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ABSTRACT

The TATA binding protein (TBP) is an essential tran-
scription initiation factor in Archaea and Eucarya.
Bacteria lack TBP, and instead use sigma factors
for transcription initiation. TBP has a symmetric
structure comprising two repeated TBP domains.
Using sequence, structural and phylogenetic
analyses, we examine the distribution and evolution-
ary history of the TBP domain, a member of the
helix-grip fold family. Our analyses reveal a broader
distribution than for TBP, with TBP-domains being
present across all three domains of life. In contrast
to TBP, all other characterized examples of the TBP
domain are present as single copies, primarily within
multidomain proteins. The presence of the TBP
domain in the ubiquitous DNA glycosylases
suggests that this fold traces back to the ancestor
of all three domains of life. The TBP domain is also
found in RNase HIII, and phylogenetic analyses show
that RNase HIII has evolved from bacterial RNase HII
via TBP-domain fusion. Finally, our comparative
genomic screens confirm and extend earlier reports
of proteins consisting of a single TBP domain among
some Archaea. These monopartite TBP-domain
proteins suggest that this domain is functional in its
own right, and that the TBP domain could have first
evolved as an independent protein, which was later
recruited in different contexts.

INTRODUCTION

The architecture of multisubunit RNA polymerases
(RNAPs) in the three domains of life is surprisingly well
conserved (1,2), and evolutionary analyses indicate that

the common RNAP core evolved before the divergence
of Bacteria, Archaea and Eucarya (3–5). In contrast, a
number of RNAP subunits and associated transcription
factors are conserved between Eucarya and Archaea to the
exclusion of Bacteria (5–7). One such case is evident in
transcription initiation, where promoter-directed tran-
scription of all classes of RNAPs in Eucarya and
Archaea is dependent on the TATA-binding protein
(TBP) (7–9). In addition to the canonical TBP factor,
the two closely related eukaryotic TBP paralogues
TBP-related factor 2 and 3 are involved in gene expression
during development and differentiation in some meta-
zoans [reviewed in (10)].

TBP is absent from bacteria, and bacterial RNAPs
instead initiate transcription using the evolutionarily un-
related sigma factors (11). This has led to the suggestion
that TBPs and sigma factors emerged independently in the
archaeal/eukaryotic and bacterial lineages, respectively.
Consequently, the RNAP of the Last Universal
Common Ancestor (LUCA) may have initiated transcrip-
tion in a factor-independent manner (7).

A related question, and the focus of this work, is the
origin of the TBP domain itself. TBP consists of a highly
conserved core comprising two symmetric repeats (TBP
domains) and an N-terminal extension that is less well
conserved and whose function remains poorly understood
(12,13). Even though the bipartite symmetry of TBP
suggests that it was generated by duplication, the origin
of the TBP domain and of TBP protein remains uncertain.

The TBP domain consists of a five-stranded
anti-parallel b-sheet, which binds the target DNA, and
two a-helices that cover the opposite surface of the sheet
(14,15). As summarized in Table 1, the TBP domain has
been found in a number of protein families, notably
RNase HIII and DNA glycosylases, though sequence
similarity between these is low. Although these proteins
bind nucleic acids, functional and structural studies do not
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implicate the DNA glycosylase TBP domain in DNA
binding, in contrast to RNase HIII and TBP. Given the
small size of the TBP domains, differing DNA-binding
capacity and low sequence similarity between them, one
could question whether these domains are homologous.
Indeed, the TBP domain has been identified as a
member of a broad fold group, dubbed the helix-grip
fold, members of which vary in the number of strands
and helices (16,17). Within the broader context of
homology versus convergence for protein folds (18,19),
we were therefore interested in examining whether the
aforementioned examples of TBP domains could be estab-
lished as definitively having evolved from a common
ancestor and exploring the evolutionary scenarios giving
rise to the different protein contexts in which it is found.

Among the cases noted in Table 1, DNA glycosylases
are notable for their broad distribution, spanning all three
domains of life. This is a group of homologous enzymes
that recognize and remove damaged bases in DNA by
flipping out the base and hydrolyzing the bond between
deoxyribose and base. The resulting abasic lesion is
subsequently repaired by the base excision repair
pathway (20).

Members of the RNase H family are ribonucleases that
have a substrate specificity for RNA–DNA hybrids and
play an important role during DNA replication (21).
Unlike RNAPs that can initiate RNA synthesis using nu-
cleotide triphosphates, DNA polymerases (DNAPs)
require a primer to initiate DNA synthesis (22). During
replication, primases provide these short RNA primers
that subsequently are removed from the de novo
synthesized DNA strand by ribonucleolysis, which is
facilitated by members of the RNase H family (21).
There are three families of RNase H termed type I, II
and III, but although their substrate specificities have
been characterized, and vary considerably, the biological
relevance of the subtypes remains uncertain (21).

In contrast to TBPs and DNA glycosylases, and the
ubiquitously distributed RNase HII family, RNase HIII
has a comparatively narrow phylogenetic distribution,
being sparsely scattered across bacteria, with only a few
potential archaeal homologues annotated in sequenced
genomes. What then is the origin of the TBP domain in
RNase HIII?

