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Abstract
Many gene families in higher plants have expanded in number, giving rise to diverse protein
paralogs with specialized biochemical functions. For instance, plant general transcription factors
such as TFIIB have expanded in number and in some cases perform specialized transcriptional
functions in the plant cell. To date, no comprehensive genome-wide identification of the TFIIB
gene family has been conducted in the plant kingdom. To determine the extent of TFIIB expansion
in plants, I used the remote homology program HHPred to search for TFIIB homologs in the plant
kingdom and performed a comprehensive analysis of eukaryotic TFIIB gene families. I discovered
that higher plants encode more than 10 different TFIIB-like proteins. In particular, Arabidopsis
thaliana encodes 14 different TFIIB-like proteins and predicted domain architectures of the newly
identified TFIIB-like proteins revealed that they have unique modular domain structures that are
divergent in sequence and size. Phylogenetic analysis of selected eukaryotic organisms showed
that most life forms encode three major TFIIB subfamilies that include TFIIB, Brf, Rrn7/TAF1B/
MEE12 subfamilies, while all plants and some algae species encode one or two additional TFIIB-
related protein subfamilies. A subset of A. thaliana GTFs have also expanded in number,
indicating that GTF diversification and expansion is a general phenomenon in higher plants.
Together, these findings were used to generate a model for the evolutionary history of TFIIB-like
proteins in eukaryotes.
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1. Introduction
All eukaryotic life forms contain at least three types of multi-subunit nuclear RNA
polymerases (Pols) I, II, and III that transcribe DNA into different forms of RNA1-3. For
instance, Pol I synthesizes most ribosomal RNAs (rRNAs), Pol II synthesizes mRNAs, small
nuclear RNAs (snRNAs), and microRNAs, and Pol III synthesizes transfer RNAs (tRNAs),
the 5S rRNA and other snRNAs4-11. Eukaryotic transcription initiation by Pol I, II, and III
each require the action of several general transcription factors (GTFs) for accurate gene
transcription2,3. The well-studied Pol II transcription system utilizes up to seven different
GTFs that include TATA binding protein (TBP), TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and
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TFIIH 7,12. The GTFs work together to help Pol II find the promoter, open doublestranded
DNA, select a start site, initiate RNA synthesis, and facilitate Pol II clearance from the
promoter 7,12. Like the Pol II-specific GTFs, Pol I and III utilize paralogous GTFs to initiate
transcription2,3,13,14.

TFIIB and TBP are two of the best-studied GTFs among the eukaryotic and archeal
transcription initiation factors. TFIIB-like factors are universally required for eukaryotic and
archael transcription initiation 2,14-18. For example, archaea and eukaryotic Pol I and III
require paralogous TFIIB-like factors called TFB, Rrn7/TAF1B/MEE12, and TFIIB-related
factor 1 (Brf1), respectively 3,17. In the Pol II preinitiation complex, TFIIB simultaneously
interacts with Rpb1 Dock and Rpb2 Wall domains of Pol II, TBP, and DNA upstream and
downstream of TBP 7,12,19-22. TFIIB also plays roles at several key steps during the
transcription cycle that include transcription start site selection (TSS), promoter opening,
abortive initiation, promoter clearance, and termination 20,23-30. TBP is also universally
required for transcription initiation by archaeal Pol and each of the three major eukaryotic
Pols 2,3,14,31-33. TBP binds specifically to TATA or TATA-like DNA sequences upstream of
the transcription start site of promoter DNA, and induces a sharp 90° bend in DNA7,3334.

Plants are unique because they contain two additional multi-subunit nuclear Pols (IV-V) that
perform specialized and distinct transcriptional functions. For instance, Pol IV is required
for small interfering RNA (siRNA) biogenesis whereas Pol V is required for siRNA
targeting and RNA-directed DNA methylation 35-45. Current evolutionary models suggest
that Pol IV and V evolved from Pol II due to their sequence homology, shared subunit
composition, and overlapping functions 46-49. Besides Pols, plants also contain multiple
copies of TBP and TFIIB family proteins. For example, Arabidopsis thaliana encodes two
distinct forms of TBP50 and up to eight different TFIIB-like proteins that consist of two
TFIIBs, three TFIIB-related factors (Brf), one Rrn7/TAF1B-like protein, and two plant
specific TFIIB-related proteins (Brp)17,51-55.

