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The development of a complex body plan requires a di-
versity of regulatory networks. Here we consider the
concept of TATA-box-binding protein (TBP) family pro-
teins as ‘‘system factors’’ that each supports a distinct set
of transcriptional programs. For instance, TBP activates
TATA-box-dependent core promoters, whereas TBP-related
factor 2 (TRF2) activates TATA-less core promoters that
are dependent on a TCT or downstream core promoter
element (DPE) motif. These findings led us to investigate
the evolution of TRF2. TBP occurs in Archaea and
eukaryotes, but TRF2 evolved prior to the emergence
of the bilateria and subsequent to the evolutionary split
between bilaterians and nonbilaterian animals. Unlike
TBP, TRF2 does not bind to the TATA box and could thus
function as a new system factor that is largely indepen-
dent of TBP. We postulate that this TRF2-based system
served as the foundation for new transcriptional pro-
grams, such as those involved in triploblasty and body
plan development, that facilitated the evolution of
bilateria.

Supplemental material is available for this article.

The development of complex body plans requires a di-
verse range of transcriptional programs. The regulation of
these programs is often analyzed at the level of sequence-
specific DNA-binding proteins that interact with enhancers
and other important DNA elements. Indeed, sequence-
specific factors, such as those that are used to create
induced pluripotent stem cells, play a critical and dom-
inant role in establishing the state of a cell. However, at
the same time, it might be imagined that the most far-
reaching changes in an organism would involve alter-
ations of the basal transcriptional machinery.
In eukaryotes, the basic transcription reaction involves

an RNA polymerase along with auxiliary factors that
are required for accurate and efficient transcription. For
transcription of the subset of promoters that contain
a TATA box, RNA polymerase II (Pol II) functions with
transcription factor IIB (TFIIB), TFIID, TFIIE, TFIIF, and
TFIIH (for review, see Thomas and Chiang 2006). TFIID
comprises the TATA-box-binding protein (TBP) along
with other TBP-associated factors known as TAFs. In

addition, TFIIA has been found to enhance the binding of
TBP to DNA. TBP (as well as the TATA box), TFIIB, TFIIE,
TFIIS, and Pol II are present in Archaea and eukaryotes
(for review, see Grohmann and Werner 2011). Moreover,
many eukaryotes contain TBP as well as TBP-related
factors (TRFs).
Here we consider the concept that TBP family proteins

function as ‘‘system factors’’ that support distinct transcrip-
tional programs. TBP occurs in Archaea and eukaryotes,
and TBP-related factor 1 (TRF1), TRF2, and TRF3 (for
reviews, see Goodrich and Tjian 2010; Akhtar and Veenstra
2011) evolved independently via duplications of the
TBP gene. TRF1 has been found in insects, TRF3 appears
to be present mainly in vertebrates, and TRF2 has been
generally thought to be present in all metazoans (Dantonel
et al. 1999; Goodrich and Tjian 2010; Akhtar and Veenstra
2011). Except for TRF2, members of the TBP family of
proteins exhibit sequence-specific binding to DNA.
Here we focus on two RNA Pol II transcriptional pro-

grams that are driven by the TBP or TRF2 system factors.
We then analyze the characteristics and emergence of
TRF2 and propose a role for the TRF2-based system in
the evolution of the bilateria, triploblastic animals that
have bilateral symmetry and represent ;99% of all living
animals.
System factors function via the core promoter, which is

the segment of DNA that is sufficient to direct accurate
initiation of transcription (for example, see Kadonaga 2012
and references therein). The signals that regulate transcrip-
tion must ultimately pass through the core promoter, and
it thus serves as the ‘‘gateway to transcription.’’ The RNA
Pol II core promoter is diverse in terms of its structure and
function, and its activity is regulated by the presence or
absence of specific DNA sequence motifs. These core
promoter elements include the TATA box, initiator (Inr),
polypyrimidine initiator (TCT), and downstream core
promoter element (DPE). There are no universal core pro-
moter motifs. TBP family system factors can act through
specific core promoter motifs, although in a manner that
may or may not involve direct binding to those DNA
sequence elements.
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Distinct transcriptional programs with TBP vs. TRF2
system factors

TBP can activate transcription via the TATA-box motif,
and both TBP and the TATA box are conserved in Archaea
and eukaryotes (Kosa et al. 1997; Patikoglou et al. 1999).
TBP binds to the TATA box with its core region, which
consists of two structurally repeated domains that form
a saddle-shaped structure. For the purposes of this dis-
cussion, it is important to remember that the binding of
TBP to the TATA box includes the participation of two
pairs of conserved Phe residues (F193–F210 and F284–F301
in human TBP) whose side chains intercalate between the
first and last base pairs of the TATA motif and kink the
DNA (Fig. 1A; Supplemental Fig. S1; Kim et al. 1993a,b).
This interaction is highly conserved (Patikoglou et al.
1999). In addition, TBP binds to other basal transcription
factors such as TFIIA and TFIIB as well as TAFs (for review,
see Thomas and Chiang 2006).

