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Epigenetic information, which plays a major role in eukaryotic biology, is transmitted by
covalent modifications of nuclear proteins (e.g., histones) and DNA, along with poorly
understood processes involving cytoplasmic/secreted proteins and RNAs. The origin of
eukaryotes was accompanied by emergence of a highly developed biochemical apparatus
for encoding, resetting, and reading covalent epigenetic marks in proteins such as histones
and tubulins. The provenance of this apparatus remained unclear until recently. Develop-
ments in comparative genomics show that key components of eukaryotic epigenetics
emerged as part of the extensive biochemical innovation of secondary metabolism and
intergenomic/interorganismal conflict systems in prokaryotes, particularly bacteria. These
supplied not only enzymatic components for encoding and removing epigenetic modifica-
tions, but also readers of some of these marks. Diversification of these prokaryotic systems
and subsequentlyeukaryotic epigenetics appear to have been considerably influencedby the
great oxygenation event in the Earth’s history.

I
t has long been recognized that eukaryotes

possess several subcellular systemswith no ap-

parent equivalents in the two prokaryotic do-
mains (superkingdoms) (Dacks and Doolittle

2001; Best et al. 2004; Mans et al. 2004; Walsh

and Doolittle 2005; Aravind et al. 2006; Cava-
lier-Smith 2009). Hence, a major challenge in

modern biology has been to explain the prove-

nance of these uniquely eukaryotic features.
Among these, the extensive use of epigenetic

information in regulatory systems is a key para-

digm that has fructified in the past two decades

(Richards and Elgin 2002; Allis et al. 2007; Kou-

zarides 2007; Grewal 2010). Broadly defined,
epigenetics might be viewed as transmission

of biologically significant information over and

beyond what is encoded by the standard bases
in DNA (i.e., genetic information). It has be-

come increasingly clear that the nucleus is the

primary center for encoding of epigenetic infor-
mation in eukaryotes (Denhardt et al. 2005;Allis

et al. 2007; Kouzarides 2007). Here, it largely
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occurs via covalent modifications of DNA or

DNA-associated proteins (chromatin proteins).
Eukaryotes also show certain less-understood

cytoplasmic forms of epigenetic transmission.

These includemodifications of cytoskeletal pro-
teins, protein-based templating (i.e., prionic

transmission) (Beauregard et al. 2009), and

RNA-based information transmission in phe-
nomena such as paramutation inplants (Brzeski

and Brzeska 2011) and postconjugation ma-

cronucleus regeneration in ciliates (Mochizuki
2010).

Epigenetic information impinges on fun-

damental aspects of eukaryotic biology such
as DNA replication, DNA-damage repair, tran-

scription of specific genes, global control of gene

expression, splicing andother types ofRNApro-
cessing, andexhibitionofmetabolicallyor struc-

turally distinct cellular states (Richards and

Elgin 2002; Allis et al. 2007; Kouzarides 2007;
Grewal 2010). In specialized eukaryotes, such

as parasites, epigenetic information plays an im-

portant role in thedisplayof variable cell-surface
antigens to evade host immunity (Duraisingh

et al. 2005; Jiang et al. 2013). In multicellular

forms such information is central to mainte-
nance of a structured body plan (Muller et al.

2002; Gehring et al. 2006; Allis et al. 2007), ded-

icated immune systems (Cedar and Bergman
2011), and phenomena such as neural memory

in animals (Landryet al. 2013). Epigeneticmod-

ifications of secreted proteins paralleling those
of chromatin proteins have also been shown to

be the primary determinants for specification

of structures of unique biomineralized matrices
such as bones (Tagliabracci et al. 2013) and sili-

ceous shells of diatoms (Kroger et al. 2002;

Sumper et al. 2007). Thus, understanding the
origins of epigenetics is a major element in re-

constructing eukaryote origins, including the

emergence of their quintessential feature, the
nucleus.

Here, we offer a synthetic perspective on the

origin ofDNAandproteinmodification systems
used to transmit epigenetic information in

eukaryotes. Based on results from comparative

genomics we emphasize their pervasive connec-
tions to bacterial secondary metabolism and in-

terorganismal and genomic conflict systems.

THE LOGIC OF EPIGENETIC MARKS:
ENCODERS, RESETTERS, AND READERS

Epigenetics in eukaryotes can be conceptual-

ized as three distinct processes (Fig. 1): (1)
encoding of epigenetic information into bio-

polymers; (2) resetting of these marks at key

points in the life cycle of an organism; and (3)
reading of these marks to convert them into

biologically “relevant” outputs. The first pro-

cess is almost entirely dependent on enzymes,
which specifically modify bases of nucleic acids

or protein side chains by a striking array of

moieties (encoders) (Figs. 1–3). The former in-
clude methylation and subsequent oxidation of

methylcytosine at the 5-position in DNA (Goll

and Bestor 2005; Pastor et al. 2013). The best
studied of the latter are modifications of nu-

cleosomal histones by moieties ranging from

small groups, such as methyl, acetyl, and phos-
phate, through medium-sized adducts, such as

sugars, all the way to giant modifiers such as

polyADP ribose (with more than 100 ADP-
ribose units), polyglutamate/glycine, or whole
polypeptides (i.e., ubiquitin [Ub] and ubiq-

uitin-like proteins [Ubls]) (Allis et al. 2007;
Kouzarides 2007; Yan et al. 2009; Zentner and

Henikoff 2013). These modifications often

occur at low-complexity or structurally dis-
ordered oligopeptides in proteins (Cumber-

worth et al. 2013), which serve as linear arrays

wherein information is encoded in the form of
various covalent modifications (e.g., positively

charged histone tails). In some cases (e.g., his-

tones), different combinations of modifica-
tions of particular side chains are often viewed

as comprising a code (“histone code”) (Dut-

nall 2003; Peterson and Laniel 2004; Kouza-
rides 2007). These patterns of modification

are seen as “coding for” or specifying particu-

lar chromatin states (e.g., active transcription,
repression, or poised for expression upon re-

ception of additional signals).

Although epigenetic marks often persist
through mitosis, and in certain cases through

meiosis (Scott and Spielman 2006), they are re-

set during events such as zygote formation in
multicellular eukaryotes (Hajkova et al. 2010).

Like encoding, resetting of most marks involves
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Figure 1. Reactions relating to epigenetic modifications. Reactions are numbered in the order in which they
appear in the text. Targets of various modifications and, where applicable, reaction intermediates are labeled in
bold. Modifying chemical groups attached during the reaction are colored in blue. Eukaryotic reactions are
provided immediately below numbers and descriptions; comparable prokaryotic reactions or descriptions of
prokaryotic substrates are provided to the left or below the eukaryotic reaction, boxed in gray. Modified
prokaryotic molecules are labeled in pink to distinguish them from eukaryotic substrates. Ub, ubiquitin;
TDG, thymine DNA glycosylase.
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enzymes that catalyze removal of the covalently
linked adducts (Figs. 1–3). However, resetting

is also assisted by other processes such as di-

lution owing to semiconservative genome rep-
lication and consequent partitioning of chro-

matin proteins, proteasomal degradation, and

repair, which erases epigenetic marks on DNA
(Hajkova et al. 2010; Pastor et al. 2013). In con-

trast to encoders and resetters, readers of epi-

genetic marks are almost all noncatalytic, glob-
ular modules, which specifically discriminate

between modified and nonmodified versions

BRCTJ

SirtuinG HaspinH EYAI

K LTTL Fic/Doc

F HDACE GNATD Chromo

A PRMT B SET C JOR/JmjC

4EGC3DLZ1SZC

1KNA

3B3F 3M59 4HON

1QSN 3MAX

1T15 4IHJ 4ITR

Figure 2. Structures of domains involved in various epigenetic modifications. Protein structures are depicted as
cartoons. Domains are shown in the order they are discussed in the text. Domain names are provided above and
Protein Databank id is provided to the right of each structure. Ligands are colored in yellow, core active site
residues are rendered as ball-and-stick and colored according to atom type (carbon, white; nitrogen, blue;
oxygen, red; cysteine, orange), and metal ions are rendered as spheres.
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of DNA or protein. Readers typically come in

two forms: (1) small domains with high-speci-

ficity binding sites for peptides or DNA (Dhal-
luin et al. 1999; Maurer-Stroh et al. 2003; Chak-

ravarty et al. 2009; Aravind et al. 2011); and (2)

superstructure-forming repetitive units such
as b-propellers and a-a repeats (Collins et al.

2008; Trievel and Shilatifard 2009; Aravind et al.

2011). Generation of biologically relevant out-
puts from epigenetic marks often depends on

polypeptides combining reader domains with

different types of enzymatic domains, which

in addition to encoders and resetters, include

enzymes that use free energy of ATP hydrolysis
to remodel chromatin structure (e.g., SWI2/
SNF2 [Hauk and Bowman 2011] and MORC

ATPases [Iyer et al. 2008a]). Thus, epigenetic
encoding involves multiple layers of interac-

tions: marks generated by primary encoders re-

cruit resetters and secondary encoders, with
cross talk between epigenetic marks mediated

by reader domains (Allis et al. 2007).
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Figure 3. Structures of domains involved in various epigenetic modifications (see Fig. 2 legend for details).
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In the ensuing sections we provide a brief

account of the major epigenetic marks in pro-
teins and DNA along with the inferred evolu-

tionaryorigin of encoders, resetters, and readers

associated with them.