Gene family expansion can result in proteins with redundant, specialized, and diversified
functions. To determine the extent of TFIIB expansion and their emergence in the plant
kingdom, I preformed a simple computational approach using the remote homology
detection search program HHpred56. I examined various eukaryotic genomes including
several plant, mosses, algae, fungi, and metazoan genomes to identify TFIIB homologs,
determine their phylogenetic relationships, and compare structural homology with their
well-characterized yeast and mammalian counterparts. The present study identified a new
TFIIB-like subfamily and examined the evolutionary history of TFIIB family proteins in the
eukaryotic kingdom. The A. thaliana genome was also searched for GTF homologs for each
of the three eukaryotic Pols, showing that most higher plant GTF gene families have also
expanded in number.

2. Materials and Method
2.1. HHpred protein similarity search

Sequence and structure similarity searches were performed by HHpred (http://
toolkit.tuebingen.mpg.de/hhpred) to search against the A. thaliana genome database of
Hidden Markov Models (HMM) under default settings and thresholds. The A. thaliana
genome database used for this study only contains annotated protein coding genes, while
annotated pseudogenes are not included in the database.

2.2. TFB protein mining from complete genome sequences
A. thaliana TFB protein sequences listed in Table S1 were used as the comment for PSI-
BLAST and TBLASTN against selected genomes using the National Center for
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Biotechnology and Information (NCBI) server (http://www.ncbi.nlm.nih.gov/BLAST). It
was expected that all TFB-like proteins would contain an N-terminal zinc ribbon, a variable
linker segment, and a cyclin fold domain. A total of 20 different eukaryotic genomes listed
in Table 1 were searched for these protein sequence signatures. The E-value threshold was
increased to 10 for most searches to increase search sensitivity. Reiterative PSI-BLAST
searches were preformed until no new protein matches were detected. When searching for
Rrn7/TAF1B/MEE12 homologs, threshold settings were relaxed to an E-value threshold of
100, since these proteins exhibit significant sequence divergence between species. Potential
TFB homologs were further filtered by PHI-BLAST or screened manually for a zinc ribbon
consensus sequence in the form of the following regular expression: (CxxC/Hx14-17CxxC/
HG). From this pool, protein sequences were individually searched by HHpred against the
A. thaliana genome database as above. At total of 101 protein sequences were identified and
their protein sequences are listed in Table S1 Orthologous groups were identified on the
basis of phylogenetic clustering, HHpred probability, and percent identity scores.

2.3 Phylogenetic analysis and tree construction
Maximum likelihood phylogenetic trees of selected protein sequences were constructed with
the PhyML 3.0 online program (http://www.phylogeny.fr)57 using advanced mode
bootstrapping (100 bootstraps) and one of three substitution models (JTT, LG, and Dayhoff).
Each matrix model generated trees with similar clustering. A total of 98 eukaryotic TFB
protein sequences were aligned by their TFIIB homology domains (BHD). Multiple
sequence alignments were combined from HHpred alignments and converted to FASTA
format with minor manual manipulation to remove gaps in the comment protein sequence.

3. Results
3.1. The A. thaliana genome contains 14 different TFB-like genes

To search genome-wide for TFIIB-like (TFB) protein coding genes in the A. thaliana
genome, I used HHpred to search various TFIIB family proteins against the A. thaliana
genome database. Three different TFB proteins were used as queries that include AtMEE12
(Pol I), AtTFIIB1 (Pol II), and AtBrf1 (Pol III). Using AtMEE12 and AtTFIIB1 as queries
each detected 11 matches (Fig.1A,B), while AtBrf1 detected 13 matches (Fig.1C). In total,
14 different A. thaliana proteins matched with high probability (>97%) to the three AtTFB
family proteins. Among the 8 TFB-like proteins described in the literature, 6 additional
TFB-like proteins were identified (Unk1-6). Four of the newly identified TFB-like proteins
were assigned new numerical AtBrp names that include AtBrp3 (Unk3), AtBrp4 (Unk2),
AtBrp5 (Unk4), and AtBrp6 (Unk5). The remaining two new AtTFB proteins were
homologous to either the AtMEE12 or AtBrf1 C-terminal domain (CTD) and assigned
names that include AtMEE12CTD (Unk1) and AtBrfCTD (Unk6).

