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ABSTRACT

Metazoans have multiple ETS
paralogues with overlapping or
indiscriminate biological functions.
Elk-1, one of three mammalian
Ternary Complex Factors (TCFs), is a
well-conserved, ETS domain-
containing transcriptional regulator
of mitogen-responsive genes that
operates in concert with Serum
Response Factor (SRF). Nonetheless,
its genetic role remains unresolved
because the elk-1 gene could be
deleted from the mouse genome
seemingly without adverse effect.
Here we have explored the evolution
of Elk-1 to gain insight into its
conserved biological role.

We identified antecedent Elk-1
proteins in extant early metazoans
and used amino acid sequence
alignments to chart the appearance
of domains characteristic of human
Elk-1. We then performed
biochemical studies to determine
whether putative domains apparent
in the Elk-1 protein of a primitive
hemichordate were functionally
orthologous to those of human Elk-1.

Our findings imply the existence of
primordial Elk-1 proteins in primitive
deuterostomes that could operate as
mitogen-responsive ETS transcription
factors but not as TCFs. The role of
TCF was acquired later, but
presumably prior to the whole
genome duplications in the basal
vertebrate lineage. Thus its
evolutionary origins link Elk-1 to the
appearance of mesoderm.
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BACKGROUND

It is now recognised that several
classes of transcription factor (TF)
originated with metazoans. Whereas
some metazoan TFs resemble non-
metazoan relatives, e.g. homeobox
analogues, others appear to be novel.
Importantly, in both cases early gene
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duplications gave rise to conserved TF
families and provided the diversity that
allowed the evolution of differentiated
cells types and body patterning
characteristic of higher metazoans [1].

One family of metazoan TFs that
appears to lack protozoan antecedents
unites the ETS proteins, originally
identified on the basis of homology to the
E26 avian oncogene [2]. In an early
study, Degnan and colleagues
successfully used degenerate PCR
primers to amplify ETS domain sequences
from the genomes of several lower
metazoans, but not from fungi, plants or
protozoans, concluding that ETS proteins
are exclusive to metazoan animals [3].

The advent of next generation
sequencing accelerated in-depth analysis
of multiple genomes exemplifying extant
early metazoans. All phyla depicted in the
phylogram shown in figure 1la have
multiple ETS genes. Sponges (Porifera)
and cnidarians such as Nematostella
vectensis (starlet sea anemone) consist
of ecto- and endodermal cell layers
whereas all other metazoans have a
third, mesodermal, cell layer. In general,
such triploblastic animals are either
protostomes, in which the blastopore
develops into a mouth, or deuterostomes,
in which it develops into an anus.
Primitive extant deuterostomes include
the echinoderm Strongylocentrotus
purpuratus (sea urchin) and
hemichordate Saccoglossus kowalevskii
(acorn worm). Also related to the
vertebrates are the tunicates
(urochordates) exemplified by Ciona
intestinalis, albeit in larval form only, and
cephalochordates such as Branchiostoma
lanceolatum (amphioxus) [4].

Ternary Complex Factors (TCFs)
represent an idiosyncratic sub-family of
ETS proteins. The first example was
characterised as a companion
transcription factor for Serum Response
Factor (SRF) and subsequently identified
as the Elk-1 gene product [5-7]. Although
implicated in mitogen-dependent
expression of key genes early in the cell
cycle [8], gene deletion experiments in
mice failed to ascribe any fundamental
role to TCFs during development, possibly
reflecting a degree of redundancy among
the three TCF genes, Elk-1, Elk-3 (Net)
and Elk-4 (Sapla) [9-12]. In contrast,



Elk-1 knockdown in Xenopus impacted on
mesoderm development [13]. Identifying
the origin of Elk-like genes may shed
light on its ancestral role in development.
In this study, we first identified
antecedent Elk-1 genes in several extant
early metazoans. We then used amino
acid sequence alignments to compare
their domain structures and biochemical
studies to confirm that characteristic
domains present were functionally
orthologous to those of human Elk-1. Our
findings link the evolutionary origin of
Elk-1 to the advent of deuterostomes and
its co-option as a TCF to the appearance
of mesoderm.

RESULTS
Putative Elk orthologues among early
metazoan ETS proteins

The degree of early ETS gene
expansion is illustrated in Table 1. NCBI
lists 16 predicted ETS genes for both the
sea anemone and sea urchin; higher
vertebrates have as many as 28, a
probable consequence of genome
duplications [1]. This extensive early
gene expansion notwithstanding, there is
a high degree of ETS-domain amino acid
sequence  conservation. Nonetheless,
sequence comparisons suggest the early
diversification of ETS protein paralogues
and their subsequent evolutionary
conservation. On this basis, potential Elk-
1 antecedents can be identified in the sea
anemone (cnidarian) and primitive
deuterostomes. The distance
relationships between these putative Elk
proteins and several vertebrate Elks are
indicated in figure 1b. In the ETS domain
alignment shown in figure 1c, secondary
structure elements are indicated and
identical residues in the loops connecting

helices and strands of the affaaff fold
are highlighted to indicate the extensive
conservation.