PROTEIN METHYLATION-DEPENDENT
SYSTEMS

Methylation of proteins on lysines and arginines

are universally present epigenetic marks in eu-
karyotes (Fig. 1, No. 1). Protein methylases,

which encode these marks, belong to two struc-

turally unrelated folds, namely, the Rossmann-
fold methylases (Fig. 2A) and the SET domain

methylases (Fig. 2B) containing the b-clip fold

(Trievel et al. 2002; Manzur et al. 2003; Sawada
et al. 2004; Lee and Stallcup 2009; Aravind et al.

2011). Other than histones, these marks also

occur in several other chromatin and splicing/
RNA-processing proteins with arginine-rich re-

peats (Miranda et al. 2005; Anne et al. 2007;

Nicholson and Chen 2009). Rossmann-fold
protein methylases belong to two distinct fam-

ilies—PRMT and Dot1; the former catalyze all

known arginine methylations, whereas the later
methylates histone H3 at the K79 position

(Dlakic 2001; Sawada et al. 2004; Lee and Stall-

cup 2009; Aravind et al. 2011). Phylogenetic
analysis suggests that the protein argininemeth-

yltransferase (PRMT) family had already diver-

sified in the last eukaryotic common ancestor
(LECA), as indicated by the presence of multi-

ple members of this family in the early-branch-

ing parabasalid Trichomonas vaginalis with at
least one version catalyzing symmetric arginine

dimethylation and two distinct versions cata-

lyzing asymmetric dimethylation (Aravind et
al. 2011). With the exception of Trichomonas

and Giardia, Dot1 orthologs are present in

most other major eukaryotic lineages suggest-
ing that they could have been recruited after the

divergence of basal eukaryotes. SET domains

methylate histone H3 at K4, K9, K27 and K36
and histone H4 at K20; additionally they might

also catalyze several other lesser understood ly-

sine methylations in histones (Kouzarides 2007;
Zentner and Henikoff 2013). Positions corre-

sponding to H3K4, H3K9, H3K27, H3K36,

and H4K20 are confidently inferred as being

lysine even in the LECA. All eukaryotic genomes
sequenced to date include genes for multiple

SET domain proteins, with at least five distinct

versions traceable to the LECA (Aravind et al.
2011). SET proteins also appear to have a role in

cytoplasmic epigenetic marks on tubulin, ribo-

somal proteins, and RUBISCO (Trievel et al.
2002; Porras-Yakushi et al. 2007). An extraordi-

nary role for methyl marks has come to light in

the form of secreted SET domains in diatoms,
which are predicted to be involved in establish-

ing an “epigenetic” code in the secreted protein

silaffin (Aravind et al. 2011). This code of mod-
ified residues in silaffin is a key determinant for

the biomineralization patterns in silica shells of

diatoms (Sumper et al. 2007).
Methyl marks are reset by two distinct

families of demethylases (Fig. 1, No. 1): (1) The

LSD1-like lysine demethylases are FAD-binding
Rossmann-fold oxidoreductases and primarily

demethylate H3K4me1 and H3K4me2 (Chen

et al. 2006; Nicholson and Chen 2009). (2) The
Jumonji-related (JOR or JmjC) enzymes are 2-

oxoglutarate/iron-dependent dioxygenases of

the double-stranded b-helix fold (Fig. 2C) and
are by far the most prevalent demethylases in

eukaryotic chromatin (Klose et al. 2006; Tsu-

kada et al. 2006; Iyer et al. 2010; Aravind et al.
2011). Unlike LSD1-demethylases, these can de-

methylatemono-, di-, and trimethylated lysines,

and perhaps the different forms of methylated
arginines. Somemembers of this family also cat-

alyze formation of other potential epigenetic

marks such as hydroxylated asparagine in pro-
teins and RNA modifications (e.g., modified

base hydroxywybutosine in tRNA) (Elkins

et al. 2003; Iyer et al. 2010). Strikingly, unlike
the SET and Rossmann-fold methylases, both

LSD1 and JOR/JmjC demethylases are absent

in the parabasalids and diplomonads (Iyer
et al. 2008b), raising the possibility that there

was no active mechanism for resetting methyl

marks in the LECA.
Readers of methyl marks include structur-

ally diverse domains (Yap and Zhou 2010): (1)

simple globular domains such as the chromo-
like domains with the SH3 fold (Fig. 2D) and

possibly catalytically inactive versions of the

L. Aravind et al.
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JOR/JmjC domain (Jacobs and Khorasaniza-

deh 2002; Maurer-Stroh et al. 2003; Brehm et
al. 2004; Shimojo et al. 2008). By far, chromo-

like domains constitute the most versatile class

of methylated histone-binding domains, recog-
nizing methylation at H3K4, H3K9, H3K27,

H3K36, and H4K20. The initial radiation of

the chromo-like domains in eukaryotes appears
to coincidewith the expansion of protein meth-

ylases that happened before the LECA (Aravind

et al. 2011). (2) Metal-chelation-supported do-
mains include versions of the treble-clef fold

typified by the PHD-finger domain and its

structural derivatives, which specialize in recog-
nition of H3K4me2/3 and H3K9me2/3 and

might also bind H3K14ac, H4S, acetylated ami-

no termini of histone, and nonacetylated pep-
tides (Chakravarty et al. 2009). At least a single

copy of the methylated H3K4-recognizing PHD

finger is inferred as having been present in the
LECA. (3) Superstructure-forming repeats that

include versions of the WD40 and ankyrin re-

peats bind methylated histones (Collins et al.
2008; Trievel and Shilatifard 2009), of which at

least the former might have been present in the

LECA.
Strikingly, close homologs of all methylases

and demethylases involved in eukaryotic epige-

neticmodification are found in bacteria as com-
ponents of biosynthetic systems for secondary

metabolites, such as antibiotics and sidero-

phores, from modified amino acids or peptides
(Aravind et al. 2011). In some cases, these do-

mainsmight be embedded within gigantic mul-

tidomain synthetases for nonribosomally syn-
thesized peptides (e.g., the SET domain in

plipastatin synthetase subunit D) or in operons

for biosynthesis of metabolites (e.g., the Dot1-
related methylase NigE in the polyether anti-

biotic nigericin gene cluster) (Walsh 2003;

Walsh et al. 2005; Tsuge et al. 2007; Aravind
et al. 2011). Moreover, both Dot1-like and SET

methylases are also found as effectors secreted

into eukaryotic hosts by various endosymbio-
tic and parasitic bacteria (Fig. 4). Similarly,

bacterial homologs of classical SH3 and chro-

mo-like domains are found in secreted or peri-
plasmic proteins associated with peptidoglycan

(Fig. 4).

PROTEIN ACETYLATION-DEPENDENT
SYSTEMS

The ancient superfamilyofN-acetyltransferases,

typifiedby theGCN5 (GNATdomain) (Fig. 2E),
catalyze lysine and amino-terminal acetylation

(Fig. 1, No. 2), which act as major epigenetic

marks in chromatin (Neuwald and Landsman
1997; Dutnall et al. 1998; Liu et al. 2008). Some

of these have also been recently shown to cata-

lyze addition of other acyl groups (e.g., cro-
tonyl) to histones (Montellier et al. 2012). At

least 14 distinct families of the GNATsuperfam-

ily have specialized roles in eukaryotic chroma-
tin, of which conservatively four can be traced

back to the LECA (Iyer et al. 2008b). Of these,

one targeted H3 (Gcn5-like) and a second H4
(Esa1-like) to respectively specify transcription-

ally active and silent states (Durant and Pugh

2006). The third (Elp3-like) targeted both these
histones simultaneously in the context of tran-

scription elongation (Wittschieben et al. 1999;

Winkler et al. 2002). In contrast, the fourth
activity (Kre33) is apparently directed toward

chromatin-associated ribonucleoprotein com-

plexes and is needed for ribosomal assembly
(Oeffinger et al. 2007; Ossareh-Nazari et al.

2010). Elp3p and Kre33p have clear archaeal

cognates suggesting an inheritance from the
archaeal progenitor of eukaryotes. On several

occasions lineage-specific GNATs introduc-

ing acetyl marks in eukaryotic histones were
acquired repeatedly from bacteria, in which

several GNATs acetylate side chains of peptide-

derived antibiotics as part of resistance mecha-
nisms or polyamines as part of their assimila-

tion (Fig. 1, No. 2) (Leipe and Landsman 1997;

Forouhar et al. 2005; Ramirez and Tolmasky
2010).

Acyl modifications are reversed (Fig. 1, No.