3.2. Predicted domain architecture of A. thaliana TFB-like proteins
Using the HHpred alignments and the known domain architectures of TFB family proteins
as a guide, I assigned the domains of all 14 A. thaliana TFIIB family proteins (Fig.2A).
TFIIB-like proteins contain three domains beginning with a zinc ribbon domain at the N-
terminus followed by a linker domain and two cyclin fold repeats. Brf- and Rrn7/TAF1B/
MEE12-like proteins consist of the same three TFIIB-like domains, but also contain an
extended CTD following the cyclin fold repeats. Among the newly identified AtTFB
proteins, four are missing one or more TFIIB-like domains. For instance, the domain
architecture of AtBrp3 is similar to TFIIB by containing a zinc ribbon and linker domain,
but only contains a single cyclin fold. Likewise, the domain architecture of AtBrp6 is
missing the entire cyclin fold repeat domain and only consists of a zinc ribbon and linker
domain.
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The two remaining AtTFB proteins detected by HHpred contain familiar domain
architectures. For example, AtBrp4 consists of a TFIIB-like domain architecture with the
exception that the linker domain is 50 residues longer than compared to AtTFIIB1. AtBrp5
also contains a similar domain organization as AtBrfs and AtMEE12 where it contains a
large CTD. However, the AtBrp5 CTD lacks any apparent sequence similarity with the
AtBrf and AtMEE12 CTDs, indicating that it likely has a unique structure and function in
transcription. The DNA sequences proximal to the truncated AtTFBs also lack any similarity
TFIIB-like domains, ensuring the truncation of these genes is not the result of incorrect
annotation and gene boundary assignment, but it is possible that these truncated AtTFB
family proteins may represent uncharacterized pseudogenes. None of the AtTFB family
protein identified above are listed in available A. thaliana pseudogene datasets58,59, but four
pseudogenes associated with the AtBrf2, AtBrf3, AtMEE12, and AtMEE12CTD genes were
previously identified and are listed in Table S2

3.3. Phylogenetic relationships of A. thaliana TFB-like proteins
To further compare and classify each AtTFB protein, I used phylogenetics to group the
AtTFB family proteins based on their evolutionary relationships with respect to their human
and yeast counterparts. An unrooted phylogenetic tree was constructed from a multiple
HHpred sequence alignments of AtTFB protein family members, encompassing the zinc
ribbon, linker, and cyclin fold domains. AtBrp2 and AtBrp3 cluster together with TFIIB
orthologs, while AtBrp4, AtBrp1, and AtBrp6 cluster with the TFIIB clade, but are
progressively more divergent (Fig.2B). AtBrfs and AtMEE12 each group well with their
human and yeast counterparts. Notably, AtBrp5 is very divergent and does not cluster well
with any of the three major TFB clades, indicating that it may represent a new and distinct
TFB protein clade in plants.

3.4. Sequence conservation of A. thaliana TFB-like protein domains
To examine the protein sequence conservation of AtBrp domains, I determined the protein
sequence identity between AtBrps protein domains relative to three reference AtTFB family
proteins that include AtTFIIB1, AtBrf1, and AtMEE12. In general, the AtBrp zinc ribbon
domains are more similar to AtTFIIB with the exception of the zinc ribbon domains of
AtBrp1 and AtBrp5 (Fig.3A,D), possibly suggesting these zinc ribbons may contact Pol II
given their similarity. The AtBrp1 and AtBrp5 zinc ribbon domains lack significant
sequence identity to any of the reference proteins, indicating they may contact unique Pol
domains.

The AtTFB linker and cyclin fold domains were also compared (Fig.3B,C,D). AtBrp1-4
each contain linker and cyclin domains most similar to TFIIB, possibly indicating they
preform TFIIB-like functions in Pol II and TBP binding. The linker domain of AtBrp5 and
AtBrp6, and the AtBrp5 cyclin domains lack significant sequence similarity to any of the
three AtTFB reference proteins. The TFIIB linker domain or connecting region contains a
segment called the B-reader that immediate follows the zinc ribbon domain20. The B-reader
contains a conserved helical sequence patch (EWRTF) that is positioned near the TSS that
reads the template to find a suitable start site20,60. Among the AtBrp proteins, the conserved
TFIIB B-reader motif is found only in AtBrp2, while all the remaining AtBrps lack this
motif, possibly indicating they recognize unique TSSs.