ETS domain amino acid
conservation strongly reflects ETS domain
structure and primary function.
Regardless of its position within the
protein, the winged helix-turn-helix
domain retains its characteristic 3D form
and recognises a core purine-rich DNA
sequence (C/AGGA) [14]. Thus other
features of ETS proteins, for example the
pointed domain [15], characterise the
different  sub-families and provide
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additional indicators of evolutionary
conservation. The three mammalian Elks
have in common an amino-terminal ETS
domain, a SRF interaction motif (B-box),
MAPK docking motifs (D-box and DEF)
that frame a trans-activation domain
(TAD) with multiple MAPK consensus
phosphorylation sites (figure 1d). In
addition Elk-1 has SUMOylation sites
involved in transcriptional repression and
a cryptic degron implicated in protein
stability [16, 17].

To determine the evolutionary
origin of Elk-1 we sought to identify these
characteristic  features in  potential
orthologues from extant early metazoans.
Although there are 16 sea anemone
(cnidarian) ETS proteins, sequence
comparisons revealed no domains
orthologous to those Ilisted above,
including the putative protein used in
figure 1 that has the highest homology to
vertebrate Elks within its ETS domain. In
contrast, the same approach revealed
that in primitive representatives of all
four deuterostome lineages (figure 1a)
putative Elk proteins share additional
homology regions with Elk-1. However,
as we describe below, the domain
composition of these Elk antecedents is
incomplete, which may reflect the
adapting role of Elk during the
evolutionary transition to vertebrates. To
test whether our inferences from
sequence data correlate with function, we
performed functional studies comparing
human Elk-1 (Hs-Elk-1) with a putative
orthologue from the hemichordate acorn
worm Saccoglossus kowaleskii (Sk-EIK).

ETS domain binding to E74 and c-fos SRE
sites

A full-length cDNA for Sk-Elk, a
384aa protein, was synthesised, cloned
and used to express recombinant
proteins. Analogous Hs-Elk-1 proteins
were produced in parallel. All proteins
were purified by means of histidine tags
using immobilised metal affinity
chromatography (IMAC). Because the C-
terminal domain of Elk-1 can have a
negative impact on DNA binding we first
generated recombinant Elk proteins
truncated C-terminally to the B-box (Sk-
Elk-AB and Hs-Elk-AB; figure 2a and b)
and used them to assay for DNA binding
to well-characterised Elk-1 binding sites.



Neither Sk-Elk-AB nor Hs-Elk-AB
bound to a control DNA duplex lacking a
consensus ETS binding site (figure 2c,
lanes 3 and 4) whereas both proteins
bound to a DNA duplex encoding the
high-affinity E74 ETS binding site (figure
2¢, lanes 7 and 8), a site to which Hs-Elk-
1 is known to bind directly [18]. The lack
of any binding activity associated with a
control protein expressed in the same
bacterial strain and purified by IMAC
(figure 2c¢, lane 6) indicates that the
complex formed by Sk-Elk-AB is specific.
Thus the ETS domains of Sk-Elk and Hs-
Elk-1 both bind to the E74 motif.

Early deuterostome Elks are not TCFs

Mammalian Elks interact with SRF
through a short region (B-box) that forms
a p-strand flanked by short 10 helices
and contacts the DNA-binding core of SRF
(coreSRF) [19].  Alanine  scanning
mutagenesis identified five key residues
within the B-box, including two tyrosine
residues [20]. Comparison of sequences
C-terminal to each ETS domain revealed
a high degree of B-box conservation
among vertebrates but significantly less
in tunicate, echinoderm, hemichordate
and early vertebrate representatives
(figure 2d). As the SRF core is 95.6%
conserved between acorn worm and
mammals and the region recognised by
the Elk-1 B-box is 100% conserved
(figure 2e) these sequences suggest the
absence of a SRF interaction domain in
Elk-like ETS proteins of primitive
deuterostomes.