To improve our understanding of the evolutionary
origin of the TBP domain, we examined a combination
of sequence, phylogenetic and structural data. Our

analyses indicate that the TBP domains across a range
of proteins are homologous, and that the TBP domain
was a likely constituent of the LUCA. Two possible evo-
lutionary scenarios are presented for the subsequent dis-
tribution of the TBP domain. One scenario proposes the
initial presence of a monopartite TBP domain in LUCA
that was later co-opted into new roles, with domain du-
plication leading to the emergence of TBP, and fusion of a
monopartite TBP-domain protein with other domains
giving rise to RNase HIII and DNA glycosylase. In the
alternative scenario, the TBP domain originated from
within DNA glycosylase, evolving into a modular
domain through truncation, this modular domain later
giving rise to TBP via duplication and fusion, and to
RNase HIII through fusion with RNase HII.
Although the primary focus of this work was to estab-

lish whether an evolutionary relationship existed between
the TBP domains in TBP protein, DNA glycosylase and
RNase HIII, our searches also revealed other proteins
containing the TBP domain, some of which are thought
to bind DNA, lending some weight to the hypothesis that
this domain may have served a DNA binding role in
LUCA.

MATERIALS AND METHODS

Assessing remote homologies using sequence analysis

To evaluate remote homologies between the TBP domains
in TBP, DNA glycosylase and RNase HIII, we searched
existing domain family classifications—SCOP (23),
CATH-Gene3D (24) and Pfam (25). We also used sensi-
tive sequence-based search methods, i.e. the FFAS server
(26) and the HHpred server (27), to detect very remote
homologies not captured in SCOP, CATH or Pfam.
Structural comparisons were also performed and are
described later in the text.

SCOP, CATH and Gene3D

The CATH (24) and SCOP (23) databases classify hom-
ologous protein domain structures in superfamilies on the
basis of structural, sequence and functional similarities.
Gene3D is a sister resource of CATH containing

sequence relatives for each domain structure superfamily.
Hidden Markov Models (HMMs) are built using HMMer
for representative sequences from each CATH domain
structure family and used to scan UniProt and
ENSEMBL to identify sequence relatives. We searched
SCOP, CATH and Gene3D for all protein sequences con-
taining TBP domains.
We also performed HMM–HMM comparisons using

PRC (28) for all HMMs from domain superfamilies
within the CATH helix-grip fold, i.e. the fold group con-
taining the TBP domain superfamily. This identified other
putative homologous relationships between all
superfamilies in the helix group fold. We considered that
all matches with e-values <0.01 indicated putative
homologies. As the fold in total is represented by 20 of
the 11 330 models in the CATH HMM library, we
regarded the relatively high e-value of 0.01 as significantly
indicating homology.

Table 1. Distribution and features of key TBP-domain proteinsa

Protein Context DNA
binding

Distribution Pfam
family

Pfam
clan

TBP Bipartite Yes AE PF00352 CL0407
RNase HIII N-term (Yes) BAb PF11858 -
DNA

glycosylases
N-term No BAE PF07934 CL0407

PF06029

aData derived from Pfam. Other proteins carrying TBP-domain
proteins have been reported, as discussed in the text.
bArchaeal distribution investigated in this study.
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Pfam analysis

Pfam groups clearly homologous protein domains in
families and uses pairwise comparisons of profile HMMs
derived from alignments of family members to group
individual families into broader clans (25). In Pfam clans,
e-values for pairwise relationships are calculated based on
scoring a given pHMM against the complete library of
pHMMs, using Profile Comparer (PRC) (29). Pfam
analyses were performed on the Pfam server (http://pfam.
sanger.ac.uk/). Information on the TBP-like clan, including
precomputed e-values for clan relationships, was retrieved
from Pfam. Pairwise HMM logos showing relationships
between Pfam families (Supplementary Figures S1–S3)
were visualized using LogoMat-P (http://www.sanger.ac.
uk/cgi-bin/software/analysis/logomat-p.cgi) (30).

FFAS scan

The Fold and Functional Assignment System (FFAS)
takes a query sequence as input, builds a profile of that
sequence and a set of close homologues found using
PSI-BLAST (31) and then uses that profile to compare
against a pre-built library of profiles (26). Profile–profile
alignment scores are compared against a distribution of
scores obtained between pairs of unrelated sequences to
produce the final FFAS score. A FFAS score below �9.5
is usually indicative of a significant similarity between the
two profiles. The input sequences we used for FFAS
searches were the same as those used for structural com-
parisons (see later in the text), i.e. the N-terminal TBP
domain of Sulfolobus acidocaldarius TBP, the TBP
domain of Bacillus stearothermophilus RNase HIII and
the TBP domain of Escherichia coli 3-methyladenine
DNA glycosylase. All FFAS scans were performed
against a library of profiles derived from Pfam families.

HHpred scan

HHpred compares a profile HMM derived from an input
sequence with profile HMMs derived from a number of
alignment databases (27). In this work, we searched all
source alignment databases provided by HHpred.
HHpred reports the probability ranging from 0 to 100
for any putative homologous relationship it detects.
Here, only hits with a probability �95.0 are considered.
The input data used for HHpred searches were the
multiple sequence alignments of Pfam family seed
members for each TBP domain.

Structural comparisons

Comparisons between structural representatives of the dif-
ferent TBP domains were performed using the Sequential
Structure Alignment Program, (SSAP) (32). For any pair
of structures being superimposed, SSAP produces a struc-
tural similarity score that can range from 0 to a maximum
of 100 for identical structures. SSAP scores above 80 are
usually associated with highly similar structures (32).
For each SSAP score, an associated Z-score was

computed based on the distribution of all SSAP scores
between one of the domains being compared and all
non-redundant domains in CATH at the 95% sequence

identity level. The Z-score helps in evaluating whether an
SSAP score obtained between two domains is likely to be
due to chance structural similarity.