TRF2 (also known as TLP, TRP, TLF, and TBPL1)
(Maldonado 1999; Moore et al. 1999; Ohbayashi et al.
1999; Rabenstein et al. 1999; Teichmann et al. 1999)
contains two domains that are similar to those in TBP and
interacts with TFIIA and TFIIB, as does TBP (Fig. 1A;
Supplemental Fig. S1). In addition, the overall structures
of TBP and TRF2 are predicted to be conserved (Dantonel
et al. 1999). Unlike TBP, however, TRF2 does not bind to
the TATA box and does not exhibit sequence-specific
binding to DNA in the presence or absence of all possible
combinations of TFIIA and TFIIB (for example, see Wang
et al. 2014).
TRF2, but not TBP, is required for transcription of core

promoters, such as those of most ribosomal protein genes,
that lack a TATA box and are dependent on the TCT
sequence motif (Wang et al. 2014). On the other hand,
TBP, but not TRF2, is essential for the transcription of
TATA-dependent core promoters. These findings revealed
that TRF2, but not TBP, supports a TCT-dependent RNA
Pol II transcription program that is dedicated to the pro-
duction of ribosomal proteins. Notably, the TRF2-TCT
transcriptional program complements the RNA Pol I
and RNA Pol III transcriptional programs that are dedi-
cated to the synthesis of rRNAs and tRNAs (Supplemen-
tal Fig. S2).
In addition, transcription from DPE-dependent core

promoters requires TRF2 (Kedmi et al. 2014) but not
TBP (Hsu et al. 2008). These TATA-less DPE-containing
promoters include those of most of the homeotic genes
(Juven-Gershon et al. 2008) as well as of many genes that
are regulated by the Dorsal transcription factor (Zehavi
et al. 2014). It is important to note that the DPE motif
functions with the Inr element but not with the TCT
motif (Parry et al. 2010; Kadonaga 2012). Thus, the TCT-
dependent promoters are different from the DPE-
dependent promoters. Hence, for RNA Pol II, these
studies have revealed three distinct transcriptional pro-
grams: the TBP-based transcription of TATA-dependent
core promoters and the TRF2-based transcription of
TCT-dependent core promoters and DPE-dependent core
promoters.

TRF2 evolved prior to the emergence of the bilateria

The identification of distinct TBP- and TRF2-based tran-
scriptional programs led us to investigate the evolution of
TRF2. We found paralogs of TBP in several protist
lineages and in plants and animals but not in yeast. It
was necessary, however, to employ a distinct and reliable
signature for TRF2. To this end, we generated an align-
ment of TBP and TBP-related factors (Fig. 1A; Supple-
mental Fig. S1). Many features, such as the TFIIA and
TFIIB interaction sites as well as most of the TATA-box-
interacting amino acid residues, are conserved among
TBP and TBP-related factors. As described previously
(Dantonel et al. 1999), three of the four conserved
TATA-interacting Phe residues in TBP are altered in
TRF2. The alteration of the Phe residues in TRF2 may
explain the apparent absence of its binding to DNA. In
addition, Leu208, which is essential for TAF1-mediated

Figure 1. Evolution of the TRF2-based transcription system
facilitated the emergence of complex animal body plans.
(A) Alignment of TBP and TBP-related factors from Archaea
(a), Drosophila (d), and humans (h). The TATA-box-interacting
Phe residues that are mutated in TRF2 are indicated with
arrows. The amino acid numbers are those of human TBP. The
full amino acid sequences of the repeated core domains of these
proteins are given in Supplemental Figure S1. (B) TRF2 emerged
from a previously duplicated TBP protein prior to the evolution
of bilateria and subsequent to the evolutionary split between
bilaterians and nonbilaterian animals. A phylogenetic tree
showing the presence or absence of TRF2 in selected metazoa
is shown in Supplemental Figure S3.
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inhibition of TBP (Nishikawa et al. 1997), is absent in
TRF2 (Fig. 1A; Supplemental Fig. S1).
We therefore examined the occurrence of TRF2 during