To assay for ternary complex
formation the same truncated proteins
used to assess E74 binding were
incubated with the c-fos SRE either alone
or in the presence of recombinant core®?",
Neither protein, nor the non-specific
control, bound to the SRE directly (lanes
10-12). Furthermore, whereas core®*
recruited Hs-ElIk-AB efficiently into a
ternary complex (lane 16), it did not
recruit  Sk-Elk-AB (lane 15). As
echinoderm, tunicate and amphioxus Elk
proteins have similarly poor B-box
consensus sequences (figure 2d), this
result suggests that none of these Elk
proteins is recruited to DNA by SRF. Thus
primitive Elks appear not to operate as
TCFs with SRF.
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Early deuterostome Elks resemble MAPK
targets

Figure 3a shows an alignment of
the Hs-Elk-1 TAD with sequences of
orthologues from echinoderm,
hemichordate, tunicate and vertebrate
species. The core TAD of Hs-Elk-1,
defined functionally by Janknecht and
Nordheim [21], contains an IHFW motif
(blue), two ERK phosphorylation sites
(green) and an FxFP (DEF) docking motif
(red) [22]. Additional ERK consensus
sites are present flanking the core TAD,
which are also phosphorylated in
mitogen-stimulated cells [23]. This
arrangement is wholly conserved in
vertebrates and echinoderms and largely
conserved in putative Elks from the
tunicate Ciona and the hemichordate
acorn worm. In the Ciona ETS protein
most closely related to Hs-Elk-1, instead
of 15 residues separating the IHFW and
FxFP motifs there are 47, with a single
intervening ERK consensus site. In the
acorn worm, the IHFW motif is imperfect
(FPFW) but the spacing to the FxFP motif
and the two intervening ERK consensus
sites are well conserved. However, there
are two additional FxFP motifs, one
overlapping the imperfect IHFW motif,
such that three direct repeats, each
consisting of FxFP motif and two ERK
consensus sites, are apparent (figure 3b).

Several observations suggest that
the core TAD defines the first ancestral
Elk, i.e. in which ERK signalling regulates
an ETS protein. Firstly, sequences
resembling the most highly conserved
core motif (IHFWSTLSP, see figure 3a)
are present in fungi, in which MAPK
cascades exist, but also in bacteria, in
which they do not (Table 2). Moreover,
fungal proteins bearing such motifs do
not appear to be MAPK substrates. This
implies that Elks did not originate by
recombination-based convergence
between an ETS domain and an existing
ERK substrate. Instead an ERK docking
motif with adjacent phosphorylation sites
(dock-phos cassette) appears to have
evolved in a single ETS gene, undergone
duplication in the hemichordate lineage,
or optimisation as a core TAD as reflected
in echinoderms and vertebrates (figure
3b).

Phosphorylation of Elk-1 by ERK
and other MAPKs is aided by a second



docking motif, the D-box, consisting of
basic and non-polar elements [24].
Although not essential for the
phosphorylation of key serines in Elk-1,
the D-box contributes to the binding of
ERK to Elk-1 and may participate in Elk-1
recruitment of ERK to chromatin [25, 26].
The degree of conservation, especially of
several key residues within the basic
patch and LxL motif (figure 3c) in all four
lineages suggests that it could contribute
to ERK phosphorylation of primitive
deuterostome Elk proteins.

Early deuterostome Elks are good targets
for ERK phosphorylation

To determine if Sk-Elk serves as
an ERK substrate, we compared Sk-Elk
with Hs-Elk-1 in an in vitro kinase assay.
Initial attempts to prepare full-length Sk-
Elk from bacteria were unsuccessful
because the protein was rapidly cleaved
by endogenous proteases. To circumvent
this problem, we used baculoviral vectors
to express Hs-Elk-1 and Sk-Elk proteins
in insect cells. Purified Sk-Elk migrated at
45kDa in SDS-PAGE, significantly faster
than human Elk-1 (figure 4a), but ES-
MS/MS indicated that both purified
proteins were intact (Table 3).

Recombinant, active ERK?2
phosphorylated both proteins efficiently.
At initial time points Sk-Elk
phosphorylation compared well with
phosphorylation of Hs-Elk-1 (figure 4b,
compare upper and lower panels; figure
4c). This implies that Sk-Elk possesses
functional ERK docking motifs. However,
after 20 minutes, phosphate
incorporation began to plateau and it was
apparent that more phosphate was
incorporated into Hs-Elk-1 (after 30 min
average Hs/Sk ratio = 1.25). This
difference could reflect fewer good
consensus ERK phosphorylation sites in
Sk-Elk or a conformational flexibility less
amenable to multiple phosphorylation
events. Although we cannot vyet
distinguish between these possibilities,
the result nonetheless indicates that Sk-
Elk is likely to be a bona fide ERK
substrate.