3.5. Expression profiles of A.thaliana TFB family genes
The expression patterns of all the A.thaliana TFB proteins were also investigated using the
AtGenExpress Tileviz developmental dataset61 to determine whether the TFB genes are
transcribed during plant development. The AtTFB genes were clustered into four distinct
groups based on the their expression profiles and compared with representative Pol I-V
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genes of the two largest subunits (Fig.S1). All the AtTFB genes were widely expressed in
the different plants tissues, indicating that each of these genes are transcribed in the plant
cell and possibly translated into proteins. Notably, the AtBrp5 and AtTFIIB1 expression
profiles clustered well together, indicating that AtBrp5 may perform a general
transcriptional role like AtTFIIB1 in all tissues and developmental stages.

3.6. Comparative analysis of eukaryotic TFB-like proteins
To identify TFB gene family protein members in other eukaryotic genomes, I used
reiterative PSI-BLAST to search various AtTFB protein sequence against selected
eukaryotic genome databases. PHI-Blast was also performed on various proteins containing
zinc ribbon and/or cyclin domains using a simple AtTFB zinc ribbon regular expression.
Potential TFB-like protein matches were independently searched by HHpred against the A.
thaliana genome database to determine if they were homologous to any of the AtTFB family
proteins. Each TFB-like proteins identified among the various eukaryotic genome contained
zinc ribbon and cyclin domain sequence signatures. Names for each of the TFB proteins
were assigned based on the HHpred and phylogenetic analysis. Using this approach, a total
of 19 different eukaryotic genomes were analyzed that include several metazoan species,
fungi, algae, and plant species. In general, I expected to find that each eukaryotic genome
contained at least one TFIIB-, Brf-, and Rrn7/TAF1B/MEE12-like protein. The total number
of TFB-like proteins identified is summarized in Table 1. Among the 101 different TFB-like
proteins detected, three or more TFB-like proteins were found in each of the genomes
searched with the exception of the nucleomorph genomes of the red algae Cryptophytes
Hemi andersenii and Guillardia theta. Only two TFB-like proteins orthologous to TFIIB and
Brf1 were detected in the nucleomorph genomes, and lacked an Rrn7/TAF1B/MEE12-like
protein. Given the compact nature of nucleomorph genomes in red algae and their unique
biology, the Rrn7/TAF1B/MEE12-like gene may have been lost62-64.

To examine the phylogenetic relationship among the eukaryotic TFB protein family
members, I generated a phylogenetic tree from TFB protein sequence alignments using the
Jones-Taylor-Thornton (JTT) amino acid replacement method65,66 The phylogenetic tree
divided the TFB proteins into five distinct subfamilies where each member of the same
subfamily clustered together (Fig.4). In addition to the three expected clades that include
TFIIB, Rrn7/TAF1B/MEE12, and Brf, two additional clades were formed that represent the
Brp1-like and Brp5-like proteins only found in plant and algae species. Alternate matrices
such as LG67 and Dayhoff 68 resulted in genetic trees with similar branching and overall
topologies (Fig.S2).

A model that describes a hypothetical evolutionary history of the five major TFB protein
subfamilies is depicted in Figure 5. Both the Brp1 and Brp5 subfamilies are specific to algae
and plants, but Brp1 subfamily is not found in any of the green algae genomes examined in
this study. The Brp1 subfamily first emerges in red algae, but then is missing in green algae
and Bryophyte mosses. It is not clear why members of the Brp1 subfamily would be missing
in these species, but the Brp1 subfamily clearly reemerges in the genomes of Lycophyte
mosses and higher plants. The Brp5 subfamily has a more simple evolutionary history were
it first emerges in green algae and is continuously found in mosses and higher plant species.
Finally, there is also a clear expansion in the number of TFB proteins beginning with
lycophtyes and continuing with the higher plant species.

3.7. Expansion of A. thaliana GTF genes
To determine the extent of GTF expansion in plants, I searched the A. thaliana genome for
other plant GTF homologs. Using a similar strategy as described for AtTFBs, I used HHpred
to search 23 representative GTF family proteins among the three Pols against the A. thaliana
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genome database. The search results are summarized in Table 2. For most plant GTFs,
multiple copies were detected, indicating that GTF expansion is system-wide and possibly
pair up in unique combinations to control transcription. For a few GTFs, it was difficult to
identify the most direct ortholog since the proteins contained common repeated motifs that
match with high probability to numerous proteins that are clearly not transcription factors.
Besides these cases, multiple copies of GTFs were detected for more than half of the GTFs
analyzed, clearly indicating GTF expansion is a general feature of A. thaliana and higher
plants.