The boundaries of TBP domains used in this study were
defined manually from PDB entries. The following
boundaries were used: for TBP, we used residues 15–97
of chain A of PDB structure 1mp9; for DNA glycosylase,
we used residues 1–84 of chain A of PDB structure 1mpg;
finally, for the N-terminal domain of RNase HIII, we
considered residues 2–67 of chain A in PDB structure
2d0a.

Structural prediction

Structural predictions of the putatively single TBP-
domain proteins were performed using the Phyre2 server
(http://www.sbg.bio.ic.ac.uk/phyre2/) (33).

Phylogenetic analyses

All multiple sequence alignments were performed with the
Kalign software version 2.04 (34) and default settings.
Alignments were subsequently manually inspected for
alignment errors.

Bayesian trees were inferred using PhyloBayes 3.2e (35)
using two parallel chains with the CAT+Gamma+I
model (36) until sufficient convergence was achieved, cor-
responding to �10 million generations with sampling
every 100 generations and 2.5 million generations dis-
carded as burn-in.

Cluster analyses

Cluster analysis of TBP domain-containing proteins was
performed using CLANS v. 2 (37). A data set comprising
the full complement of sequences as of 2011-11-07 for the
Alka-N, OGG_N and TBP families was downloaded from
PFAM (http://pfam.sanger.ac.uk/) (25). A representative
selection of RNase HIII TBP-domain sequences and
putative single TBP-domain proteins were then added to
that data set. Accession information for the sequences
present in the analysis is given in Supplementary Table
S1. PSI-BLAST as implemented in the CLANS software
was allowed to run for 10 000 cycles followed by identifi-
cation of clusters by convex clustering with default values
and 100 jack-knife replicates.

Analyses to reveal the evolutionary ancestry of specific
proteins

In addition to the generic sequence and structure-based
protocols outlined earlier in the text to determine the re-
lationships between the TBP domains in TBP protein,
DNA glycosylase and RNase HIII, further, more specific
analyses (described later in the text) were performed (1) to
determine whether the TBP domain existed as a single-
domain protein and (2) to reveal the evolutionary
ancestry of the RNase HIII protein.

Search for monopartite TBP-domain proteins

Several complementary approaches were used to find add-
itional proteins consisting of a single TBP domain, over
and above those identified previously (16,17,38).
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Search of Gene3D
We searched for occurrence of possible monopartite TBP
domains in CATH-Gene3D. As mentioned earlier in the
text, CATH-Gene3D provides CATH domain predictions
for all proteins in the major sequence databases (39,40). In
CATH, TBP domains from TBP are classified in super-
family 3.30.310.10, whereas domain structures from DNA
glycosylases are classified in superfamilies 3.30.310.20 and
3.30.310.40. TBP domains from RNase HIII are classified
in 3.30.310.10, together with those from TBP. We there-
fore scanned Gene3D v11.0.0 to retrieve sequences with
one domain from any of these three superfamilies and no
other domain.

This scan was performed programmatically using the
Gene3D web services (41). Fragments were then
removed from the list of hits. We also excluded any
protein with a sequence length of >150 residues, as we
assumed such a length would suggest the presence of
another, yet undetected domain.

BLAST search
We retrieved several candidates consisting of a
monopartite TBP domain from the full alignment of the
Pfam TBP-like clan. Genomic context confirmed these
were not truncated or misannotated proteins.
Specifically, we performed six-frame translations, ran
blastp and searched for evidence of larger orfs using
blastx against Genbank’s non-redundant database).

HMMer search
An additional search was performed using a more sensi-
tive method [HMMer 3.0 (42)]. MAFFT (43) was used to
align the candidate monopartite TBP-domain sequences
identified with the alternative searches mentioned earlier
in the text. A profile HMM was derived from this multiple
sequence alignment using HMMer, and was used to scan a
non-redundant sequence database consisting of Ensembl
(44), RefSeq (45) and Uniprot (46). The scan was iterated
until no new homologues were found (convergence).
Subsequently, a highly dissimilar domain identified in
the previous iterative search was used to seed a new itera-
tive search. This process was done in total five times.
From the resulting set of matches, we then filtered out
all with a sequence length of >150 residues and those con-
taining more than one predicted domain in Gene3D (40).

Search for archaeal RNase HIII proteins

A possible scenario for the emergence of RNase HIII in
Bacteria is horizontal transfer from Archaea, and there-
fore we searched for occurrence of this protein in Archaea.

A first set of sequence searches were performed using
BLASTP against the NCBI non-redundant database, and
complete archaeal genomes in Genbank (www.ncbi.nlm.
nih.gov), as of June 2011.

Additionally, a semi-automated iterative procedure
using in-house developed Perl-scripts was developed
using more sensitive HMM-based protocols to explore
the presence/absence of putative RNase HIII candidates
in sequenced archaeal genomes. First, HMMer 3.0 was
used to construct HMM profiles using proteins identified
as the target protein (in this case, the RNase HIII protein

from B. stearothermophilus). The profile was calibrated
and used in an iterative search against all sequenced
archaeal genomes (www.ncbi.nlm.nih.gov) as of June
2011.
As putative domain matches were identified they were

manually inspected for previous annotation and e-value. If
the putative hit was determined to represent a true hit, it
was included in a new HMM profile, and the procedure
repeated until no further hits were detected.