As ERK phosphorylation influences
Elk-1 DNA binding, we compared DNA
binding of unphosphorylated and ERK-
phosphorylated proteins. Neither protein
bound to control DNA, regardless of
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phosphorylation status (figure 4d, lanes
2-5). In line with an earlier report [18],
ERK phosphorylation stimulated E74
binding by Hs-Elk-1 efficiently (compare
lanes 9 and 10) but only enhanced Sk-Elk
binding weakly (compare lanes 7 and 8).
Thus C-terminal domains of Hs-Elk-1 and
Sk-Elk repress ETS domain DNA binding
and ERK phosphorylation relieves this
repression, albeit inefficiently in the case
of Sk-Elk.

The impact of phosphorylation on
SRF-dependent binding of Sk-Elk and Hs-
Elk-1 to the SRE was also tested. Hs-Elk-
1 bound only with core®®", whereby
binding increased slightly upon
phosphorylation and the ternary complex
was further retarded. In all cases binding
of Sk-Elk to SRE was undetectable, as
anticipated. In summary, sequence
comparisons and biochemical data
indicate that Elk proteins of primitive
deuterostomes have functional ETS
domains, are phosphorylated by MAPKs
but cannot be recruited to SREs by SRF.

Early deuterostome Elks have Ras-
responsive TADs

To see if Sk-Elk harboured a
mitogen-responsive TAD, the Sk-Elk
dock-phos cassette trimer (aas 288-384)
was expressed as a GAL4 fusion in
mammalian cells and tested for its ability
to drive UAS-luciferase expression in
response to mitogen signalling.
Expression of active Ras caused a >40x
increase in reporter activity by GAL4-
SKE288 (figure 5a). In comparison, the
analogous region of  Elk-1 was
significantly more active in the absence
or presence of active Ras. Relative
phosphorylation levels (figure 4b, c) may
contribute to this disparity but it more
likely reflects the high level of GAL4-
EIk336 fusion expression (figure 5a,
lower panel).

Mammalian Elk-1 proteins depend
on MED23, a subunit of the Mediator co-
activator complex, for transcriptional
activation of target genes [27] and the
acorn worm gdenome carries a MED23
orthologue encoding a protein with
68.4% identity to murine MED23. We
therefore assessed the potency of the Sk-
Elk trans-activation domain in MED23+/+
and MED23-/- murine embryonic
fibroblasts (MEFs). Whereas the Hs-Elk-1




TAD was active only in mitogen-
stimulated MED23+/+ MEFs (figure 5b),
the Sk-Elk TAD functioned equally well in
both MED23+/+ and MED23-/- MEFs
(figure 5¢). We conclude that
transcriptional activation by Sk-Elk does
not depend on MED23 in murine cells,
although it remains possible that Sk-Elk
requires Sk-MED23 in acorn worm cells.

DISCUSSION

Although first identified 25 years
ago and since examined in considerable
molecular detail, Elk-1 has retained an
aura of uncertainty about its biological
role, not least because removal of the
Elk-1 gene from the mouse genome
incurred no strong phenotype [9]. On the
other hand, interference with Elk-1
expression in Xenopus led to disruption of
mesoderm  development, particularly
posterior mesoderm, formation of which
is dependent on fibroblast growth factor
(FGF) signalling [13]. Indeed, Elk-1
knockdown mimicked the defects
associated with FGF inhibition in Xenopus
[28]. Here we sought additional clues to
the biological role of Elk-1 from its
evolutionary history. We discovered
orthologues of Elk-1 in invertebrate
species at the base of deuterostomes, but
not among protostomes. Conservation of
Elk-1 genes from lower deuterostomes to
vertebrates suggests it regulates a
fundamental biological process.
Interestingly, our results from sequence
comparisons and functional studies reveal
that the canonical Elk-1 activities, i.e.
those associated with findings in
mammals, emerged stepwise as
complexity evolved within the lineage
that led to vertebrates.

Elk-1 is the paradigmatic ERK-
responsive transcription factor originally
shown, in conjunction with SRF, to confer
mitogen responsiveness on genes with
SREs in their promoters (reviewed in [29,
30]). It is now known that Elk-1 recruits
ERK to these gene promoters, where it
phosphorylates MED14, a core subunit of
the Mediator co-activator complex as part
of the transcriptional activation process
[26, 31]. In line with these mechanistic
revelations, ChIP-seq data identified
genes co-occupied by ERK and Elk-1 in
human embryonic stem cells (hESCs) as
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being involved in metabolism and cell
cycle progression [32].