the course of evolution by following the alteration of the
three TATA-interacting Phe residues. TRF2 was found in
all bilaterian genomes (n = 165) but not in any of the six
nonbilaterian animal genomes that are currently avail-
able (one placozoan, two cnidaria, two ctenophores, and
one poriferan) (Supplemental Table 1). The bilateria have
bilateral symmetry and are triploblastic (i.e., possess
three germ layers: endoderm, mesoderm, and ectoderm).
This is in contrast, for instance, to the cnidaria, which
have radial symmetry and are diploblastic with two germ
layers (endoderm and ectoderm) (for review, see Technau
and Steele 2011).
Hence, the TRF2 gene was already present in the last

common ancestor of all bilaterians, having evolved from
a duplicated TBP gene (Fig. 1B; Supplemental Figs. S3,
S4A). It is interesting to note that the changes from Phe to
Trp as well as from Phe to His each required a minimum
of two nucleotide substitutions in the DNA sequence.
Thus, the alteration of the three Phe residues involved
a minimum of five nucleotide substitutions, which may
have been due to positive selection. We identified two
copies of TBP genes (which, incidentally, encode proteins
with all four of the TATA-interacting Phe residues) in one
placozoan, one ctenophore (Pleurobrachia bachei), and
two choanoflagellates, the presumed closest living rela-
tives of animals. None of these genes, however, appears to
be the predecessor of the TRF2 gene (data not shown).
The inability of TRF2 to bind to the TATA boxmay have

led to a partial loss of evolutionary constraints in TRF2
relative to TBP. Consistent with this idea, the amino acid
substitution rate in TRF2 was approximately five times
higher than that in TBP (Supplemental Fig. S4). For some
reason, the amino acid substitution rate in TRF2 slowed
down significantly during vertebrate evolution.
It is also relevant to mention that the independent

replacement of some of the TATA-interacting Phe resi-
dues in TBP, but not the characteristic three Phe residues
altered in TRF2, has occurred in some protists. For instance,
the trypanosome Trypanosoma brucei has lost the first
two Phe residues, and the dinoflagellate Crypthecodinium
cohnii has lost all four Phe residues (Guillebault et al. 2002;
Ruan et al. 2004). Both species appear to encode only one
copy of a TBP family protein. Consistent with the modifi-
cation of their critical Phe residues, TATA-box-containing
promoters were not found in either species (Guillebault
et al. 2002; Ruan et al. 2004; Das et al. 2005). These findings
provide examples in which the TATA-interacting Phe
residues had been altered independently of TRF2.

TRF2 and the evolution of bilateria

The split of the TBP-based transcription system into the
TBP- and TRF2-driven systems predates the evolution of
complex body plans. Because TRF2 does not bind to the
TATA box, it can function somewhat independently of
the pre-existing TATA-dependent TBP-based transcription
systems. It is likely that the new TRF2-based transcrip-

tion system facilitated the emergence of new transcrip-
tional programs, such as those of core promoters that are
driven by a DPE or TCT motif (Kedmi et al. 2014; Wang
et al. 2014). In addition, the Drosophila histone H1
promoter, which does not appear to contain a TCT or
DPE core promoter motif, requires TRF2 but not TBP
(Isogai et al. 2007; Wang et al. 2014). Hence, there may be
at least a third TRF2-based transcriptional program in
addition to the TCT and DPE networks.
To investigate the biological functions of TRF2, ontol-

ogy analysis was performed with genes (n = 1475) associ-
ated with promoters that were found to contain at least
a twofold higher level of TRF2 occupancy relative to
background in 2- to 4-h Drosophila embryos. This anal-
ysis revealed a strong relation between TRF2 and trans-
lation as well as development and cell differentiation
(Supplemental Table 2). These findings are consistent
with the role of the TCT motif in the transcription of
genes involved in translation (ribosomal protein genes
and translation initiation and elongation factor genes)
(Parry et al. 2010) as well as with the function of the DPE
in the transcription of genes involved in development and
cell differentiation (homeotic genes and Dorsal target
genes) (Juven-Gershon et al. 2008; Zehavi et al. 2014). It
is particularly notable that some of the Dorsal-regulated
genes, such as twist,Mef2, and tinman, are important for
the development of mesoderm (for example, see Bonn
and Furlong 2008), which is lacking in diploblastic
nonbilaterian animals such as cnidaria (Technau and
Steele 2011).
Thus, in light of the timing of the appearance of TRF2