RESULTS AND DISCUSSION

Sequence and structure indicate that TBP domains are
related by common descent

Available data indicate that TBP domains from TBP,
DNA glycosylase and RNase HIII display diverse
sequence and structure and are associated with a broad
range of functions, spanning DNA repair, transcription
and replication (Table 1 and Figure 1). We therefore
looked at both sequence and structural data to examine
evidence for common ancestry. Results are summarized in
Table 2. Six lines of evidence were considered, i.e. data
from three existing databases of protein classification,
results from profile-based and HMM-based sequence
searches and structural comparisons.
First, we examined evidence of homology of TBP

domains in existing databases of protein classification.
TBP domains from TBP and DNA glycosylase belong to
the same superfamily in SCOP and to the same Clan
(CL0407) in Pfam.
In contrast, FFAS and HHpred searches do not return

significant matches between TBP domains of TBPs and
DNA glycosylases but seem to suggest a significant simi-
larity between the N-terminal domain of RNase HIII and
the TBP domains of TBP, as previously reported (47,48).
We next performed structural superpositions of

TBP-domain structures using the structural comparison
program SSAP. SSAP comparison results are listed in
Table 2, and structural superpositions are shown in
Figure 2. The observed structural similarity between
TBP domains of TBP and DNA glycosylase supports
the notion of a remote yet significant homology between
these domains (see Figure 2 and Table 2).
The SSAP score obtained between the TBP domain of

RNase HIII and the N-terminal TBP domain of TBP is
79.70, which is marginally <80.00 threshold (see
‘Materials and Methods’ section). It is noteworthy that
the N-terminal domain of RNase HIII is classified in
Pfam as a domain of unknown function (DUF3378/
PF11858) and falls outside the CL0407 clan; despite a
comparable level of profile–profile similarity apparent
across all families (Supplementary Figures S1–S3), the re-
sulting e-values are above the cut-off for inclusion in the
CL0407 TBP-like clan. As small domains like these may
get such scores just by random similarities, we also ran
SSAP comparisons between the RNase HIII N-terminal
domain and all 35 583 non-redundant domains in CATH
v3.3. Of all these domains, 99.95% have a SSAP score
<79.70 (Z-score of 2.82), suggesting that the similarity
obtained between RNase HIII N-terminal domain and
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Figure 1. Structure and DNA binding of TBP domain-containing proteins. Overview of DNA glycosylase (left), TBP (centre) and RNase HII/HIII
(right) structures in the free forms (top) and DNA-bound forms (bottom). The free and DNA-bound forms are shown in the same orientation
for each protein. In all cases, one TBP domain is coloured in red, whereas the rest of the protein chain is coloured green for DNA glycosylase, blue
for TBP and cyan for RNase HII/HIII. For RNase HIII, no DNA-bound structure is available in the PDB; thus, a structure of DNA-bound
RNase HII is shown instead to illustrate the conserved RNase domains in the two classes of enzymes. The RNase domain of RNase HII is in the
same orientation as the equivalent RNase domain of RNase HIII. DNA backbones are represented as orange traces. The identifiers of the PDB
entries used in this figure are indicated. Figures 1 and 2 were generated using PyMol (The PyMol Molecular Graphics System, version 1.3,
Schrödinger LLC).

Table 2. Evidence of homology between TBP domainsa

Protein TBP DNA glycosylase RNase HIII

TBP Scop: superfamily CATH: fold
Pfam: clan FFAS: �13.0
CATH: fold HHpred: 95.0 (PIRSF 037748)
SSAP: 82.49 (3.14) SSAP: 79.70 (2.82)

DNA glycosylase Scop: superfamily CATH: fold
Pfam: clan SSAP: 75.34 (2.42)
CATH: fold
SSAP: 82.49 (3.27)

RNase HIII CATH: fold CATH: - fold
FFAS: �13.0 SSAP: 75.34 (2.34)
HHpred: 97.8 (PF00352)
SSAP: 79.70 (2.80)

aThis table describes the evidence gathered in this work to confirm remote homology of TBP domains in TBPs, DNA glycosylases and RNase HIII.
Each cell in the table shows the evidence for each pair of TBP domains. Six lines of evidence were considered, i.e. presence of TBP domains in the
same category of the SCOP, CATH and Pfam databases, FFAS search, HHpred search and structural comparison using the program SSAP. For
SCOP, Pfam and CATH, we simply indicate the classification level at which the two domains being compared are found together. For FFAS, a score
lower than �9.5 is usually indicative of remote homology. For HHpred, the score returned is a probability of homology, and we consider any
probability >95 as a positive hit. A SSAP score >80.0 is considered as a hit. SSAP associated Z-scores are provided next to each SSAP score (see
‘Materials and Methods’ section). Rows provide evidence for domains used as search queries. Therefore, using RNase HIII TBP domain as query in
HHpred returns a hit to Pfam family PF00352 (TBP) with a probability of 97.8, whereas the reciprocal search with TBP as query returns a hit to PIR
family PIRSF037748 (RNase HIII) with a probability of 95.0. See ‘Materials and Methods’ section for details on how searches were performed.
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the N-terminal domain of TBP is not just obtained
randomly because of the small size of the domain.
Similarly, the structural similarity between the TBP
domains of TBP and DNA glycosylase is also supported
by a Z-score of 3.27. In addition, the structure of the TBP
domain comprises a rather unusual topology. Although it
contains a common b-meander motif, this comprises less
than one-third of the structure and is therefore unlikely to
be the explanation for the considerable structural similar-
ity between the domains.