4. Discussion
TFB family proteins play integral and fundamental roles during the transcription cycle. In
the present study, the A. thaliana genome was comprehensively searched for new members
of the TFB protein family, resulting in the discovery of a new Brp5 subfamily. The Brp5
subfamily is particularly interesting given its sequence divergence from other TFB family
proteins. The emergence of the Brp5 subfamily also correlates well with the emergence of
Pol IV in green algae and land plant species46,48,49. Since the Pol IV-V GTF requirements
remain unclear, an attractive although speculative model is that Brp5 may act as a Pol IV-V
GTF. It seems plausible that Pol IV-V would require their own specific TFIIB-like factor as
shown for archeal and eukaryotic Pols I-III. Clearly future genetic and biochemical studies
will be necessary to determine the transcriptional role of the Brp5 subfamily and its potential
protein interaction partners.

The nucleomorph genomes of the unicellular cryptophyte algae species apparently lack an
Rrn7/TAF1B/MEE12-like gene. Nucleomorph genomes consist of three small and compact
chromosomes that encode significantly fewer genes than their larger nuclear counterparts in
the same red algae cell62,69-71. Likewise, the nucleomorph rDNA locus is also reduced in
size, consisting of a single rDNA cistron at the ends of each chromosome, whereas most
eukaryotes contain multiple rDNA copies69,70,72. If nucleomorph genomes lost an Rrn7/
TAF1B/MEE12-like factor they may have also lost some or all of the genes encoding the
Pol I transcription machinery. Available genome analysis suggests otherwise, since genes
encoding the Pol I subunits are found in the H.andersenii and G.theta genomes62,73,74.
Assuming nucleomorph rRNA synthesis is essential, it remains unclear how Pol I would
initiate rDNA transcription without a Pol I-specific TFB-like protein. An intriguing model is
that one of the two remaining TFB subfamily members could potentially take over this role.
Another possibility is that that the nuclear Rrn7/TAF1B/MEE12-like factor may be imported
into the nucleomorph nucleus, as suggested for the nucleopore complex genes encoded only
in the nuclear genome64,70. More detailed molecular and biochemical studies may shed light
on these intriguing possibilities.

Red algae and some plants encode two evolutionary distinct Pol I TFBs, while most other
eukaryotic cells encode a single Pol I GTF most similar to the Rrn7/TAF1B/MEE12
subfamily. In A. thaliana cells, gene expression patterns of AtMEE12 and AtBRP1 indicate
that they are widely expressed in plant cells and tissues, as expected for general Pol I
factors, but protein localization studies confound their proposed roles in rDNA transcription.
For instance, AtBRP1 protein localizes to the cytosolic face of the outer plastid envelope of
wild-type plant cells rather than the expected nucleolar localization for a Pol I factor as
shown for CmBrp152,54. AtBrp1 shuttles to the nucleus upon treatment with proteosome
inhibitors54 and possibly upon Agrobacterium tumefaciens75 infection through it interaction
with viral effector protein VirE3, suggesting that the Pol I activity of the BRP1 subfamily
transcriptional functions has become more specialized in higher plants. Together, it seems
that both AtBRP1 and AtMEE12 have unique functions in Pol I transcription, and future
studies will be necessary to ascertain their precise role in Pol I transcription.
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A.thaliana encodes an expansive repertoire of GTFs, but the roles of these expanded GTF
family members remain unclear. Available evidence from the few A.thaliana TFB proteins
that have been genetically and biochemically characterized, suggest that they perform
specialized functions in the transcription process. Archaea are a clear biological example of
GTF diversification and specialization, where species such as Halobacterium NRC-1
encodes six TBP-like proteins and seven TFIIB-like proteins that pair up in different
combinations to coordinate transcription76-79. A similar phenomenon is possible for these
different GTF homologs in A.thaliana. Further exploration of their potential roles may
uncover unique properties of the GTFs and Pols in plant and eukaryotic transcription.