2) by two groups of histone deacetylases belong-
ing to structurally distinct superfamilies, name-

ly, the RPD3/HDAC (Fig. 2F) superfamily and

the sirtuin (Sir2) superfamily (Fig. 2G) (Leipe
and Landsman 1997; Avalos et al. 2004; Blander

and Guarente 2004), both of which are inferred

as being present in the LECA (Iyer et al. 2008b).
Prokaryotic members of both superfamilies

from which the eukaryotic representatives were

Provenance of Eukaryotic Epigenetics
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derived appear to have played predominantly

metabolic roles. Representatives of the RPD3/
HDAC superfamily appear to have a role in ace-

toin/polyamine metabolism (Ramirez and Tol-

masky 2010), whereas those of the sirtuin su-
perfamily regulate acyl CoA biosynthesis and

nicotinamide dinucleotide (NAD) metabolism

(Avalos et al. 2004; de Souza and Aravind
2012). In addition to a representative from the

archaeal precursor, eukaryotes appear to have

acquired several sirtuins from bacteria in the
course of their evolution. Acetylated peptides

on histone H3 and H4 are primarily recognized

by the tetrahelical bromo domain (Zeng and
Zhou 2002), of which at least four representa-

tives can be traced to the LECA. The presence of

a bromo domain in the basal transcription fac-
tor TAF1 and the Fsh/BDF1 protein that inter-

acts with acetylated H4 in association with

TFIID indicates an ancestral role for reading
of acyl marks in regulation of transcription ini-

tiation (Martinez-Campa et al. 2004; Durant

and Pugh 2006).

PHOSPHORYLATION-DEPENDENT
EPIGENETIC MARKS

From the earliest studies on signaling it became
clear that eukaryotes use a wide array of serine/
threonine/tyrosine (STY) kinases (Fig. 1, No. 3)
as opposed to histidine kinase-dependent phos-
photransfer relays that are dominant in bacteria

(West and Stock 2001; Manning et al. 2002).

Phosphorylation of residues as epigenetic marks
is typified by histone phosphorylation at a wide

range of positions catalyzed by more than 10

distinct lineages of kinases in eukaryotes: his-
tone H2AS1; variant histone H2AXS139 and

Y142; histone H2B S14; histone H3T3, S10,

S11, S28, Y41, and T45; and histone H4S1 (Ros-
setto et al. 2012; Zentner and Henikoff 2013).

These marks are functionally distinct from

other phosphorylation-dependent events in
the sense that they specify distinct chromatin

states as opposed to being a switch for initia-

tion of a catalytic cascade (e.g., kinase cascades)
(Johnson and Hunter 2005). Reconstruction of

the phosphorylation landscape in the LECA is

not easy owing to the general promiscuity of
kinases in terms of targets and their lack of di-

agnostic fusions to chromatin-protein-specific

domains. However, certain ancient STY-kinase
clades such as the casein-kinase/NHK-1-like,

the Ste20/Mst-like and ATM-like (belonging

to the lipid kinase clade) clades appear to have
been present in the LECA suggesting that his-

tone phosphorylation marks catalyzed by them

were probably present. Additionally, the LECA
can also be inferred as possessing the unique

H2AX Y142-specific WSTF kinase (Xiao et al.

2009). This enzyme is structurally and mecha-
nistically unrelated to the STY kinases (Fig. 2H)

and contains a catalytic cysteine that mediates

phosphotransfer.
In the course of eukaryotic evolution several

additional histone kinases were acquired: the

CDK8 kinase with the cyclin-C partner as part
of the Mediator Cdk8 complex (Conaway and

Conaway 2011), CDK7 with the cyclin-H part-

ner as part of the TFIIH complex (Egly andCoin

Figure 4. (Continued) A comparison of protein contexts of domains involved in eukaryotic epigenetic systems
with domain and genome contexts of their prokaryotic counterparts. Proteins and operons are labeled by their
names, Genbank index (GI), and species name. For operons, the name is derived from the principal domain
being compared between the prokaryotic and eukaryotic versions. Eukaryotic versions are shown in a yellow
background. Operons are shown as arrows with the arrowhead pointing to the gene in the 30 orientation of the
coding strand. Prokaryotic representatives were divided as those that are either involved in bacterial secondary
metabolism systems (S), toxin/effector systems (T), or restriction-modification (R) systems. All domains are
labeled as in the text or as per the Pfam database. HIT, Histidine triad; wH, winged helix-turn-helix; K-Kelch,
TUDOR, and BAH/BAM are chromo-like SH3 fold domains; WXG, the ESX/Type 7 secretory system domain;
NADA, the NADAR domain involved in ADP-ribose metabolism; ARG, ADP-glycohydrolase, GTase, glycosyl-
tranferases; Cys, cysteine-rich domain; aGPTPPlase, a-glutamyl/putrescinyl thymine pyrophosphorylase;
MutT, NUDIX, HNH, metal-chelating endonuclease domain; SpvB, a domain of the SpvB-type secretory
system; PADR1, domain is found in PARPs (poly-ADP-ribose polymerases); brC, bromo-carboxy-terminal
domain; GCS2, glutamyl cysteine synthetase-2; DTC, DTX-specific domain; APendo, AP endonuclease.
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2011), haspin-like kinases with a distinctive

amino-terminal domain of the kinase module
(Higgins 2010), and the JAK tyrosine kinases

with a duplication of the kinase module (Grif-

fiths et al. 2011). In terms of resetters of phos-
phate marks, the situation in the LECA is rather

unclear. It appears that the EYA-like HAD-fold

phosphatase (Fig. 2I) that resets H2AX Y142P
(Cook et al. 2009; Krishnan et al. 2009) is un-

likely to have been present owing to its absence

in most basal eukaryotic lineages. However, cal-
cineurin-like ST phosphatases were definitely

present in the LECA suggesting that these could

have potentially reset any phosphate marks on
serines or threonines. Among readers of phos-

phate marks the conserved 14-3-3 module

comprised of a-a repeats, the all-b FHA, SJA/
FYR, and BRCT domain (both with a/b folds)

(Fig. 2J) are traceable to the LECA (Lloyd et al.

2009; Zippo et al. 2009; Garcia-Alai et al. 2010;
Singh et al. 2012). However, the histone H3T3-

binding BIR domain appears to be a later inno-

vation in eukaryotic evolution, probably emerg-
ing concomitantly with haspin-like kinases that

modify the position recognized by them (Jeya-

prakash et al. 2011).
Although almost all archaea contain a few

S/T/Y kinases, they lack the rich diversity of

kinase domains that can be reconstructed as
being present in the LECA (Leonard et al.

2004; Kannan et al. 2007; Aravind et al. 2010).

However, certain bacteria such asmyxobacteria,
cyanobacteria, and actinobacteria have a rich

array of STY kinases related to and comparable

to those seen in eukaryotes (Kannan et al. 2007;
Aravind et al. 2010). Such STY kinases are also

seen as part of biosynthetic operons for lanti-

biotics where they phosphorylate S/T to gener-
ate an intermediate for dehydration (Goto et al.

2010). Related kinases are also the active prin-

ciple of secreted host-targeting effectors of sev-
eral pathogens and polymorphic toxins used

in interbacterial conflicts (Zhang et al. 2012).

This raises the possibility that, like eukaryotic
protein methylases, S/T/Y kinases (except the

unique WSTF) were also acquired by the stem

eukaryote from bacteria followed by explosive
proliferation before the LECA. Like kinases,

even the FHA and BRCT domains appear to

have been acquired from bacteria, in which the

latter domain functions as a DNA end-binding
domain in the context of DNA repair (Mueller

et al. 2008). Other than histones, lineage-spe-

cific secreted STY kinases (e.g., Golgi casein-
kinase/FAM20 and silaffin kinase) phosphory-

late low-complexity extracellular matrix pro-

teins with specific patterns of serine/threonine
residues or sugars establishing an epigenetic

code for directing biomineralization of tissue

matrix (Sheppard et al. 2010; Tagliabracci et al.
2013). These kinases have been derived from

related secreted kinases from bacteria (e.g.,

Haliangium gi: 262197627).

THE UBIQUITIN SYSTEM

Until recently, the triligase system comprised of

E1, E2, and E3 enzymes and deubiquitinases

(DUBs), which respectively link Ub or related
Ubls to lysine through an isopeptide bond

(more infrequently to cysteines, terminal NH2,

and lipids) and remove them through hydroly-
sis, were considered a unique feature of eukary-

otes (Hochstrasser 2009). However, it has be-

come clear that prokaryotes possess a diverse
array of antecedents of eukaryotic Ub systems

(Fig 1, No. 4), which include simple versions

with just E1s, those with E1 and E2, and com-
plete triligase systems with RING finger E3s

(Fig. 3A) and JAB domain DUBs (Nunoura

et al. 2011; Burroughs et al. 2012). Thus, the
Ub system appears to have emerged in its com-

plete form first in prokaryotes and was acquired

in toto by the ancestral eukaryote from a pro-
karyotic source (Fig. 5). By the time of the LECA

this system had undergone a spectacular expan-

sion with about 7 E1, 20 E2s, and at least 18
RING domain E3s (Burroughs et al. 2012). Al-

though poly-Ub tags were initially described for

their role in proteasomal protein degradation,
it is now clear that several of thesemodifications

have signaling and epigenetic roles. In terms of

the latter, the best known are the mono-Ub
marks on histones: H2AK119, H2BK120, and

H4K91, which are respectively introduced by

the RING1/Bmi (part of polycomb repressive
complex), RNF20/RNF40, and DTX3L clades

(Lanzuolo and Orlando 2012; Wright et al.
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2012; Zentner and Henikoff 2013). Of these,

only RNF20/RNF40, and hence, H2B ubiquiti-
nation, can be traced to the LECA (Fig. 5).