Comparison of the structural topology of TBP domains
from TBP and DNA glycosylases with the TBP domain of
RNase HIII illuminates the clear structural similarity
(Figure 3), despite high levels of sequence divergence.
Secondary structure elements B10, H10, B30, B40, B50, H20

and the intervening loops from RNase HIII appear struc-
turally equivalent to secondary structure elements B1, H1,
B3, B4, B5, H2 from the other TBP domains. As indicated
in Figure 3, the primary difference between the TBP
domains of RNase HIII and the other TBP domains is
the insertion/deletion of strand B2. Of note, strand B2 is
absent in the structure of TBP from Archaea (PDB 1mp9),
where it is replaced by a very long loop.

Although the structure data or sequence data may not
be strong enough on its own to indicate homology, the
combination of these two different types of evidence is
extremely unlikely to have occurred by chance and is
therefore compelling evidence of homology. This clearly
suggests that the TBP domains in the different proteins
analysed here have a single evolutionary origin. It is worth
pointing out that the current evidence points at homology
between the TBP domains of TBPs and DNA
glycosylases, and between the TBP domains of TBPs
and RNase HIII, but not directly between the TBP
domains of DNA glycosylase and RNase HIII.

DNA binding is observed in some proteins possessing the
TBP domain

Although the extant TBP domains appear to have
diverged from a common ancestor, it is harder to attribute

DNA binding to that ancestral TBP domain [see also
(17)]. As evident from Figure 1, which shows TBP
domain containing proteins in complex with their nucleic
acid target or substrate, TBP is the only one for which
available structural data show that the TBP domain is
involved in DNA binding. Both RNase HIII and DNA
glycosylases also bind DNA, but it is yet uncertain
whether the TBP domain participates in the interaction
of those proteins with DNA. However, recent evidence
seems to suggest that in RNase HIII at least, the TBP
domain might also be involved in DNA binding (49).
The function of the TBP domain in RNase HIII is

unclear, but it has been suggested to serve as a nucleic
acid-binding domain that expands versatility of the HIII
subtype by providing additional interactions with the
DNA–RNA template (48). Indeed, a recent mutagenesis
study indicates that key conserved residues in the RNase
HIII TBP domain do contribute to nucleic acid binding,
and the structure is consistent with a model wherein a
flexible linker domain enables the TBP domain to swing
round to bind the DNA–RNA substrate (49).
According to that mutagenesis study, the TBP domain

of RNase HIII binds DNA via a surface equivalent to that
of the TBP domains of TBP. This similar way of binding
DNA further reinforces the notion that the TBP domains
of TBP and RNase HIII are related by common descent.
Although DNA glycosylases must of course recognize

dsDNA, the X-ray structure of a complex formed by
E. coli DNA glycosylase AlkA and its template DNA
(PDB ID 1diz) shows that the TBP domain is not in prox-
imity of, and therefore not directly involved in, interactions
with the DNA template. To our knowledge, there are no
currently available data to suggest that the TBP domain of
DNA glycosylases interacts with the substrate DNA.

Origin of RNase HIII and its TBP domain

RNase HIII consists of an N-terminal TBP domain and of
a C-terminal domain related to RNase HII (48). RNase
HIII has only been characterized in a handful of bacterial
genomes, whereas RNase HII is found across all three

Figure 2. Structural topology comparison of TBP-domains. The Top panel shows the common topology of TBP-domains from DNA glycosylases
and TATA-binding proteins, which belong to the same Pfam clan. The Bottom panel shows the topology of the TBP-domain of RNase HIII. The
b-strands in all structures are represented as light arrows, whereas the a-helices are represented as dark rectangles. Strands B2 and B6’, which are
present in only a subset of the structures, have a dotted outline. The N-terminal ends of the domains are represented as triangles, and C-terminal
ends are represented as diamonds. The N- and C-terminal residues for each domains are indicated on the right of the Figure.
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domains of life (21). The origin of the TBP domain of
RNase HIII is enigmatic. TBPs could be the source of
this domain, although that is difficult to reconcile with
the fact that TBPs are not found in bacteria, whereas
RNase HIII seems mostly limited to them.
In an attempt to decipher the origins of the TBP domain

in RNase HIII, we first checked whether homologues of
RNase HIII could be found in Archaea and Eukaryotes.
To that end, we first performed BLASTp-searches against
the NCBI non-redundant protein database with the
RNase HIII sequence from B. stearothermophilus as
seed. Although the distribution of RNase HIII among
the bacterial domain is patchy, the protein is present in
taxonomically very divergent bacterial clades. Searches
also yielded two putative RNase HIII sequences in
archaeal genomes.
We next examined whether the origin of RNase HIII

could be unravelled using phylogeny. We therefore per-
formed a Bayesian phylogenetic analysis with RNase
HII and HIII sequences from a variety of bacteria,
archaea and eukaryotes. Although there was insufficient
signal in the TBP domain on its own for reliable
phylogenies, we were able to able to perform phylogenetic
analyses using the RNase HII-like domain.
As shown in Figure 4, we uncovered three well-

separated and largely well-resolved clades consisting of
archaeal/eukaryotic RNases HII, bacterial RNases HII
and bacterial/archaeal RNases HIII. The RNase HIII

clade is positioned as a sister clade to the bacterial
RNase HII clade. This is consistent with the relatively
high sequence similarity between the RNase HIII
C-terminal domain and bacterial RNase HII and
suggests that RNase HIII may have evolved from a bac-
terial RNase HII through acquisition of the TBP domain.

Regarding the emergence of RNase HIII in archaea, a
recent transfer of RNase HIII from bacteria into archaea
seems difficult to reconcile with the high level of diver-
gence evident between the TBP domains from bacterial
and archaeal RNases HIII (Supplementary Figure S4).
Such divergence seems more consistent with an ancient
evolutionary origin, not a recent transfer from bacteria
to archaea. Therefore, we cannot formally rule out the
possibility that RNase HIII entered archaea via an
ancient horizontal gene transfer. Assuming the position
of the root is correctly placed between archaeal and bac-
terial RNases HII, an ancient transfer event is plausible.