Our exploration of databases for
invertebrate antecedents of vertebrate
Elks identified single genes encoding
proteins with Elk characteristics in all four
deuterostome lineages. Representatives
of each lineage contain an amino-
terminal ETS domain with amino acid
sequences most closely related to
mammalian Elk-3. In the case of Sk-Elk,
ETS domain DNA binding was consistent
with that ascribed to Elk-1, i.e. direct
binding to E74 but not SRE sequences.
Invertebrate Elk antecedents also
harbour a recognisable TAD with an ERK
‘dock-phos’ cassette. As exemplified
again by Sk-Elk, such TADs repress ETS
domain DNA binding, they are
phosphorylated by ERK and activate
transcription in response to mitogen
stimulation. Thus the primordial Elk
possessed features conserved from
echinoderms and hemichordates to
mammals and were equipped to direct
mitogen (FGF) signals to ETS target
genes.

Invertebrate deuterostomes also
have genes for SRF and MED23.
Nonetheless Elk proteins from these
species lack a B-box and dependence on
MED23. In murine cells these features
have been related to the repression of
ventral mesoderm (smooth muscle). The
B-box contributes to vascular smooth
muscle (VSM) repression by enabling Elk-
1 to compete with Myocardin-Related
Transcription Factors (MRTFs) [33]. This
antagonism also appears to depend on
MED23, an essential co-factor for Elk-1,
because MED23-/- MEFs have qualities
resembling VSM cells [27]. The
dependence of mammalian Elk-1 on
MED23 is not shared by EIk-3 because
the EIk-3 TAD functions in MED23-/-
MEFs [34]. Together with sequence
analysis, these data suggest that Elk-3,
not Elk-1, represents the founding
member of the vertebrate Elk family.

The absence of a B-box from the
Elk-like protein of amphioxus and other
non-chordate deuterostomes suggests
that this domain evolved within the
putative Elk ancestor prior to the whole
genome amplifications in the basal
vertebrate lineage and expansion of the
Elk family (figure 6) [1]. The plasticity of



Elk family members may relate to the
role of the ancestral Elk-1 as a
transcriptional activator of genes in
response to ERK signalling. ERK acquired
novel roles as the complexities associated
with vertebrate development evolved.
The parallel evolution of structural
complexity in Elk-1 would have facilitated
the integration of nuclear ERK signalling
with that of other developmental
pathways to coordinate the differentiation
and expansion of diverse tissues during
vertebrate development.

ERK signalling in response to FGF
is required to maintain pluripotency in
hESCs and for the induction of
mesendoderm [35, 36]. Mirroring the
changes seen upon loss of ERK signalling,
Elk-1 depletion in hESCs induced loss of
pluripotency, up-regulation of
differentiation genes and adoption of a
fibroblast-like morphology [32]. Our
findings indicate that the requisite up-
regulation of pluripotency genes
downstream of ERK signalling represents
the ancestral role of Elk proteins,
whereas Elk-1 interactions with SRF and
MED23 are vertebrate innovations. The
specification of ventral mesoderm, which
is dependent on SRF and MRTFs, was
incompatible with  pluripotency and
through the evolution of its B-box Elk-1
could be co-opted as repressor of
SRF/MRTFs to maintain the integrity of a
pluripotent stem cell population.
Consistent with this notion, Elk-1 appears
to require mitogens and MED23 in its role
as an antagonist of MRTFs [27].

Recent work showed that the
interruption of ERK signalling during early
development of axolotl embryos causes a
highly selective loss of primordial germ
cells (PGCs), specification of which
establishes the germ line during
development [37]. The findings described
here are therefore consistent with a
hypothesis that the ancestral role of Elk
proteins is to inhibit the differentiation of
pluripotent cells prior to PGC specification
in early development. This idea implicates
Elk-1 in a process that is fundamental to
metazoan evolution, explaining the
conservation of its core structure and
biochemical function from simple
deuterostomes to mammals. A logical
prediction from a model of Elk-1 as germ
line guardian and differentiation repressor
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would be that in vertebrates close to the
evolutionary path to mammals, deletion
of Elk-1 early in development would
result in loss of germ line and mesoderm
expansion, not unlike the outcome in
Xenopus [13].

MATERIALS AND METHODS
Genome analysis and gene identification

The draft Ambystoma mexicanum
and Branchiostoma lanceolatum genomes
were searched using the Basic Local
Alignment Search Tool (BLAST). Searches
were performed using amino acid
sequences predicted on the basis of
homologous Elk-1 genes from the most
closely related taxon for which such a
sequence was available on the publicly
accessible NCBI protein database. Each
identified gene was confirmed by the
construction of phylogenetic trees of
amino acid sequences using Elk-1 domain
sequence alignments.