Other than histones, nuclear proteins, espe-

cially specific transcription factors and chroma-
tin proteins, are significantly overrepresented

among targets of the Ubl, SUMO, which is con-

jugated by a distinctive variant of the RING E3

ligase (Fig. 3B), the MIZ finger (Heun 2007;
Venancio et al. 2009). At least a subset of these

nuclear SUMO modifications potentially func-

tions as epigenetic marks. Divergence of the
classical RING and MIZ E3s predated the

LECA: given the preponderance of SUMO tar-
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Figure 5. Evolutionary origins of various domains involved in eukaryotic epigenetic systems. Using a eukaryotic
tree as reference, the source and the reconstructed points of acquisition of various domains involved in epi-
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gets among nuclear proteins, it is conceivable

that Ub-SUMO divergence and the parallel di-
vergence of their respective E3s corresponded to

the emergence of the eukaryotic nucleus. More-

over, the origin of SUMO also probably marked
the emergence of specific nuclear substructures

such as the nucleolus and the so-called pro-

myelocytic leukemia (PML) bodies (Heun 2007;
Lallemand-Breitenbach and de The 2010). In

the course of eukaryotic evolution, additional

Ub E3 ligases emerged to introduce epigenetic
marks in histones, such as the RING finger do-

main of themetazoan Rag1 recombinase, which

modifies histone H3 as part of marking sites for
immune receptor diversification (Grazini et al.

2010). Ub-binding UBA and the “little finger”-

type Zn-ribbon domains are found in several
chromatin proteins and are inferred as being

present from the LECA itself (Fig. 5).

Although eukaryotes acquired JAB-type
DUBs (Fig. 3C) as part of the multicomponent

Ub systems inherited from prokaryotes (Bur-

roughs et al. 2011), they also show two other
peptidase superfamilies asDUBs, namely,WLM

metallopeptidases and diverse papain-like pep-

tidases (Fig. 3D). To date the latter superfamilies
of peptidases have never been found in associa-

tion with any prokaryotic Ub-like systems. Ver-

sions of both of these, including the OTU-like
and SMT4/ULP1-like deSUMOylases are abun-

dantly represented among effectors of endosym-

biotic bacteria (especially amoebozoan endo-
symbionts such as Amoebophilus andOdyssella)

(Fig. 4), and several bacterial toxins, suggesting

that theywere probably recruited independently
from such systems (Schmitz-Esser et al. 2010;

Zhang et al. 2012).

OTHERPEPTIDETAGSADDEDTOPROTEINS

Eukaryotes also showa range of nonribosomally
synthesized peptides that modify carboxyl ter-

mini or side chains of proteins (Fig. 1, No. 5)

with tyrosyl, polyglutamyl, or polyglycyl moie-
ties ranging in size from a single amino acid to

more than 20 amino acids (Janke et al. 2008;

Fukushima et al. 2009). These modifications
are best known in the carboxy-terminal tails of

a- and b-tubulin and are catalyzed by ATP-

grasp enzymes of the TTL family (Fig. 2K). A

subset of polyglutamylases and polyglycinases
also modify the histone chaperones NAP1 and

NAP2 (Janke et al. 2008). Thus, these modifi-

cations could serve as epigenetic marks both
in the cytoplasm and nucleus. The TTL family

is inferred as having already diversified in the

stem eukaryote with at least four to five versions
capable of different modifications in the LECA

(Fig. 5). This is consistent with the reconstruc-

tion of the LECA as a multiflagellated organism
utilizing epigenetic tags for organization of its

microtubular cytoskeleton (Simpson et al. 2006;

Zhang and Aravind 2012). Eukaryotes with ex-
panded ciliary cytoskeletons, such as ciliates

and parabasalids, show massive expansions of

TTLs consistent with emergence of intricate,
epigenetic mechanisms for ciliary positioning.

Members of the TTL family arose as part of the

vast radiation of ATP-grasp enzymes in bacteria
secondarymetabolism systems (Iyer et al. 2009).

A subset of bacterial TTLs appears to function

as modifiers of certain small membrane pro-
teins with glutamate- and lysine-rich tails,

whereas others appear to be effectors of endo-

parasitic legionellae (Fig. 4). It is probable that
acquisition of such an enzyme from an endo-

symbiont was a key event in the emergence of

the cytoskeleton of the stem eukaryote (Iyer
et al. 2009).

ADP RIBOSYLATION

Numerous eukaryotic proteins, including his-

tones, are both mono- and poly-ADP-ribosy-
lated (Fig. 1, No. 6). PolyADP ribosylation of

lysine with more than 200 ADP-ribose units

in nucleosomal histones helps specify open
chromatin states associatedwith enhanced tran-

scription and DNA repair (Ame et al. 2004;

Zentner and Henikoff 2013). Although mem-
bers of the sirtuin superfamily can catalyze

mono-ADP ribosylation, the best-understood

modifications of histones are catalyzed by the
poly-ADP-ribose polymerase (PARP) family

(Fig. 4E) that belongs to the ADP-ribosyltrans-

ferase (ART) superfamily (Laing et al. 2011; de
Souza and Aravind 2012). At least two PARPs,

including the histone-modifying PARP1 are
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reconstructed as being present in the LECA

(Citarelli et al. 2010). However, in the course
of eukaryotic evolution they expanded exten-

sively giving rise to other clades such as the

telomere-protein-modifying tankyrase and the
vPARP, which is a subunit of the vault, a small

noncoding RNA-associated organelle (Citarelli

et al. 2010). Thus, use of ADP ribosylation as an
epigenetic mark might extend beyond histones.

Clear bacterial antecedents of the PARPs were

recently identified among the toxin domains of
bacterial toxins secreted via the novel PVC se-

cretory system (Zhang et al. 2012). Thus, PARPs

emerged as part of the dramatic diversification
of ARTs among bacterial toxins, which have

evolved a wide range of specificities to target

diverse proteins including specific highly mod-
ified amino acids such as diphthamide (Cory-

nebacterium diptheriae ART) (Fig 1, No. 6)

(Laing et al. 2011). Indeed, ARTs related to tox-
ins and effectors of endosymbionts, such as

Waddlia, and entomotoxic bacteria have been

independently acquired by certain eukaryotic
lineages (e.g., Neuralized, a eukaryotic protein

ART and ARTs-modifying guanine in DNA ac-

quired by lepidopterans as regulators of apopto-
sis) (de Souza and Aravind 2012; Zhang et al.

2012). LikeARTs, a potential readerof thismod-

ification, theMACROdomain, and two types of
ADP-ribohydrolases (Fig. 3F), which remove this

mark, have been acquired from bacterial type-II

toxin-antitoxin systems (Fig. 4) (de Souza and
Aravind 2012).

PROTEIN TAGGING BY GLYCOSYL,
NUCLEOTIDYL, AND RELATED MOIETIES

Themajority of eukaryotic proteins are believed
to be glycosylated, with distinct pathways for

N-linked and O-like glycosylation, and separate

nuclear and endoplasmic systems for the latter
(Zoldos et al. 2013).However, epigenetic roles of

glycosylation are poorly understood, except for

recent studies on b-N-acetylglucosamine mod-
ification of serine/threonine in histones H2A,

H2B, and H4 by the glycosyltransferase OGT,

and its removal by the glycohydrolase OGA
(Fig. 1, No. 7) (Hanover et al. 2012; Zentner

and Henikoff 2013). This modification can

compete with phosphorylation and has been

implicated in specifying both repressive and ac-
tive chromatin states probably modulated by

nutrient availability (Hanover et al. 2012). OGT

(Fig. 3G) with carboxy-terminal tetratricopep-
tide repeats can be traced to the LECA (Fig. 5),

but appears to have been lost in several line-

ages suggesting that it is not an essential modi-
fication in several eukaryotes. OGA in contrast

is a later acquisition from bacteria probably

entering only in the common ancestor of ani-
mal, fungi, and amoebozoa (Fig. 5). Recently,

another widespread eukaryotic OGT clade pro-

totyped by GREB1 was identified (Iyer et al.
2013). It combines an O-glycosyltransferase to

an amino-terminal circularly permuted super-

family-II helicase domain and binds DNA, sug-
gesting that it might generate potential epige-

netic marks by modifying chromatin proteins

or hydroxylated DNA bases.
Like the OGTs, the Fic/Doc superfamily

(Fig. 2L) targets hydroxyl groups of protein

side chains. At least a single member of this
superfamily can be inferred as present in the

LECA (Fig. 5). Members of this family possess

diverse protein modification activities such
as AMPylation, UMPylation, and phosphoryl-

cholination of hydroxyl groups of serine, threo-

nine, or tyrosine in target proteins (Engel et al.
2012; Feng et al. 2012; Campanacci et al. 2013).