Together, these data suggest that RNase HIII evolved
from an ancestral RNase HII. The differences between the
TBP domain from RNase HIII and other known TBP
domains indicate that RNase HIII is most likely evolu-
tionarily ancient, despite a limited distribution, and that
the TBP domain architecture is older still. We note that,
under evolution by horizontal transfer and natural selec-
tion, there is no requirement that evolutionarily old
sequences must have a broader distribution than evolu-
tionarily younger sequences.

Figure 3. Structural topology comparison of TBP domains. The Top panel shows the common topology of TBP domains from DNA glycosylases
and TBP, which belong to the same Pfam clan. The Bottom panel shows the topology of the TBP domain of RNase HIII. The b-strands in all
structures are represented as light arrows, whereas the a-helices are represented as dark rectangles. Strands B2 and B60, which are present in only a
subset of the structures, have a dotted outline. The N-terminal ends of the domains are represented as triangles, and C-terminal ends are represented
as diamonds. The N- and C-terminal residues for each domains are indicated on the right of the figure.
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Figure 4. Phylogenetic analysis of RNases HII/HIII. The tree indicates that RNase HIII sequences most likely derive from RNase HII, with
the archaeal RNase HIII from Candidatus Methanosphaerula palustris possibly being the result of a bacterial to archaeal horizontal gene
transfer event. Colour coding of branches refers to taxonomic placement of sequence, with green corresponding to bacterial sequences, blue to
archaeal sequences and red to eukaryotic sequences. HII/HIII indicates whether the sequence is an RNase HII or HIII. The tree was generated using
PhyloBayes (see ‘Materials and Methods’ section) and is mid-point rooted.
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Genomic evidence for a novel class of monopartite
TBP-domain genes in Euryarchaea

Although our phylogenetic analyses shed some light on
the origin of RNase HIII, the origin of the TBP domain
within RNase HIII still remained unclear, and the absence
of an obvious donor for the TBP domain in RNase HIII
led us to examine whether the RNase HIII TBP domain
evolved from a single copy TBP-domain protein. Several
candidates exist. TbpA, just such a protein with a single
TBP domain, has been identified in Halobacteria (38), and
a number of computationally identified cases are also
known (16). TbpA appears functional but is not essential
for cell viability (50–52).
We performed a screen of the Gene3D database (39,40)

for monopartite TBP domains, which recovered three of
these TbpA homologues, all of which proved very similar
to full-length TBP sequences from the same species (50).
We also retrieved all mono-partite candidates from the

full Pfam TBP family (PF00352) alignments, as well as
computationally identified candidates (16) and blasted
these against Genbank to ascertain whether these were
in fact TBPs (with only half the protein annotated in the
genome) or whether genomic data supported a
monopartite structure.
Examination of adjacent sequences, blast hits and

genomic context revealed that the majority of cases were
likely to be TBPs that had been misannotated. However,
some show no evidence of an adjacent domain, suggesting
they are not part of a larger protein. Next, we generated a
profile HMM of the monopartite candidates and screened
the Uniprot database and all publicly available archaeal
genomes (as of November 2011). All resulting cases are
from Euryarchaea and are significantly diverged from the
sequences of TBPs in these genomes, ruling out
misannotation (Table 3).
As shown in Figure 5, cluster-based analyses of sequence

similarities indicate that the TBP domains of RNase HIII
(yellow crosses), TBP domains of TBP (green triangles) and
the monopartite TBP domains from Table 3 (purple
diamonds) fall into distinct, statistically supported
(�95%) clusters. Notably, the monopartite TBP domains
from Halobacterial genomes all cluster with TBP domains
of TBPs (green triangles), not the other monopartite TBP
domains identified via Pfam (purple diamonds). Figure 6
shows in detail the key multidomain architectures
associated with the TBP domain superfamily and relates
these to the cluster analysis presented in Figure 5.
Given low levels of sequence similarity, we sought to

examine whether the putative single copy TBP-domain
proteins from Table 3 can fold into the characteristic
TBP-domain 3D structure. We therefore submitted
these sequences to the Phyre2 server to examine putative
structure. Figure 7 shows a representative example
(NP_578195) from Pyrococcus furiosus. The top 10 pre-
dicted structures were all TBP domains, predicted with
>90% confidence, with similar results obtained for all se-
quences in Table 3 (data not shown). Although these data
do not establish the function of these single copy
TBP-domain proteins and do not shed light on the
origin of the RNase HIII TBP domain, they nevertheless

indicate that this group of proteins are not misannotated
TBPs, are distinct from the Halobacterial monopartite
TBP-domain proteins and may therefore have a distinct
function in their own right.

Other multi-domain contexts in which the TBP domain
occurs

Although carrying out the iterative HMM searches to
search for monopartite TBP domains and determine the
full extent of the TBP-domain family, we found the TBP
domain in several other domain contexts (Figure 6).
Among those shown in Figure 6, the most common TBP
domain containing architectures are associated with the
adaptin (AP) and COPG (coatomer protein complex,
gamma subunit) families from eukaryotes. COPG is a
constituent of the coatomer protein complex I (COPI)
involved in transport of proteins from the Golgi to the
endoplasmic reticulum, and adaptins enable selection
and packaging of cargo for vesicles entering the endocytic
system. Both COPI and APs have been shown to trace to
the Last Eukaryotic Common Ancestor (53–55), and
moreover, COPG and APs share clear sequence and struc-
tural similarities [(56); Figure 6], indicating that they
evolved and diversified before the radiation of eukaryote
lineages (57). COPG and alpha and beta APs all carry an
appendage domain, of which the platform sub-domain is
structurally homologous to the TBP domain (58–62)
(Figure 6). Experimental and structural data indicate
that these appendage domains, including the platform
sub-domain, are involved in mediating a diverse number
of protein interactions, acting as interaction hubs for
clathrin coat vesicle assembly and cargo selection (63,64).

