
in bacteria and elucidation of its potential role in signal
transduction and/or an as yet undiscovered form of PCD
seems to be an exciting subject for experimental studies.

A brief history of eukaryotic programmed
cell death: the case for multiple infusions
of bacterial genes

As noticed previously'®'® and detailed above, the principal

enzymes and at least one adaptor domain involved in
eukaryotic PCD are widespread in bacteria, but conspicu-
ously missing in archaea. Furthermore, at least two important
lines of evidence support HGT from bacteria to eukaryotes as
the principal route of evolution of these proteins. First, in at
least two cases, those of OMI and metacaspases, phyloge-
netic analysis shows an affinity of the eukaryotic apoptotic
proteins with homologs from «-proteobacteria. Given that the
endosymbiont that gave rise to the mitochondrion undoubt-
edly was an a-proteobacterium, %68 these observation are to
be interpreted as strong evidence of a mitochondrial origin for
the respective genes. Second, exploration of the bacterial



homologs of apoptotic proteins in each case, and particularly
for caspase-related protease and AP-ATPases, reveals a
greater diversity, in terms of phyletic distribution, domain
architectures and sequences themselves, than seen in
eukaryotes (Figure 2%; L Aravind and EV Koonin, unpub-
lished). This suggests the likely direction for HGT: from
bacteria to eukaryotes.

When considering the bacterial contribution to the origin
of the eukaryotic PCD systems, it is impossible to overlook
the major role mitochondria have in apoptosis. Indeed,
mitochondria appear to be among the principal (if not the
principal) sensors of cell damage that trigger PCD by
releasing cytochrome ¢, which stimulates apoptosome
assembly.5”%%70 Furthermore, as discussed above, addi-
tional proteins, such as AIF, OMI and SMAC/DIABLO,”":"2
are released from the mitochondria and also contribute to
PCD. Is there an intrinsic connection between the role of
mitochondria in PCD and the origin of the apoptotic system
itself? This is not immediately obvious, in part because the
involvement of mitochondria in apoptosis has been
demonstrated primarily in the vertebrate model system,
potentially allowing for the possibility that mitochondria are
a late addition to the ancestral repertoire of apoptotic
mechanisms. However, several recent studies suggest that
the mitochondrial contribution to PCD is likely to be ancient,
e.g. the aforementioned data on the role of AIF in PCD in
slime mold®' and the demonstration of the role of
mitochondrial endonuclease G in apoptotic DNA degrada-
tion in the nematode C. elegans’®; indications of a
mitochondrial involvement in PCD in plants also start to
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accumulate.”*”® The other side of the problem is that
mitochondrial endosymbiosis and the origin of PCD appear
to be uncoupled in time because endosymbiosis, a very
early event in eukaryotic evolution, apparently was followed
by a lengthy age of unicellular eukaryotes, which do not
seem to have PCD. Thus, mitochondrial acquisitions, such
as AIF and metacaspase, must have been pre-adaptations
for PCD, which originally had other roles in primitive
eukaryotes, and only later were exapted for their functions
in apoptosis.

In principle, all bacterial contribution to eukaryotic PCD
could be explained through acquisition of mitochondrial
genes. However, this would require multiple losses of the
genes for apoptotic proteins in different eukaryotic lineages
and, in addition, would be at odds with some phylogenetic
analysis results, e.g. those that seem to link AP-ATPases
with Actinomycetes. Thus, a different scenario, with at least
two infusions of bacterial genes contributing to the origin of
PCD, appears to be more parsimonious. The first influx of
the relevant bacterial genes was part of the domestication
of the pro-mitochondrial endosymbiont, whereas the second
one probably occurred at the stage of the primitive
multicellular eukaryote, perhaps the ancestor of the
eukaryotic crown group; at least occasional subsequent
gene transfers also occurred, such as acquisition of AP-
ATPase by the fungus N. crassa, and perhaps even the
less orthodox acquisition of an additional NACHT NTPase
at a late stage of animal evolution (Figure 3 and see
above). Transfer of genes from different bacterial sources
does not seem to be incompatible with what is known about
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Figure 3 A simplified scheme of the origin and evolution of the eukaryotic PCD system. Blue, thick arrows indicate vertical evolution; red arrows indicate
horizontal genes transfer, and red connectors (no arrow heads) indicate recruitment or derivation of eukaryote- specific domains (proteins)
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evolution of primitive eukaryotes, with their various bacterial
symbionts.'3

Proteins encoded by scavenged bacterial genes appear
to constitute the core of the apoptotic machinery; a
caspase-like protease, probably a metacaspase, an HtrA-
like protease and AP-ATPases were principal enzymatic
components, whereas TIR domain might have functioned
as the main adaptor. The core components have under-
gone further, lineage-specific proliferation and specializa-
tion, such as expansion of caspases in vertebrates and
metacaspases and AP-ATPases in plants. Around this
core, the outer layers of the apoptotic machinery have built
up gradually from exapted domains that originally might
have had different functions, such as MATH or BIR, and of
newly invented domains, such as the six-helical adaptor
domain, which subsequently gave rise to Death, Death
effector, and CARD domains(Figure 3).

Coming back to the three routes of eukaryotic innova-
tions listed in the beginning of this study, we clearly see
that routes ii and iii, exaptation of bacterial and perhaps a
few ancestral archaeo-eukaryotic proteins for new functions
and invention of novel domains, contributed substantially to
the evolution of PCD. Whether or not route i, direct
recruitment of a bacterial precursor, was also employed,
remains to be established through functional characteriza-
tion of the bacterial homologs of apoptotic proteins.

The observations described here emphasize the pivotal
role of bacterial-eukaryotic HGT in the origin of the
eukaryotic PCD system and, by implication, of the
eukaryotic multicellularity itself. Indeed, much of the glory
of eukaryotic ascension to the ultimate complexity of higher
plants and animals might owe to a lucky choice of bacteria
with complicated differentiation processes as the primary,
promitochondrial, and perhaps subsequent symbionts.

Note added in proof

After submission of the manuscript of this study, it came to our attention
that mitochondrial endosymbiosis and the origin of eukaryotic PCD could
be linked in a straightforward hypothesis. The early o-proteobacterial
endosymbionts might have been using secreted and membrane
proteases, such as metacaspases, paracaspases and HtrA-like
proteases, to kill their host cells once those became unhospitable
environments, e.g. because of scarcity of nutrients. Such a mechanism
could enable the endosymbionts to efficiently use the corpse of the
assassinated host and move to another host. During subsequent
evolution, this weapon of aggression might have been appropriated by
the host and made into a means of programmed suicide, with the
subsequent addition of regulatory components. In general terms, this idea
has been proposed by Frade and Michaelidis (Frade JM, Michaelidis TM
(1997) Origin of eukaryotic programmed cell death: a consequence of
aerobic metabolism? Bioessays 19: 827 —-832).
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