Although the specificity of versions traceable

to the LECA is not yet known, eukaryotes appear
to have subsequently acquired a second version

from bacteria (seen in animals, fungi, and

plants) typified by the human HYPE protein,
which AMPylates tyrosine side chains of the

cytoskeleton-regulating GTPase Rho (Worby

et al. 2009). This modification thus has the
potential for functioning as a cytoplasmic epi-

genetic mark. The Fic/Doc domains are major

toxin domains in bacteria among type-II toxin-
antitoxin systems, effectors targeting eukaryot-

ic hosts, and polymorphic toxins (Zhang et al.

2012). Like theireukaryotic cellularcounterparts,
most studied bacterial enzymes target host-sig-

naling enzymes and interfere with their action

(Engel et al. 2012; Campanacci et al. 2013).
In addition to reversible modifications,

certain epigenetic marks are also generated by
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irreversible modification of amino acid side

chains such as hydroxylation of asparagine, ly-
sine and proline (Fig. 1, No. 8), and deimination

of arginine (Fig. 1, No. 9) to form citrulline

(Dann et al. 2002; Vossenaar et al. 2003; Iyer
et al. 2010). Although 2-oxoglutarate-Fe-de-

pendent dioxygenases (2OGFeDOs) and JOR/
JmjC enzymes catalyzing the former modifica-
tions are apparently not found in parabasalids

and diplomonads, they are found in all other

eukaryotes; hence, it is not clear if these modi-
fications existed in the LECA (Iyer et al. 2010).

The citrulline-generating arginine deiminase

(Fig. 3H) appears to have been acquired by cer-
tain eukaryotic lineages such asmetazoans, fun-

gi, and Giardia on multiple occasions indepen-

dently from bacterial precursors involved in
modification of cell-surface peptides or arginine

metabolism (Aravind et al. 2011). Inmetazoans,

citrullination of arginines on histone H2A, H3,
and H4 appear to be nuclear epigenetic marks

(Vossenaar et al. 2003), whereas in Giardia it is

used to mark cytoplasmic tails of expressed var-
iant surface antigens (Touz et al. 2008).

LONG-CHAIN ACYL MODIFICATIONS:
POSSIBLE MEMBRANE-ASSOCIATED
EPIGENETICS?

In principle, modification of proteins by hydro-

phobic moieties could target them to specific

regions of inner or plasma membranes, there-
by facilitating transmission of epigenetic infor-

mation, especially in the context of asymmetric

cell divisions (Resh 2006). Although this is
poorly understood, an attractive candidate for

such a modification is S-palmitoylation of

cysteines (Fig. 1, No. 10) by the eukaryote-
specific DHHC domains (Blaskovic et al. 2013;

Linder and Jennings 2013). Indeed, proteins an-

cestral to all eukaryotes (i.e., tubulins and the
endoplasmic reticular chaperone calnexin [im-

plicated in transmission of epigenetic states])

(Beauregard et al. 2009) are targets for multiple
palmitoylations by these enzymes (Blaskovic

et al. 2013; Linder and Jennings 2013). Conser-

vatively, the ancestral eukaryote can be predict-
ed as possessing at least four to five DHHC

palmitoyltransferases (Fig. 5), with a major

expansion of these in the course of their later

evolution. In contrast, depalmitoylating en-
zymes of the a/b-hydrolase fold probably arose
much later via lateral transfer from bacteria

(Blaskovic et al. 2013).

EPIGENETIC MODIFICATIONS OF DNA

The most common DNA modification in eu-

karyotes is cytosine methylation (5mC) (Fig. 1,

No. 11) (Gommers-Ampt and Borst 1995).
Some eukaryotes also show methylation of ad-

enine on the NH2 group at the sixth position of

the purine ring (N6mA) (Fig. 1, No. 11)
(Gommers-Ampt and Borst 1995). Pyrimidines

with exocyclic methyl groups are also the focus

of oxidative modifications: hydroxylation of
thymine followed by O-glycosylation to b-D-

glucosyl-hydroxymethyluracil (base J) occurs

in euglenozoans (Borst and Sabatini 2008)
and comparable serial hydroxylation of 5mC

(Fig. 1, No. 11) to generate 5-hydroxymethylcy-

tosine (5hmC), formylcytosine, and carboxycy-
tosine in several eukaryotes (Pastor et al. 2013).

Recent studies also predict the potential forma-

tion of hypermodified thymines (conjugated to
glutamate or putrescine) in basidiomycete fun-

gi and certain chlorophytes from hydroxylated

thymine (Iyer et al. 2013). Another modifica-
tion, catalytic deamination of cytosine in DNA,

has thus far only been confirmed in vertebrates

(Rogozin et al. 2007), although detection of di-
vergent deaminase domains related to the DNA

deaminases point to a possibly more wide-

spread distribution of this modification (Iyer
et al. 2011b). Strikingly, unlike protein modifi-

cations, currently available genomic evidence

does not point to any conserved DNA-modifi-
cation machinery traceable to the LECA (Iyer

et al. 2011a). Barring the possibility of drastic

gene loss, DNAmethylation arose probably first
after the most basal “excavate” lineages had di-

verged from the rest of Eukarya.

All otherDNA-modification systems appear
to have been elaborated later and are often re-

stricted to a few eukaryotic lineages (Fig. 5). For

example, N6A methylation has been detected
only in ciliates and chlorophytes (Gommers-

Ampt and Borst 1995), and is predicted in the
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heterolobosean Naegleria and the rhodophyte

alga Cyanidioschyzon (Iyer et al. 2011a). The
biggest resource from which eukaryotic DNA-

modification enzymes were recruited comprises

systems deployed in intergenomic conflicts be-
tween bacteria and invasive DNA (Fig. 4), such

as viruses (Bickle andKruger 1993; Roberts et al.

2010; Iyer et al. 2011a). Eukaryotic DNA 5mC
methylases have been recruited from restriction-

modification systems on at least five distinct oc-

casions, including thewidely conserved versions
prototyped by DNMT1, DNMT2, and DNMT3

(Figs. 3I and 5), as well as several other lineage-

specific versions (Iyer et al. 2011a). Likewise,
reader domains with the PUA-like fold, which

discriminate betweenmethylated and unmethy-

latedDNA (SAD/SRA) (Fig. 3J) or recognize ox-
idizedmC derivatives (EVE) (Fig. 3K) have been

derived from hemimethylation and hmC-spe-

cific restriction systems, which are deployed by
bacteria to counter bacteriophage hmC-con-

taining DNA (Bickle and Kruger 1993; Iyer

et al. 2013; Spruijt et al. 2013). 2OGFeDOs of
the TET/JBP family (Fig. 3L), which oxidize

methylpyrimidines in DNA, have been acquired

from bacterial or phage sources on at least three
independent occasions. In the case of the eugle-

nozoan base J, phylogenetic analysis strongly

suggests that both the thymine hydroxylase
(JBP) and the subsequently acting glycosyl-

transferase have been acquired by transfer of a

complete operon encoding both these enzymes
from a phage similar to the Persicivirga phage

P12024L (Iyer et al. 2013). Interestingly, TET/
JBP domains are deployed as apparent host-di-
rected effectors by the eukaryote endoparasite

Legionella (Iyer et al. 2013). In a similar vein, the

origin of the eukaryotic cytosine deaminating
AID-APOBEC enzymes can be traced to the ra-

diation of such enzymes among bacterial effec-

tors deployed against eukaryotes (Iyer et al.
2011b).

EARLIEST EUKARYOTES POSSESSED
A RICH ARRAY OF EPIGENETIC
MODIFICATIONS

Epigenetic protein modifications are ubiqui-

tous acrossmajor eukaryotic lineages and a sub-

set of enzymes catalyzing modifications, such

as methylation, acetylation, phosphorylation,
and Ub/Ubl conjugation, is even present in

minimal eukaryotic genomes such as micro-

sporidians and Entamoeba (Iyer et al. 2008b).
Thus, transmission of certain types of epige-

netic information appears to be essential for

eukaryotic life. Irrespective of uncertainties
in the higher order phylogeny of eukaryotes

(Simpson et al. 2006; Iyer et al. 2008b; Cava-

lier-Smith 2009), the LECA can be reconstruct-
ed as possessing a richly diversified apparatus

for epigenetic tagging of proteins (Fig. 5). This

includes multiple encoder enzymes for methyl-
ation, acetylation, phosphorylation, glycosyla-

tion, Ub/Ubl conjugation, peptide tagging,

and ADP ribosylation (Manning et al. 2002;
Iyer et al. 2008b; Citarelli et al. 2010). Likewise,

at least one type of reader domain for most of

these modifications can also be inferred in the
ancestral eukaryote (Iyer et al. 2008b). However,

in most cases there is less certainty about the

presence of resetters in the LECA (e.g., strong
evidence for the absence of demethylases) (Fig.