A previously unrecognized family are homologues of
MoeB (molybdopterin synthase sulfurylase, orange
circles, Figures 5 and 6), which is essential for
Molybdopterin biosynthesis. This architecture is found
in both archaea and bacteria, though most MoeB
proteins do not contain the TBP-domain region at the
C-terminus of the protein. Currently, there is a lack of
experimental information associated with these proteins,
preventing any determination of how the TBP-domain
affects the function of these proteins.

A small number of rare architectures (only one or a few
proteins identified) were also found in diverse lineages,
including archaea and fungi. Little functional annotation
exists for these specific proteins, but it is notable that the
associated domains appear to be normally involved in
DNA binding. For instance B0DHE1_LACBS contains
a repeated endonuclease domain at the N-terminus,
whereas Q8TJ64_METAC has a winged helix repressor
domain (red circles with black outline, Figures 5 and 6).

A tentative evolutionary history of TBP domains

Available data on the distribution and function of the
TBP domain do not make it straightforward to unravel
its evolutionary history (Figure 8A). The pertinent facts
are that (i) the TBP domain is found in all three domains
of life; (ii) it functions in DNA binding in some but not all
contexts; (iii) it exhibits extensive sequence divergence but
(iv) clear structural similarity; and (v) it is found in a
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variety of protein contexts. These include dual repeats in
TBP, as a fusion with other domains (DNA glycosylases
and RNase HIII and others) and as a single TBP-domain
protein in some euryarchaea.

Based on these data, we consider two possible evolu-
tionary scenarios.

One scenario proposes the initial existence of a
monopartite TBP domain in LUCA, which subsequently

duplicated to give rise to TBP, and fused with RNase HII
to give rise to the HIII variant. The second scenario
proposes that the TBP domain evolved through trunca-
tion from DNA glycosylase. Figure 8B shows a schematic
representation of the alternative scenarios.
The DNA glycosylases are an evolutionarily ancient

protein family that likely evolved before the divergence
of the three domains of life (67,68). That the DNA

Figure 5. Cluster analysis of TBP domains. Groups identified by convex clustering and their jack-knife support are as follows: DNA glycosylase
group 1 (91 members, red circles, left cluster) 97%, DNA glycosylase group 2 (46 members, red circles, right cluster) 40%, TBPs and halobacterial
single TBP-domain proteins (61 members including 58 TBPs and 3 halobacterial single TBP-domain proteins, green triangles) 100%, RNase HIII (33
members, yellow crosses) 100%, DNA glycosylase group 3 (18 members, blue squares) 87%, single TBP-domain protein group 1 (10 members, purple
diamonds, left cluster) 100%, single TBP-domain protein group 2 (two members, purple diamonds, right cluster) 87%, ThiF-MoeZ-MoeB group
(three members, orange circles) 100%, COPG group (302 members, light green inverted triangles) 78%, AP appendage group (152 members, pink
Y-shapes) 73% and a number of smaller loosely associated satellite clusters associated with either the COPG or AP appendage group and coloured
accordingly. Domain architectures for all clusters are depicted in Figure 6. Coloured symbols are equivalent across both figures. See ‘Materials and
Methods’ section for full description of analysis and settings.

Table 3. Candidate single copy TBP domains in euryarchaeal genomes are distantly related to TBPs

Species Monopartite TBP-domain candidates TBP Pairwise similaritya

Genbank accession Length (aa) Genbank accession Length (aa)

Pyrococcus furiosus DSM 3638 NP_578195 96 NP_579024 182 14/25
Pyrococcus sp. NA2 YP_004424005 95 YP_004424451 191 19/41
Pyrococcus yayanosii CH1 YP_004624794 95 YP_004623880 191 38/73
Thermococcus barophilus MPb YP_004071110c 92 YP_004071510 190 11/19

YP_004071638c 91 YP_004072056 174 20/37
Thermococcus gammatolerans EJ3 YP_002959676 97 YP_002958812d 192 31/62

YP_002959195d 182 29/61
Thermococcus kodakarensis KOD1 YP_184404 97 YP_182545 190 18/33
Thermococcus onnurineus NA1 YP_002306670 97 YP_002307696 192 32/64
Thermococcus sibiricus MM 739 YP_002993507e 136 YP_002993555 185 5/9

YP_002993607e 82 16/42
Average Pairwise identity 49.6% 70.9%

aAs established with blast2seq. Numerator refers to number of ‘positives’ (identities and similarities) across the length (denominator) of the local
alignment (denominator). The presence of two TBP domains in TBP results in two possible local alignments; the fraction of positives for the hit with
lowest e-value was used in this table.
bBest local similarity score given for each monopartite candidate versus both annotated TBPs.
cPairwise similarity between these proteins: 61/91.
dPairwise similarity between these proteins: 130/183.
ePairwise similarity between these proteins: 53/81.
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glycosylases are the most broadly conserved TBP domain
containing proteins suggests that the TBP domain may
have evolved within this context. Although it seems diffi-
cult to envision the precise excision of the TBP domain

from a DNA glycosylase, protein evolution can occur via
both domain fusion and fission (69–72). Given the an-
tiquity of DNA glycosylases, and no evidence for single
TBP-domain proteins of similar antiquity, this model has
the advantage of being compatible with extant protein
distributions. As single copy TBP-domain proteins
appear functional, this suggests a fission model is biologic-
ally plausible.