Gene identifiers for Elk-1 protein
sequences from other species used in the
study are as follows:

Human [Homo sapiens]

GI: 166362732; NP_001107595.1
Mouse [Mus musculus]

GI: 116292182; NP_031948.4
Xenopus laevis

GI: 194373047; ACF59754.1
Zebrafish [Danio rerio]

GI: 292616696; XP_696294.3

Ciona intestinalis

GI: 171916107; NP_001116439.1
Acorn worm [Saccoglossus kowalevskii]
GI: 291235822; XP_002737846.1

Sea urchin [Strongylocentrotus
purpuratus]

GI: 47551223; NM_214627.2

Sea anemone [Nematostella vectensis]
GI: 156374032; XP_001629613.1

Protein alignments and phylograms were
produced using ClustalOmega (EMBL-
EBI).

Protein Expression and mass
spectrometry

The coding sequence for acorn
worm (Saccoglossus kowalevskii) Elk (Sk-
Elk, 1-384, MW 42,921) with murine
codon usage was synthesised by Gene
ART. Amino-terminal regions of Hs-Elk-1
(1-189) and Sk-Elk (1-204) were




expressed from truncated cDNAs as
bacterial proteins with C-terminal
histidine tags (Hs-Elk-AB, MW 21,386;
Sk-Elk-AB, MW 24,689). Sk-Elk and Hs-
Elk-1 were expressed with C-terminal
histidine tags in insect Sf9 cells from full-
length cDNAs inserted into pFastBacl.
Proteins were purified by immobilised
metal affinity chromatography.
Generation of recombinant core®* has
been described previously [23].

Protein bands were excised from
coomassie-stained gels, destained,
reduced (10mM dithiothreitol), alkylated
(20mM iodoacetamide) and digested with
trypsin. Extracted peptides were
evaporated to dryness and submitted to
LC-MS/MS on an Ultimate 3000 Nano LC
system (Dionex, UK) coupled to a LTQ-FT
Ultra mass  spectrometer (Thermo
Scientific). Spectra were acquired in
positive ion mode for a 400-2000 m/z
range at a nominal resolution of 100,000.
Identification of peptides was conducted
in data-dependent mode. The 5 most
intense ions for each scan were isolated
and subjected to CID using a nominal
energy of 35.0. Raw data files obtained
from each LC-MS/MS acquisition were
processed using Bioworks software
(Thermo Scientific), searching each file in
turn against a custom database including
Elk sequences (Homo sapiens and
Saccoglossus kowalevskii).

In vitro kinase and DNA binding assays

Recombinant Elk-1 proteins
(0.5pg) were incubated with recombinant
active Extracellular  signal-Regulated
Kinase (ERK)2 and 3°P-[y]-ATP (Perkin
Elmer, 3000Ci mmol ™) as described [26].
Reactions were resolved by SDS-PAGE.
Dried gels were exposed to imaging
plates (Fujifilm); images were analysed
by densitometry (AIDA).

Recombinant proteins (25-50ng)
were pre-incubated with radio-labelled
oligo-nucleotide control, E74 or SRE
probes and the complexes formed were
resolved on native 5% polyacrylamide
gels as described earlier [23].

Cell culture and gene reporter assays
HEK293T cells were cultured in
DMEM supplemented with 10% foetal calf
serum, 100U ml™? penicillin, 100ug ml*
streptomycin and 2mM L-glutamine.
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MED23+/+ and -/- MEFs were cultured in
Dulbecco’s MEM (Sigma D5671)
supplemented with 15% FCS, 4mM L-
glutamine, 100U ml™ penicillin and 100ug
ml? streptomycin. HEK293T cells were
transfected by DNA-calcium phosphate
co-precipitation; MEFs were transfected
with K2 Transfection System (Biontex,
Martinsried). Transfections included a
(G5E4) UAS-luc3 reporter, TK-Rluc renilla
control, expression vectors for GAL4
(pSG424) derivative and active (V!?) Ras.
Sequences corresponding to Hs-Elk-1
(336-428) and Sk-Elk (288-386) TADs
were inserted in frame with the GAL4
DNA-binding domain (1-147) in pSG424).
All data shown derive from experiments
performed at least twice independently,
each with triplicate points and normalised
to the Renilla control. Expression of GAL4
fusions was confirmed by immunoblotting
with a mouse monoclonal antibody to the
GAL4 DNA-binding domain (Santa Cruz
Biotech, Dallas TX; sc-510).
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FIGURE LEGENDS

Figure 1. Elk-1 proteins found in
primitive extant deuterostomes and
vertebrates. (a) Simplified evolutionary
tree showing the four deuterostome
lineages that emerged from triploblastic
metazoans with extant species used in
this study indicated below. (b) Phylogram
indicating distance relationships for the
known and predicted full-length Elk-1
protein sequences. (c¢) ClustalOmega
alignment of ETS domain sequences from
Elk-1 proteins in (b). Helices and 8-
strands of the winged-helix-turn-helix
structure are over-lined; conservation
within the intervening loops is highlighted
in green. (d) Diagram of Hs-Elk-1 domain
organisation.