5). Thus, both chromatin-based and cytoskele-

tal epigenetic transmissions were already in
place in the ancestral eukaryote and probably

accompanied the initial expansion of low-com-

plexity regions typical of eukaryotic proteins
(Babu 2012; Cumberworth et al. 2013). By tar-

geting such regions for modification, these en-

coder enzymes and reader domains consider-
ably extended the “information content” and

functional significance of conserved targets

originally inherited from the archaeal progeni-
tor (histones, tubulins, and ribosomal proteins)

or innovated early in eukaryotic evolution (e.g.,

calnexins) (Fig. 5) (Dacks and Doolittle 2001;
Sandman and Reeve 2005; Yutin and Koonin

2012). Thus, these ancient mediators of epige-

netics tend to show a strong vertical pattern of
inheritance alongside their conserved targets.

However, subsequent evolution of the encoders

is marked by numerous instances of duplica-
tions to form new conserved groups of paralogs,

gene loss, and above all lineage-specific expan-

sions (e.g., secreted SET domains in both dia-
toms and the rhizarian Bigelowiella and JOR/
JmjC domains in the latter associatedwith spec-
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ifying extracellular self-organizing structures).

Continuing lateral transfers from bacteria,
such as of the secreted FAM20 kinases, have

been central to the emergence of specific eu-

karyotic adaptations, such as phosphate-rich
biomineralized matrices (Fig. 5).

ANTECEDENTS OF EUKARYOTIC
EPIGENETIC SYSTEMS IN BACTERIAL
CONFLICT SYSTEMS

Interestingly, barring few apparent exceptions

like palmitoylation, the vast majority of epige-

netic systems from eukaryotes appear to share
key components with systems involved in pro-

karyotic genomic and interorganismal conflicts

(Fig. 4) (Aravind et al. 2011, 2012). The latter
cover a disparate set of systems including (1)

those deployed in conflicts between bacteria

and their phages (e.g., restriction and restric-
tion-modification systems and phage DNA

hypermodification systems) (Makarova et al.

2012). A comparable set of effector domains,
typified by those from toxin-antitoxin systems,

are deployed in both intra- and intergenomic

conflict systems (Leplae et al. 2011). (2) Secret-
ed toxins or effectors deployed in intraspecific

and interspecific interactions. These include

polymorphic toxins used in interbacterial con-
flicts and effectors secreted by pathogens and

endosymbionts to control/alter host cellular

processes (Zhang et al. 2012). (3) Systems for
synthesis andmodification of secondarymetab-

olites (Walsh 2003). Some of these (antibiotics)

are directly used in conflicts with competitors,
whereas others like siderophores and signaling

molecules are subjects of conflicts owing to

siderophore “stealing” and predatory interac-
tions (Barry and Challis 2009). Further, several

defense mechanisms against toxic secondary

metabolites involve their enzymatic modifica-
tion by acetylases, methylases, kinases, and oth-

er enzymatic domains also seen in epigenetic

encoders (Ramirez and Tolmasky 2010).
Links between DNA-based defenses and

countermeasures in bacteria-phage conflicts

and DNA-modifying epigenetic systems are
rather direct because modifiers and readers are

used in a similar capacity (Fig. 4). In particular,

phages have evolved a large array of unusual,

modified DNA bases, which apparently serve
both as epigenetic marks for headful packaging

of their genomes into capsids and evasion of

host restriction (Gommers-Ampt and Borst
1995; Lobocka et al. 2004; Iyer et al. 2013). Like-

wise, secreted toxins/effectors function just

like their eukaryotic epigenetic counterparts
in terms of the modifications they catalyze.

Notably, bacterial endosymbionts/parasites of
amoebozoa and metazoans, such as Legionella,
Amoebophilus, Protochlamydia, and Odyssella

secrete a large panoply of effectors that possess

catalytic domains spanning most of the pro-
tein and DNA-modifying epigenetic systems

deployed by eukaryotes (Fig. 4). Importantly,

some of these endosymbionts like Odyssella

are phylogenetically close to the alphaproteo-

bacterial progenitor of the mitochondrion

(Georgiades et al. 2011), suggesting that the lat-
ter might have been an important player in the

acquisition of such domains by the stem eu-

karyote (Aravind et al. 2012). Prokaryotic me-
tabolites are often synthesized via serial enzy-

matic modifications from amino acid or short

peptide precursors (e.g., b-lactam antibiotics
from tripeptides) (Walsh 2003). The short

peptide substrates of these enzymes resemble

peptide segments, especially those in free con-
formations from low-complexity tails of eu-

karyotic proteins (Iyer et al. 2009; Cumber-

worth et al. 2013). Thus, actions of eukaryotic
epigenetic modifiers closely mimic modifica-

tions of precursors in secondary metabolite

biosynthesis (Fig. 1).
These conflict systems are important foci

for intense innovation of new activities because

of constant selective pressures arising from re-
sistance and the need for evasion in the case of

siderophore stealing and predatory targeting

of secreted signals. In contrast to the innova-
tion-fostering positive selection that confronts

the bacterial systems, the eukaryotic systems

are often characterized by stronger conserva-
tion, indicative of an innovation-curtailing ten-

dency for purifying selection (Iyer et al. 2008b).

Thus, the bacterial systems can be conceptual-
ized as crucibles for generation of a startling

array of new activities that were then “import-
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ed” by lateral transfer to eukaryotes. This pro-

vides a coherent explanation for the apparent
spurt of innovation of new systems in early

eukaryotes, which might be contrasted to the

later evolutionary trends characterized by con-
servation or at most lineage-specific expan-

sion of preexisting domains. A notable finding

furnished by comparative genomics is that the
above three apparently distinct categories of

bacterial conflict systems in turn share several

catalytic components between themselves
(Fig. 4). For example, kinases, different types

of methylases, acetylases, glycosyltransferases,

and base deaminases, are used both in second-
ary metabolism systems and secreted toxins/
effectors (Reinert et al. 2005; Iyer et al. 2011b;

Zhang et al. 2012). Similarly, diverse endonu-
cleases, TET/JBPproteins, and glycosyltransfer-
ases are shared between DNA restriction/mod-

ification systems and secreted toxins/effectors.
This indicates that innovations occurring in one

system can be channeled to another, thereby

increasing the potential for newer catalytic in-
ventions. Importantly, channeling of adapta-

tions from secondary metabolism and DNA

restriction/modification systems to effector sys-
tems delivered into eukaryotic hosts by endo-

symbionts could have provided the direct con-

duit for such adaptations right from the earliest
endosymbiotic events in eukaryogenesis.

BIOGEOCHEMICAL CONSIDERATIONS

Diversification of secondarymetabolism in bac-

teria is conspicuous for the high oxygen content
and oxidation states of the emergent metabo-

lites (Walsh 2003). This is a direct consequence

of introduction of molecular oxygen into me-
tabolites by enzymes; especially double-strand-

ed b-helix dioxygenases and NAD/FAD-de-
pendent Rossmann-fold dehydrogenases (Iyer
et al. 2010). Two major superfamilies (JOR/
JmjC and 2OGFeDO) of the former dioxygena-

ses also use 2-oxoglutarate, a tricarboxylic acid
(TCA) cycle metabolite as a cosubstrate. These

observations indicate availability of free molec-

ular oxygen and a functional TCA cycle (Iyer
et al. 2010). Although hotly debated, prokary-

otic life was perhaps present on Earth for at

least ≏3.5 billion years (Altermann and Kaz-

mierczak 2003; Brasier et al. 2006); however,
molecular oxygen became abundant only after

the great oxygenation event (GOE) around 2.4

billion years ago (Frei et al. 2009), perhaps re-
leased by cyanobacterial photosynthesis (Flan-

nery and Walter 2012). This suggests that the

explosive expansion of secondary metabolism
was a direct consequence of the GOE, probably

occurring shortly after fixation of the TCAcycle.

The TCA cycle, in addition to supplying metab-
olites, probably provided greater energetic ca-

pabilities to support lifestyles with an expanded

secondary metabolism.
Importantly, diversification of these oxy-

gen-utilizing enzymes gave rise to key compo-

nents of epigenetic systems, such as the LSD1
and JOR/JmjC histone demethylases, TET/
JBPmethylpyrimidine 2OGFeDOs, prolyl, lysyl,

and asparaginyl dioxygenases. This suggests that
the emergence of oxidative epigenetic modifi-

cations of proteins and nucleic acids was coeval

with or postdated the GOE (Iyer et al. 2010).
Importantly, these modifications are central to

resettingmethylmarks in both proteins and nu-

cleic acids (Klose et al. 2006; Iyer et al. 2010;
Pastor et al. 2013); hence, their emergencemight

have allowed methyl modifications to be used

dynamically, making them a major component
of the epigenetic code in nuclear, cytoplasmic,

and extracellular contexts. The GOE was also

responsible for the genesis of more than half
the known minerals on Earth (Hazen 2010),

including phosphates that probably formed in

shallow seas owing to oxidation by molecular
oxygen (Papineau et al. 2012). Given the impor-

tance of phosphates in biomineralizedmatrices,

it is likely that the GOE also facilitated the use of
secreted kinases as a mechanism for generation

of such.