and the emergence of the bilateria as well as the role of
TRF2 in development, we hypothesize that TRF2 facili-
tated the evolution of the bilateria through the formation
of new transcriptional programs. We envision a scenario
in which the TBP gene was duplicated. Then, the codons
corresponding to the three critical Phe residues in one of
the two TBP genes mutated over time. This yielded
a protein, TRF2, that did not bind to the TATA motif
yet retained other key properties of TBP, such as in-
teractions with TFIIA and TFIIB. These functions enabled
TRF2 to function as a transcription factor that did not
require the TATA box. (It is useful to remember that the
alteration of the Phe residues [although not the same
three Phe residues as in TRF2] in the single TBP gene in
protists had also resulted in factors that did not function
via the TATA box [Guillebault et al. 2002; Ruan et al.
2004; Das et al. 2005].) The emergence of TRF2 thus
resulted in two (largely but not entirely) independent
system factors: TBP and TRF2. Importantly, TRF2 was
not constrained to function via the TATA box. This
situation led to the formation of new transcriptional
programs, such as the TRF2-based TCT and DPE net-
works (Fig. 2; Kedmi et al. 2014; Wang et al. 2014). We
postulate that TRF2-based transcriptional programs that
are involved in triploblasty and body plan development
ultimately led to the appearance of bilateria.
Consistent with the notion that TRF2 facilitated the

emergence of bilateria, mutant Drosophila embryos with
reduced levels of TRF2 exhibit homeotic and segmenta-
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tion defects as well as abnormalities in the dorsal–ventral
polarity (Kopytova et al. 2006). In worms, fish, and frogs,
the decrease or inactivation of TRF2 has been found to be
embryonically lethal, with development arrested prior to
gastrulation (Dantonel et al. 2000; Kaltenbach et al. 2000;
Veenstra et al. 2000;M€uller et al. 2001). In contrast, however,
TRF2-deficient mice were observed to be viable, although
they exhibited a defect in spermiogenesis (Martianov et al.
2001; Zhang et al. 2001). In mice, it is possible that there
is some other factor that compensates for the absence
of TRF2.
This hypothesis for the evolution of bilaterians could be

tested by gaining a better understanding of TRF2-based
transcriptional programs as well as themolecular processes
that differ between bilaterians and nonbilaterian animals.
In this manner, it could be seen whether TRF2-regulated
gene networks are intimately linked to the specific func-
tions that were essential for the development of bilaterians.

System factors and ‘operating systems’ (OSs)

In conclusion, we view TBP family proteins as ‘‘system
factors’’ that drive multiple transcriptional programs (Fig.
3). In some respects, this arrangement has a resemblance
to computer OSs and programs (applications or ‘‘apps’’).
By following this analogy, wemight imagine that TBP and
TRF2 each represent an OS and that specific transcrip-
tional programs, such as Pol I, Pol II-TATA, Pol III, Pol II-
DPE, and Pol II-TCT, are ‘‘apps’’ that function with their

cognate OS. From this perspective, the establishment of
TRF2 provided a new ‘‘TRF2 OS’’ that could function in
addition to the pre-existing ‘‘TBP OS,’’ and this arrange-
ment led to new ‘‘apps’’ that facilitated the emergence of
bilateria. In the future, the analysis of system factors and
their unique and important roles in transcription should
continue to yield many new and fascinating biological
insights.

Figure 2. Postulated model for the evolution of the
TRF2-based transcription system. We use TBP* as a
general notation for a TBP-related protein that contains
all four of the TATA-box-interacting Phe residues. The
TBP system comprises the RNA Pol II TATA box
program, the RNA Pol I and RNA Pol III transcriptional
programs, and probably other programs. The TRF2
system includes the TCT and DPE transcriptional pro-
grams and probably other programs, such as one that
transcribes histone H1 genes. The DPE functions with
the Inr but not with the TCT motif (Parry et al. 2010;
Kadonaga 2012). Therefore, the TCT and DPE transcrip-
tional programs are distinct. TBP binds directly to the
TATA-box motif, whereas purified TRF2 does not appear
to bind to the TATA box or any other specific DNA
sequence. Because of this difference in the DNA-binding
properties of TBP and TRF2, these two system factors
can function somewhat independently of each other.
This facilitated the evolution of two distinct transcrip-
tional systems.

Figure 3. Model of TBP and TRF2 as system factors with their
associated transcriptional programs. We postulate that the
emergence of TRF2, which does not bind to the TATA box,
provided a new and somewhat independent TRF2-based tran-
scription system that could function in addition to the pre-
existing TBP-based system. We propose that this arrangement
led to new transcriptional programs that facilitated triploblasty
and the evolution of bilateria.
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