Figure 2. DNA binding and recruitment
of SRF by hemichordate and mammalian

Elk-1 antecedents

Conserved motifs are highlighted in
colour: the core IHFW motif (blue); ERK
docking (DEF) motif (red) and consensus
ERK phosphorylation sites (green). (b)
Motif organisation in acorn worm
(hemichordate) and vertebrate Elk-1 C-
terminal domains. The bracket indicates
the ERK dock-phos cassette repeated in

the hemichordate Elk-1. (c)
ClustalOmega alignment of
basic/hydrophobic D-box docking motif
sequences from deuterostome Elk-1
proteins in figure 1b. Conserved basic
(magenta) and hydrophobic (red)
residues are highlighted; asterisks show

functionally important residues mapped
by mutations [24].

Figure 4. Hemichordate Elk-1 C-terminal
domain is a substrate for ERK

Elk-1. (a) Diagram of C-terminal
truncations of Sk-Elk and Hs-Elk-1. (b)
Preparations of recombinant Sk-Elk-AB
and Hs-Elk-AB used in this study.
Arrowheads indicate the full-length
truncated proteins. NB, although ~3kDa
larger, Sk-Elk-AB migrates faster than
Hs-Elk-AB. (¢) Comparison of Sk-Elk-AB

and Hs-Elk-AB binding to DNA by
electrophoretic mobility shift assay.
Radio-labelled control (lanes 1-4), E74

(lanes 5-8) and SRE DNA duplexes (lanes
9-16) were incubated alone, with control
protein, recombinant Sk-Elk-AB or Hs-
EIk-AB, along with core®® where
indicated. DNA-protein complexes were
resolved on native polyacrylamide gels.
(d). ClustalOmega alignment of SRF-
interaction domain (B-box) sequences,
including all deuterostome Elk-1 proteins
in figure 1b, generated from sequences
corresponding to 156 residues C-terminal
to each ETS domain. (e) ClustalOmega
alignment of SRF sequences encoding the
Elk-1 interaction surface from
deuterostome species in figure 1b. The
dimerisation interface and Elk-1 binding
surface are over-lined by solid and
dashed lines respectively. Non-conserved
residues are highlighted in colour.

Figure 3. Conservation of the Elk-1 C-

phosphorylation.

(a) Preparations of recombinant Sk-Elk
and Hs-Elk-1 used in this study.
Arrowheads indicate the full-length
proteins. (b) Recombinant full-length Hs-
Elk-1 (upper panel) and Sk-Elk (lower

panel) proteins were incubated with
recombinant, active ERK2 and 3°P-
labelled ATP for the times indicated.
Reactions were stopped by heat

inactivation and examined by SDS-PAGE
and phosphor-imaging of the dried gels.
(c)  Quantification  of  32P-labelled
phosphate incorporation into Hs-Elk-1
(blue) and Sk-Elk (red) as shown in (b).
(d) Comparative assay of
unphosphorylated and phosphorylated
Sk-Elk and Hs-Elk-1 binding to DNA by
electrophoretic mobility shift assay.
Radio-labelled control (lanes 1-5), E74
(lanes 6-10) and SRE DNA duplexes
(lanes 11-20) were incubated with control
protein, unphosphorylated (=) or
phosphorylated (+) Sk-EIK,
unphosphorylated (-) or phosphorylated
(+) or Hs-Elk-1, in the presence of
core®® where indicated. DNA-protein
complexes were resolved on native
polyacrylamide gels.

Figure 5. Hemichordate Elk-1 harbours a
Ras-responsive, MED23-independent

terminal domain in extant

TAD. (a) LH panel: HEK293 cells were co-

deuterostomes. (a) ClustalOmega
alignment of C-terminal sequences from
deuterostome Elk-1 proteins in figure 1b.
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transfected with UAS-firefly and control
renilla luciferase reporters, expression
plasmids for the Gal4 DBD alone (1-147)



or the same fused to the C-terminal
region of Sk-Elk (aas 288-384) and for
oncogenic Ras (+) or control empty
vector (-). Data is expressed as ratio of
firefly/renilla and represents the average
of 3 independent experiments. RH panel:
the same but including a Gal4 fusion with
Hs-Elk-1  (aas 336-428). Data is
expressed as logjy of the ratio of
firefly/renilla (average of 3 independent
experiments). Relative levels of Gal4
fusion expression were determined by
immunoblotting cell lysates from one of
the experiments (lower panel). (b)
MED23+/+ and -/- MEFs were co-
transfected with UAS-firefly and control
renilla luciferase reporters, expression
plasmids for the Gal4 DBD alone (1-147)
or the same fused to the C-terminal
region of Hs-Elk-1. Cells were serum
starved for 24h and mock stimulated or

12
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treated with TPA for 6h. (¢) As in (b)
except the Gal4-Sk-Elk fusion was used
instead of Gal4-EIk336.