CONCLUDING REMARKS

The origin of eukaryotes has long been regarded
as a “major evolutionary transition” requiring

explanations beyond the quotidian evolution-

ary processes shaping the forms and genomes
of organisms under usual conditions (Maynard

Smith and Szathmáry 1999). Teleologies, such
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as relaxation of selective constraints with con-

comitant paralog formation and accumulation
of low-complexity segments in proteins, have

been proposed as general explanations of this

event (Lynch 2007). However, until recently
there has been little proximal understanding

of the actual steps leading to it, in particular,

the numerous new and parallel inventions that
occurred independently of paralog formation

and rapid divergence in the stem eukaryotes.

One key set of these innovations (i.e., epigenetic
modifications), which are closely tied to the or-

igin of the nucleus can now be seen in large

part as emerging from a rich pool of biochem-
istries, and which first evolved in the context of

bacterial conflict systems—in a sense “peace-

time” use of “war-time” inventions (Aravind
et al. 2012). The explosive spurt of innovation

seen in these systems also displays imprints of a

major geochemical event that shaped the Earth,
the GOE. Thus, in the early endosymbiotic

associations resulting in eukaryogenesis bacte-

rial endosymbionts were not passive partners
in a metabolic mutualism (Lopez-Garcia and

Moreira 1999) but active manipulators of the

archaeal host’s biology, much like extant endo-
symbionts. This very manipulation, perhaps in

more than one way, favored the emergence of a

protective barrier for the host genome, the nu-
cleus (Koonin 2006; Jekely 2008; Aravind et al.

2012), while enabling “domestication” of many

of these manipulation strategies as purveyors of
epigenetic information.
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Maynard Smith J, Szathmáry E. 1999. The origins of life:
From the birth of life to the origin of language. Oxford
University Press, Oxford, New York.

Miranda TB,Webb KJ, Edberg DD, Reeves R, Clarke S. 2005.
Protein arginine methyltransferase 6 specifically methyl-
ates the nonhistone chromatin protein HMGA1a. Bio-
chem Biophys Res Commun 336: 831–835.

Mochizuki K. 2010. DNA rearrangements directed by non-
coding RNAs in ciliates. Wiley Interdiscip Rev RNA 1:

376–387.

Montellier E, Rousseaux S, Zhao Y, Khochbin S. 2012. His-
tone crotonylation specifically marks the haploid male
germ cell gene expression program: Post-meiotic male-
specific gene expression. Bioessays 34: 187–193.

Mueller GA, Moon AF, Derose EF, Havener JM, Ramsden
DA, Pedersen LC, London RE. 2008. A comparison of
BRCT domains involved in nonhomologous end-join-
ing: Introducing the solution structure of the BRCT do-
main of polymerase l.DNARepair (Amst) 7: 1340–1351.

Muller J, Hart CM, Francis NJ, VargasML, Sengupta A,Wild
B, Miller EL, O’Connor MB, Kingston RE, Simon JA.
2002. Histone methyltransferase activity of a Drosophila
polycomb group repressor complex. Cell 111: 197–208.

Neuwald AF, Landsman D. 1997. GCN5-related histone N-
acetyltransferases belong to a diverse superfamily that
includes the yeast SPT10 protein. Trends Biochem Sci
22: 154–155.

Nicholson TB, Chen T. 2009. LSD1 demethylates histone
and non-histone proteins. Epigenetics 4: 129–132.

Nunoura T, Takaki Y, Kakuta J, Nishi S, Sugahara J, Kazama
H, Chee GJ, Hattori M, Kanai A, Atomi H, et al. 2011.
Insights into the evolution of Archaea and eukaryotic
protein modifier systems revealed by the genome of a
novel archaeal group. Nucleic Acids Res 39: 3204–3223.

Oeffinger M, Wei KE, Rogers R, DeGrasse JA, Chait BT,
Aitchison JD, Rout MP. 2007. Comprehensive analysis
of diverse ribonucleoprotein complexes. Nat Methods 4:
951–956.

Ossareh-Nazari B, Bonizec M, Cohen M, Dokudovskaya S,
Delalande F, Schaeffer C, Van Dorsselaer A, Dargemont
C. 2010. Cdc48 and Ufd3, new partners of the ubiquitin
protease Ubp3, are required for ribophagy. EMBO Rep
11: 548–554.

Papineau D, Purohit R, Fogel ML, Shields-Zhou GA. 2012.
High phosphate availability as a possible cause for
massive cyanobacterial production of oxygen in the
Paleoproterozoic atmosphere. Earth Planet Sci Lett 362:
225–236.

PastorWA, Aravind L, RaoA. 2013. TETonic shift: Biological
roles of TET proteins in DNA demethylation and tran-
scription. Nat Rev Mol Cell Biol 14: 341–356.

Peterson CL, Laniel MA. 2004. Histones and histone mod-
ifications. Curr Biol 14: R546–R551.

Porras-Yakushi TR, Whitelegge JP, Clarke S. 2007. Yeast ri-
bosomal/cytochrome c SET domain methyltransferase
subfamily: Identification of Rpl23ab methylation sites
and recognition motifs. J Biol Chem 282: 12368–12376.

Ramirez MS, Tolmasky ME. 2010. Aminoglycoside modify-
ing enzymes. Drug Resist Updat 13: 151–171.

Reinert DJ, Jank T, Aktories K, Schulz GE. 2005. Structural
basis for the function of Clostridium difficile toxin B. J
Mol Biol 351: 973–981.

Resh MD. 2006. Palmitoylation of ligands, receptors, and
intracellular signaling molecules. Sci STKE 2006: re14.

Richards EJ, Elgin SC. 2002. Epigenetic codes for hetero-
chromatin formation and silencing: Rounding up the
usual suspects. Cell 108: 489–500.

Roberts RJ, Vincze T, Posfai J, Macelis D. 2010. REBASE—A
database for DNA restriction and modification: En-
zymes, genes and genomes. Nucleic Acids Res 38:

D234–D236.

Rogozin IB, Iyer LM, Liang L, Glazko GV, Liston VG, Pavlov
YI, Aravind L, Pancer Z. 2007. Evolution and diversifica-
tion of lamprey antigen receptors: Evidence for involve-
ment of an AID-APOBEC family cytosine deaminase.
Nat Immunol 8: 647–656.

Rossetto D, Avvakumov N, Cote J. 2012. Histone phosphor-
ylation: A chromatin modification involved in diverse
nuclear events. Epigenetics 7: 1098–1108.

Sandman K, Reeve JN. 2005. Archaeal chromatin proteins:
Different structures but common function? Curr Opin
Microbiol 8: 656–661.

Sawada K, Yang Z, Horton JR, Collins RE, Zhang X, Cheng
X. 2004. Structure of the conserved core of the yeast
Dot1p, a nucleosomal histone H3 lysine 79 methyltrans-
ferase. J Biol Chem 279: 43296–43306.

Schmitz-Esser S, Tischler P, Arnold R,Montanaro J, Wagner
M, Rattei T, Horn M. 2010. The genome of the amoeba

Provenance of Eukaryotic Epigenetics

Cite this article as Cold Spring Harb Perspect Biol 2014;6:a016063 21

 on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


symbiont “Candidatus Amoebophilus asiaticus” reveals
common mechanisms for host cell interaction among
amoeba-associated bacteria. J Bacteriol 192: 1045–1057.

Scott RJ, Spielman M. 2006. Genomic imprinting in plants
and mammals: How life history constrains convergence.
Cytogenet Genome Res 113: 53–67.

Sheppard V, Poulsen N, Kroger N. 2010. Characterization of
an endoplasmic reticulum-associated silaffin kinase from
the diatom Thalassiosira pseudonana. J Biol Chem 285:

1166–1176.

Shimojo H, Sano N, Moriwaki Y, Okuda M, Horikoshi M,
Nishimura Y. 2008. Novel structural and functional mode
of a knot essential for RNA binding activity of the Esa1
presumed chromodomain. J Mol Biol 378: 987–1001.

Simpson AG, Inagaki Y, Roger AJ. 2006. Comprehensive
multigene phylogenies of excavate protists reveal the evo-
lutionary positions of “primitive” eukaryotes. Mol Biol
Evol 23: 615–625.

SinghN, BasnetH,Wiltshire TD,MohammadDH, Thomp-
son JR, Heroux A, Botuyan MV, Yaffe MB, Couch FJ,
RosenfeldMG, et al. 2012. Dual recognition of phospho-
serine and phosphotyrosine in histone variant H2A.X by
DNA damage response protein MCPH1. Proc Natl Acad
Sci 109: 14381–14386.

Spruijt CG, Gnerlich F, Smits AH, Pfaffeneder T, Jansen PW,
Bauer C, Munzel M, Wagner M, Muller M, Khan F, et al.
2013. Dynamic readers for 5-(hydroxy)methylcytosine
and its oxidized derivatives. Cell 152: 1146–1159.

Sumper M, Hett R, Lehmann G, Wenzl S. 2007. A code for
lysine modifications of a silica biomineralizing silaffin
protein. Angew Chem Int Ed Engl 46: 8405–8408.