Supplementary Material
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Pol RNA polymerase

rRNA ribosomal RNA

snRNA small nuclear RNA

tRNA transfer RNA

GTF general transcription factor

TBP TATA-binding protein

Brf1 TFIIB-related factor 1

siRNA small interfering RNA

BRP plant specific TFIIB-related protein

TFB TFIIB-like protein

CTD C-terminal domain

At Arabidopsis thaliana

JTT Jones-Taylor-Thornton

TSS Transcription Start Site
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Highlights

Most life forms encode three TFIIB gene subfamilies

Plants encode two additional TFIIB subfamilies

Most higher plants encode 10 or more TFIIB-like factors

Arabidopsis thaliana encodes 14 different TFIIB-like proteins

GTF expansion is a general phenomenon in plants
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Figure 1. HHpred identification of A. thaliana TFB proteins
A. thaliana queries are AtMEE12 (A), AtTFIIB1 (B), and AtBrf1 (C) depicted as open
boxes, and matches to the queries are shown as bars below. Black bars denote known TFB
family members and red bars indicate newly identified TFB members. Below each bar is the
name of the protein match and region of homology between the comment and match. The
percent probability (P) and identity (I) are also indicated. The scale bar represents length of
amino acids.
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Figure 2. Domain architecture and phylogenetic relationships of A. thaliana TFB family proteins
(A) Schematic representation of TFB family protein domain architecture. Each domain is
represented by a different color. Arrows indicate individual cyclin fold repeats. (B)
Evolutionary relationship of A. thaliana TFB-like proteins. The phylogenetic tree was
created by comparing the TFIIB Homology Domain (BHD) domain that consists of the zinc
ribbon, linker, and cyclin fold domains for each TFB-like protein. AtBrf4CTD and
AtMEE12CTD were excluded from this analysis since neither proteins contain a BHD. Each
clade is shaded a different color based on their closest evolutionary relationship. The
numbers at each node represent the percentage of trees supporting the specific branching
pattern in the bootstrap analysis. The scale bar represents the number of estimated changes
per position for a unit of branch length.
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Figure 3. Protein identity comparisons of A. thaliana TFB family protein domains
Shown for each protein is the percent identity of the zinc ribbon (A), linker (B), and cyclin
folds (C) for the list proteins relative to the three major A.thaliana TFB representatives that
include AtTFIIB1 (red circle), AtBrf1 (blue square), and AtMEE12 (green triangle). For
each protein, the percent identity is plotted on the horizontal line following the protein
name. The gray dashed line indicates the 25% threshold. (D) Schematic of the AtBrp family
proteins. Domains are colored according to the AtTFB representative they share highest
sequence identity above the 25% threshold.
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Figure 4. Phylogenetic analysis of TFB protein families in selected eukaryotic species
The phylogenetic tree was created by comparing TFIIB homology domains that consist of
the zinc ribbon, linker, and cyclin fold domains in each of the selected eukaryotic organisms.
Saccharomyces cerevisiae (Sc), Monosiga brevicollis (Mb), Dictyostelium discoideum (Dd),
Caenorhabditis elegans (Ce), Drosophila melanogaster (Dm), Homo sapiens (Hs),
Phaeodactylum tricornutum (Ph), Ectocarpus siliculosus (Es), Hemiselmis andersenii (Ha),
Guillardia theta (Gt), Cyanidioschyzon merolae (Cm), Ostreococcus tauri (Ot), Volvox
carteri (Vc), Chlamydomonas reinhardtii (Cr), Physcomitrella patens (Pp), Selaginella
moellendorffii (Sm), Oryza sativa (Os), Populus trichocarpa (Pt), Arabidopsis thaliana (At).
Each major TFB protein subfamily is shaded by a unique color. The TFB subfamilies
include TFIIB, Brf, Rrn7/TAF1B/MEE12, Brp1, and Brp5. Nuclear genome, nuc;
Nucleomorph genome, neo. The tree was visualized with iTOL80,81.
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Figure 5. Model for the evolutionary history of the TFB protein family in eukaryotes
The hypothetical phylogenetic tree depicting the presence or absence of TFB protein family
genes in a range of green plants, algae, diatoms, fungi and metazoan species. The five major
TFB protein families are depicted by a colored line. The taxonomic names for each group
are indicated above each branch.