Figure 6. Evolutionary time line for
acquisition of Elk-1 characteristics. ETS
genes are a metazoan innovation. The
genome of the last common ancestor with
cnidarians carried multiple ETS genes.
Versions of the ERK dock-phos cassette
are present in all four deuterostome
lineages, consistent with its evolution
before the divergence of hemichordates
and echinoderms. The presence of
multiple Elk proteins in vertebrates all
containing a B-box suggests that this
characteristic feature evolved prior to the
whole genome duplications that preceded
the emergence of agnathostomes. These
molecular events coincide with the
evolution of mesoderm (shaded box).
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Table 1. Elk gene complements in cnidarians and deuterostomes

ETS Elk B D dock-phos
Phylum Example genes genes Box Box cassette

Cnidarians sea 16 1 NO NO NO
anemone

Tunicates Ciona 17 1 NO ? YES
intestinalis

Echinoderms sea 16 1 NO ? YES
urchin

Hemichordates | acorn 11 1 NO ? YES
worm

Vertebrates axolotl ? 3 YES YES YES
human 30 3 YES YES YES

Table 2. Fungal and bacterial proteins with pseudo-core TAD motifs

Species Protein GI no. Motif sequence
Pseudozyma hubeiensis hypothetical 501308678 APFWSTLSP
Chaetomium globosum predicted 116192667 QDFWSTLSP
Roseiflexus sp. asparagine synthase | 148657749 FTFWSTLSP
Deinococcus radiodurans | hypothetical 15806922 SAFWSTLSP
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Table 3. ES-MS/MS analysis of recombinant Elk-1 proteins*

Identification Sequence % Coverage

Saccoglossus MQVEQLQVDDTRHGLKRTLAEMESKDEMSSAESQLKKRCLMP 23.4

kowalevskii FVKPKGLESNITLWQFLLELLMDKNNQPLITWTSNDGEFKLV

ETS domain- NAEEVARRWGLRKNKTNMNYDKLSRALRYYYDKNIIKKVMGQ

containing KFVYKFVSFPEIVKTETKVPFRVKMESIEPQVSRPHSYPGAD

protein Elk-3- NSTTTTSSNSVLPRTISSLVSPQNRQTSYSNPDLTVKSQAGH

like VNHSRPLFSPNVSNFTQLTSDVHLVSSTGKPISTVCTTMPSP
ISRPQPIQLSIPMPVSKPSMTLPELRTTMASPSYTGFHPSHF
TFPGTPVVLSSPIISQGTPTPLFSFPFWSTMSPMALSPQMSS
MNHFQFPIISNINGHMAAMQGFMPPVSAFNAVSPVLLSPTSH
KPIIAS

Homo Sapiens | MDPSVTLWQFLLQLLREQGNGHIISWTSRDGGEFKLVDAEEV 33.9

Elk-1

ARLWGLRKNKTNMNYDKLSRALRYYYDKNITRKVSGQKFVYK
FVSYPEVAGCSTEDCPPQPEVSVTSTMPNVAPAAIHAAPGDT
VSGKPGTPKGAGMAGPGGLARSSRNEYMRSGLYSTFTIQSLOQ
POPPPHPRPAVVLPNAAPAGAAAPPSGSRSTSPSPLEACLEA
EEAGLPLQVILTPPEAPNLKSEELNVEPGLGRALPPEVKVEG
PKEELEVAGERGFVPETTKAEPEVPPQEGVPARLPAVVMDTA
GOQAGGHAASSPEISQPQKGRKPRDLELPLSPSLLGGPGPERT
PGSGSGSGLQAPGPALTPSLLPTHTLTPVLLTPSSLPPSIHF
WSTLSPIAPRSPAKLSFQFPSSGSAQVHIPSISVDGLSTPVV
LSPGPQKP

*Peptide sequences with positive identifications from MS/MS data for tryptic digests of
protein bands excised from the polyacrylamide gel shown in figure 4a (arrowheads) are

underlined.
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FIGURE 1ab.
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FIGURE 4ac.
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FIGURE 4d.
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