Tagliabracci VS, Pinna LA, Dixon JE. 2013. Secreted protein
kinases. Trends Biochem Sci 38: 121–130.

Touz MC, Ropolo AS, Rivero MR, Vranych CV, Conrad JT,
Svard SG, Nash TE. 2008. Arginine deiminase has mul-
tiple regulatory roles in the biology of Giardia lamblia. J
Cell Sci 121: 2930–2938.

Trievel RC, ShilatifardA. 2009.WDR5, a complexed protein.
Nat Struct Mol Biol 16: 678–680.

Trievel RC, BeachBM,Dirk LM,Houtz RL,Hurley JH. 2002.
Structure and catalytic mechanism of a SET domain pro-
tein methyltransferase. Cell 111: 91–103.

Tsuge K, Matsui K, Itaya M. 2007. Production of the non-
ribosomal peptide plipastatin in Bacillus subtilis regulat-
ed by three relevant gene blocks assembled in a single
movable DNA segment. J Biotechnol 129: 592–603.

Tsukada Y, Fang J, Erdjument-Bromage H, Warren ME,
Borchers CH, Tempst P, Zhang Y. 2006. Histone de-
methylation by a family of JmjC domain-containing
proteins. Nature 439: 811–816.

Venancio TM, Balaji S, Iyer LM, Aravind L. 2009. Recon-
structing the ubiquitin network: Cross-talk with other
systems and identification of novel functions. Genome
Biol 10: R33.

Vossenaar ER, Zendman AJ, van Venrooij WJ, Pruijn GJ.
2003. PAD, a growing family of citrullinating enzymes:
Genes, features and involvement in disease. Bioessays 25:
1106–1118.

Walsh C. 2003.Antibiotics: Actions, origins, resistance. Amer-
ican Society for Microbiology, Washington, DC.

Walsh DA, Doolittle WF. 2005. The real “domains” of life.
Curr Biol 15: R237–R240.

Walsh CT, Garneau-Tsodikova S, Gatto GJ. 2005. Protein
posttranslational modifications: The chemistry of prote-
ome diversifications. Angewandte Chemie 2005: 7342–
7372.

West AH, Stock AM. 2001. Histidine kinases and response
regulator proteins in two-component signaling systems.
Trends Biochem Sci 26: 369–376.

Winkler GS, Kristjuhan A, Erdjument-Bromage H, Tempst
P, Svejstrup JQ. 2002. Elongator is a histone H3 and H4
acetyltransferase important for normal histone acetyla-
tion levels in vivo. Proc Natl Acad Sci 99: 3517–3522.

Wittschieben BO, Otero G, de Bizemont T, Fellows J, Erdju-
ment-Bromage H, Ohba R, Li Y, Allis CD, Tempst P,
Svejstrup JQ. 1999. A novel histone acetyltransferase is
an integral subunit of elongating RNA polymerase II ho-
loenzyme. Mol Cell 4: 123–128.

Worby CA, Mattoo S, Kruger RP, Corbeil LB, Koller A,
Mendez JC, Zekarias B, Lazar C, Dixon JE. 2009. The
fic domain: Regulation of cell signaling by adenylylation.
Mol Cell 34: 93–103.

Wright DE, Wang CY, Kao CF. 2012. Histone ubiquitylation
and chromatin dynamics. Front Biosci (Landmark Ed) 17:
1051–1078.

Xiao A, Li H, Shechter D, Ahn SH, Fabrizio LA, Erdjument-
Bromage H, Ishibe-Murakami S, Wang B, Tempst P, Hof-
mann K, et al. 2009. WSTF regulates the H2A.X DNA
damage response via a novel tyrosine kinase activity.
Nature 457: 57–62.

YanQ,Dutt S, XuR,Graves K, Juszczynski P,Manis JP, Shipp
MA. 2009. BBAPmonoubiquitylates histone H4 at lysine
91 and selectively modulates the DNA damage response.
Mol Cell 36: 110–120.

Yap KL, Zhou MM. 2010. Keeping it in the family: Diverse
histone recognition by conserved structural folds. Crit
Rev Biochem Mol Biol 45: 488–505.

Yutin N, Koonin EV. 2012. Archaeal origin of tubulin. Biol
Direct 7: 10.

Zeng L, Zhou MM. 2002. Bromodomain: An acetyl-lysine
binding domain. FEBS Lett 513: 124–128.

Zentner GE, Henikoff S. 2013. Regulation of nucleosome
dynamics by histone modifications. Nat Struct Mol Biol
20: 259–266.

ZhangD, Aravind L. 2012.Novel transglutaminase-like pep-
tidase andC2 domains elucidate the structure, biogenesis
and evolution of the ciliary compartment. Cell Cycle 11:
3861–3875.

Zhang D, de Souza RF, Anantharaman V, Iyer LM, Aravind
L. 2012. Polymorphic toxin systems: Comprehensive
characterization of trafficking modes, processing, mech-
anisms of action, immunity and ecology using compar-
ative genomics. Biol Direct 7: 18.

Zippo A, Serafini R, Rocchigiani M, Pennacchini S, Krepe-
lova A, Oliviero S. 2009. Histone crosstalk between
H3S10ph and H4K16ac generates a histone code that
mediates transcription elongation. Cell 138: 1122–1136.

Zoldos V, NovokmetM, Beceheli I, Lauc G. 2013. Genomics
and epigenomics of the human glycome. Glycoconj J 30:
41–50.

L. Aravind et al.

22 Cite this article as Cold Spring Harb Perspect Biol 2014;6:a016063

 on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


2014; doi: 10.1101/cshperspect.a016063Cold Spring Harb Perspect Biol 
 
L. Aravind, A. Maxwell Burroughs, Dapeng Zhang and Lakshminarayan M. Iyer
 
Eukaryotic Epigenetics
Biochemical Diversification and Geochemistry on the Provenance of 
Protein and DNA Modifications: Evolutionary Imprints of Bacterial

Subject Collection  The Origin and Evolution of Eukaryotes

Function
Eukaryotic Gen(om)e Architecture and Cellular 
The Persistent Contributions of RNA to

Jürgen Brosius

Mitochondrion Acquired?
Eukaryotic Origins: How and When Was the

Anthony M. Poole and Simonetta Gribaldo

the Plant Kingdom
Green Algae and the Origins of Multicellularity in

James G. Umen

Bacterial Influences on Animal Origins
Rosanna A. Alegado and Nicole King

Phylogenomic Perspective
The Archaeal Legacy of Eukaryotes: A

Lionel Guy, Jimmy H. Saw and Thijs J.G. Ettema
the Eukaryotic Membrane-Trafficking System
Missing Pieces of an Ancient Puzzle: Evolution of

Klute, et al.
Alexander Schlacht, Emily K. Herman, Mary J.

Organelles
Cytoskeleton in the Network of Eukaryotic 
Origin and Evolution of the Self-Organizing

Gáspár Jékely Life
Intracellular Coevolution and a Revised Tree of
Origin of Eukaryotes and Cilia in the Light of 
The Neomuran Revolution and Phagotrophic

Thomas Cavalier-Smith

from Fossils and Molecular Clocks
On the Age of Eukaryotes: Evaluating Evidence

et al.
Laura Eme, Susan C. Sharpe, Matthew W. Brown,

Consequence of Increased Cellular Complexity
Protein Targeting and Transport as a Necessary

Maik S. Sommer and Enrico Schleiff

Splicing
Origin of Spliceosomal Introns and Alternative

Manuel Irimia and Scott William Roy

How Natural a Kind Is ''Eukaryote?''
W. Ford Doolittle

http://cshperspectives.cshlp.org/cgi/collection/ For additional articles in this collection, see 

Copyright © 2014 Cold Spring Harbor Laboratory Press; all rights reserved

 on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/cgi/collection/
http://cshperspectives.cshlp.org/cgi/collection/
http://cshperspectives.cshlp.org/cgi/adclick/?ad=55917&adclick=true&url=http%3A%2F%2Fwww.genelink.com
http://cshperspectives.cshlp.org/


Eukaryotic Epigenetics
and Geochemistry on the Provenance of
Imprints of Bacterial Biochemical Diversification 
Protein and DNA Modifications: Evolutionary

et al.
L. Aravind, A. Maxwell Burroughs, Dapeng Zhang,

Insights from Photosynthetic Eukaryotes
Endosymbionts to the Eukaryotic Nucleus? 
What Was the Real Contribution of

David Moreira and Philippe Deschamps

Phylogenomic Perspective
The Eukaryotic Tree of Life from a Global

Fabien Burki
Complex Life
Bioenergetic Constraints on the Evolution of

Nick Lane

http://cshperspectives.cshlp.org/cgi/collection/ For additional articles in this collection, see 

Copyright © 2014 Cold Spring Harbor Laboratory Press; all rights reserved

 on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/cgi/collection/
http://cshperspectives.cshlp.org/cgi/adclick/?ad=55917&adclick=true&url=http%3A%2F%2Fwww.genelink.com
http://cshperspectives.cshlp.org/