Knutson Page 17

Gene. Author manuscript; available in PMC 2014 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Knutson Page 18

Ta
bl

e 
1

N
um

be
r 

of
 T

F
II

B
 r

el
at

ed
 p

ro
te

in
s 

in
 s

el
ec

te
d 

sp
ec

ie
s

Sp
ec

ie
s

T
ax

on
om

ic
 g

ro
up

T
F

II
B

B
rf

1
R

rn
7

B
rp

1
B

rp
2

B
rp

3
B

rp
4

B
rp

5
B

rp
6

T
ot

al

H
om

o 
sa

pi
en

s
H

um
an

s
1

2
1

-
-

-
-

-
-

4

D
ro

so
ph

ita
 m

et
an

og
as

te
r

Fr
ui

t f
ly

1
1

1
-

-
-

-
-

-
3

C
ae

no
rh

ab
di

tis
 e

le
ga

ns
N

em
at

od
e

1
1

1
-

-
-

-
-

-
3

M
on

os
ig

a 
br

ev
ic

oH
is

Si
m

pl
e 

m
et

az
oa

n
1

1
1

-
-

-
-

-
-

3

D
ic

ty
os

te
liu

m
 d

is
co

id
eu

m
Sl

im
e 

M
ol

d
1

1
1

-
-

-
-

-
-

3

Sa
cc

ha
ro

m
yc

es
 c

er
ev

is
ia

e
Fu

ng
i

1
1

1
-

-
-

-
-

-
3

Ph
ae

od
ac

ty
lu

m
 tr

ic
or

nu
tti

m
D

ia
to

m
2

1
1

-
-

-
-

-
-

4

E
ct

oc
ar

pu
s 

si
lic

ul
os

us
B

ro
w

n 
al

ga
e

2
1

1
-

-
-

-
-

-
4

H
em

is
el

m
is

 a
nd

er
se

ni
i

R
ed

 a
lg

ae
, N

uc
le

om
or

ph
1

1
-

-
-

-
-

-
-

2

G
w

lla
rd

ta
 th

et
a

R
ed

 a
lg

ae
. N

uc
le

ar
1

1
1

1
-

-
-

-
-

4

G
ui

lla
rd

ia
 th

et
a

R
ed

 a
lg

ae
, N

uc
le

om
or

ph
1

1
-

-
-

-
-

-
-

2

C
ya

ni
di

os
ch

yz
on

 m
er

ol
ae

R
ed

 a
lg

ae
1

1
1

1
-

-
-

-
-

4

O
st

re
oc

oc
cu

s 
ta

tir
i

G
re

en
 a

lg
ae

1
1

1
-

-
-

-
1

-
4

M
ic

ro
m

on
as

 p
us

si
tla

G
re

en
 a

lg
ae

1
1

1
-

-
-

-
1

-
4

V
ol

vo
x 

ca
rt

er
i

G
re

en
 a

lg
ae

1
1

1
-

-
-

-
1

-
4

C
hl

am
yd

om
on

as
 re

in
ha

rd
tii

G
re

en
 a

lg
ae

1
1

1
-

-
-

-
1

-
4

Ph
ys

co
m

itr
el

ta
 p

at
en

s
B

ry
op

hy
te

s
2

1
1

-
-

-
-

1
-

5

Se
la

gi
ne

lta
 m

oe
lle

nd
or

ff
ii

L
yc

op
hy

te
s

2
3

1
2

-
-

-
2

-
10

O
ry

za
 s

at
iv

a
A

ng
io

sp
er

m
s,

 m
on

oc
ot

s
3

1
1

1
1

-
-

1
-

8

Po
pu

lu
s 

tr
ic

ho
ca

rp
a

A
ng

io
sp

er
m

s,
 d

ic
ot

s
3

2
1

1
1

-
-

1
-

9

A
ra

bi
do

ps
is

 th
al

ia
na

A
ng

io
sp

er
m

s,
 d

ic
ot

s
2

4
2

1
1

1
1

1
1

14

Gene. Author manuscript; available in PMC 2014 August 15.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Knutson Page 19

Table 2
Mumber of A.thafiana GTF family proteins

GTF Family Subunit Pol Total

TBP - l,II,III 2

Rrn3 - I 3

CF Rrn11 I N.A.

Rrn7 I 2

Rrn6 I N.A.

TFIF A34.5 I 1

A49 I 1

TFIIA Toa1 II 3

Toa2 II 1

TFIIB - II 5

TFIIF Tfg1 II 1

Tfg2 II 2

TFIIE Tfa1 II 3

Tfa2 II 2

TFIIIB Brf1 III 4

Bdp1 III 1

TFIIIF C37 III 1

C53 III 2

TFIIIE C34 III 1

C82 III 1

C31 III 2

TFIIIC Tfc1 III 2

Tfc3 III 2
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