Conversely, proteins consisting exclusively of a single
TBP domain, such as TbpA, also lend credence to a
possible monomeric origin, as this indicates an ancestral
monomer may have been functional in its own right.
Single TBP-domain proteins thus provide a conceptually
important stepping stone from the integral TBP domain in
DNA glycosylases or the duplicate domain in TBP itself,
to emergence of multidomain proteins such as RNase
HIII. Although sequence divergence makes it difficult to
establish the single TBP-domain factors as the ultimate
source of this domain in multidomain proteins, they do
lend this scenario biological credibility.

The diversification of the TBP domain into other roles
may have occurred from a single TBP-domain protein
(scenario 1) or following the emergence of a discrete

Figure 6. Example domain architectures for TBP domain containing protein families. For the most common and some example rare domain
architectures an example protein is shown using the Pfam ‘beads-on-a-string’ representation. Domains from the same superfamily are coloured
identically on each protein, and CATH IDs are given for each domain. Note that the N-terminal extension (pink) associated with the human TBP is
a 1.25.10.10 domain. These extensions are interaction sites for eukaryote-specific TBP-associated factors (see text). The symbols that correspond to
the clusters in Figure 5 are given adjacent to each protein. TBP-domain superfamilies 3.30.310.10 and 3.30.310.30 are light and dark green,
respectively. Note that under the current classification of CATH, this superfamily is split into two architectures; however, PRC results along
with previous observations (see text) show they are anciently related, and both are universal to eukaryotes. Two unique architectures with no
known full-length homologues (or function) appear to be isolated examples of domain recombination events (red circles with black outline).
Both have potential DNA-binding domains at their N-termini and show substantial sequence divergence from the monopartite and TBP families
(Figure 5). DNA Glycosylase group III is not shown but has essentially the same domain architecture as groups I and II. The difference is the
N-terminal domain is classified as 3.30.310.20 instead of 3.30.310.40 (the latter is coloured red).

Figure 7. Predicted structure of single TBP-domain protein from P.
furiosus (NP_578195), generated using the Phyre2 server (33).
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TBP domain from the DNA glycosylase protein (scenario
2). Subsequent duplication of the TBP domain would then
have given rise to TBP in the archaeo-eukaryotic lineage.
Alternatively, the loss of TBP in the bacterial lineage is
also plausible, and of interest in light of recent speculation
that TFIIB—which acts in concert with TBP to facilitate
transcription initiation—may be evolutionarily related to
sigma factors (65) (Figure 8A). Following this line of
speculation, the evolution of a hypothetical sigma-TFIIB
precursor into sigma in the bacterial lineage may have
made TBP functionally redundant for transcription initi-
ation, leading to its loss from the bacterial lineage.

Both single copy TBP domains and the TBP domain of
RNase HIII share very low levels of sequence similarity
with TBP domains of TBP or DNA glycosylase. This is
suggestive of deep evolutionary origins. In our analyses,
RNase HIII can be concluded to have evolved from
RNase HII. But the sequence divergence between the
N-terminal TBP domain of RNase HIII and any other

known TBP domains makes it difficult to identify the
TBP-domain donor among these. It therefore seems
more plausible that RNase HIII evolved via fusion of
RNase HII with a single copy TBP domain at its
N-terminus, although this is difficult to establish. The
sequence divergence between the TBP domain of RNase
HIII and other known TBP domains suggests that this
fusion would have been a very ancient event.
Provided that the TBP domain originated within the

DNA glycosylases (scenario 2), this suggests that the uni-
versal DNA glycosylase TBP domain and possibly other
ancestral forms of the TBP domain did not necessarily
facilitate interactions with nucleic acids. The DNA-
binding activity may have emerged later in evolution fol-
lowing the duplication and fusion event that gave rise to
the double repeat structure of all contemporary TBP
variants. In this regard, it is worth noting that the role
for the TBP domains of eukaryotic COPG and adaptins
in mediating diverse protein–protein interactions indicates
this domain fulfils a broad range of cellular functions.
Finally, the large N-terminal extensions present in many

eukaryotic TBPs are likely to have emerged much later in
evolution, as did the duplications of TBP in metazoa and
vertebrates, which gave rise to the TBP paralogues
TBP-related factor 2 and 3 (10). This diversification
went hand-in-hand with the multiplication of RNAPs
into 3–5 distinct classes each with specific transcription
initiation factors, which in extant eukaryotes transcribe
distinct and non-overlapping subsets of genes.

CONCLUSIONS

We conclude that the TBP domain traces back to before
the divergence of the three domains of life, but that it most
probably only took on a role as a transcription initiation
factor (TBP) later in evolution. It may have been present
as a single domain in LUCA or originated within DNA
glycosylases, evolving through truncation. Whatever
scenario is correct the modular fold could subsequently
be co-opted into new function through duplication and
fusions with other domain partners. This has clearly
happened a number of times as revealed by the different
multi-domain proteins containing the TBP domain. The
considerable sequence divergence between similar TBP
domains across a narrow range of species hints at a
much older evolutionary origin for the TBP domain in
RNase HIII, despite a sparse distribution relative to
RNase HII, which, like DNA glycosylases, likely traces
to the LUCA.
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