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Abstract
Background: In eukaryotes, RNA polymerase III (RNAP III) transcribes the genes for small RNAs
like tRNAs, 5S rRNA, and several viral RNAs, and short interspersed repetitive elements (SINEs).
The genes for these RNAs and SINEs have internal promoters that consist of two regions. These
two regions are called the A and B blocks. The multisubunit transcription factor TFIIIC is required
for transcription initiation of RNAP III; in transcription of tRNAs, the B-block binding subunit of
TFIIIC recognizes a promoter. Although internal promoter sequences are conserved in eukaryotes,
no evidence of homology between the B-block binding subunits of vertebrates and yeasts has been
reported previously.

Results: Here, I reported the results of PSI-BLAST searches using the B-block binding subunits of
human and Shizosacchromyces pombe as queries, showing that the same Arabidopsis proteins were
hit with low E-values in both searches. Comparison of the convergent iterative alignments obtained
by these PSI-BLAST searches revealed that the vertebrate, yeast, and Arabidopsis proteins have
similarities in their N-terminal one-third regions. In these regions, there were three domains with
conserved sequence similarities, one located in the N-terminal end region. The N-terminal end
region of the B-block binding subunit of Saccharomyces cerevisiae is tentatively identified as a HMG
box, which is the DNA binding motif. Although I compared the alignment of the N-terminal end
regions of the B-block binding subunits, and their homologs, with that of the HMG boxes, it is not
clear whether they are related.

Conclusion: Molecular phylogenetic analyses using the small subunit rRNA and ubiquitous
proteins like actin and α-tubulin, show that fungi are more closely related to animals than either is
to plants. Interestingly, the results obtained in this study show that, with respect to the B-block
binding subunits of TFIIICs, animals appear to be evolutionarily closer to plants than to fungi.

Background
Phylogenetic relationships among animals, fungi, and
plants have been a controversial issue. Although fungi tra-
ditionally had been considered more closely related to
plants than to animals, Whittaker and Margulis [1] classi-
fied the fungi as a separate kingdom in their five-kingdom

classification: the three major multicellular groups of ani-
mals, fungi, and green plants were each given the status of
kingdoms derived from different protistan lineages of
uncertain affinities. With the determination of the pri-
mary structures of homologous macromolecules in vari-
ous organisms, spanning several kingdoms, molecular
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phylogenetic techniques resulted in new hypotheses
about the relationships among eukaryotes. Small subunit
rRNA, and the proteins like actin and α-tubulin, exist
ubiquitously and their primary structures are highly con-
served. Thus, these sequences have been used to make
molecular trees [for examples, [2,3]]. Most of these studies
place fungi as more closely related to animals than either
is to plants [3-6].

Eukaryotic RNA polymerase III (RNAP III) transcribes a
variety of small RNAs like tRNAs, 5S rRNA, and several
viral RNAs [7]. Short interspersed repetitive elements
(SINEs) are also transcribed by RNAP III [8]. Genes for
these small RNAs have internal promoters that consist of
two regions called the A and B blocks [9]. These promoter
sequences are well-conserved in diverse eukaryotes [9].
Transcription by RNAP III requires the multisubunit tran-
scription factor TFIIIC, which plays an important role in
transcription initiation [10]. TFIIIC contains a B-block
binding subunit, which recognizes the RNAP III promoter
in the transcription of tRNAs and several viral RNAs, ori-
enting its associated subunits along the DNA [11]. TFIIIC
that is oriented toward the start site, promotes TFIIIB
binding and assists in directing accurate initiation by
RNAP III [12,13].

In TFIIIC of Saccharomyces cerevisiae, a subunit of 138 kDa
binds to a B-block, and its gene which is called TFC3, has
been cloned [14]. The open reading frame for the B-block
binding subunit is interrupted by one intron [14]. TFC3 is
a single-copy gene and essential for cell viability [14]. In
human and rat, the B-block binding subunits of TFIIICs
are 243 kDa and 220 kDa respectively [14,15], and there
is great similarity between them at the amino acid
sequence level [15]. However, B-block binding subunit
from mammals has been thought to show no homology
to the S. cerevisiae 138 kDa subunit, although all of them
bind to similar DNA regions, suggesting a significant
degree of evolutionary divergence for RNAP III factors
[15,16]. Huang et al. [17] identified several subunits of S.
pombe TFIIIC from the S. pombe sequence database by
homology searches using the S. cerevisiae TFIIIC subunits
as queries; one of these subunits named Sfc3p, is similar
to the S. cerevisiae B-block binding subunit. It has been
thought that, like the B-block binding subunit from S. cer-
evisiae, Sfc3p does not share homology with the human B-
block binding subunit. On the other hand, Sfc1p, Sfc4p,
and Sfc6p, which are other subunits of S. pombe TFIIIC,
show homologies not only to S. cerevisiae TFIIIC subunits
but also to human TFIIIC subunits [17]. It has been
shown that Sfc1p, Sfc3p, Sfc4p, and Sfc6p are associated
in vivo, and the isolated Sfc3p complex is active in the in
vitro RNAP III-mediated transcription of S. pombe tRNA
genes [17].

The lack of clear homology between the yeast and human
B-block binding subunits is strange, because transcription
of tRNA genes by RNAP III is initiated by the binding of
these subunits to the B-block regions, and the internal
promoter sequences are highly conserved between verte-
brates and yeasts (see above). Interestingly, bacterial tRNA
genes also have conserved RNAP III promoters (Fig. 1)
[18]. Although these genes are transcribed from the
upstream promoters by the bacterial RNA polymerase,
RNAP III can transcribe some of them in vitro [18]. Thus,
understanding the relationship of the B-block binding
subunits from human and yeast TFIIICs is important for
understanding the evolution of the RNAP III transcription
machinery. Here, I demonstrate that, at the amino acid
sequence level, the B-block binding subunits of the verte-
brate and yeast TFIIICs do have important homologies.
These homologies are found by comparing the B-block
binding subunits with Arabidopsis proteins, which appear
to be the homologs of both the human and yeast
subunits.

Results
PSI-BLAST search using the human B-block binding subunit 
as a query
When the B-block binding subunits of human and S. cer-
evisiae are aligned using the early Clustal program, they
show little sequence similarity [16]. To search for poten-
tially homologous B-block binding regions, first I carried
out a PSI-BLAST search where the human subunit was
used as a query. PSI-BLAST is known to be useful in find-
ing distantly related proteins [19]. After three iterations,
twelve sequences were found with strong similarities to
the sequence of human B-block binding subunit. Fig. 2A
shows a summary of the result of a PSI-BLAST search,
including proteins with alignment scores better than 200.
Proteins that showed only local alignment similarities
(shorter than about 300 amino acids) were omitted. The
human B-block binding subunit was very similar to the rat
subunit (75% identity and 84 % positive) as reported by
Lagna et al. [15] (Fig. 2A). The nuclear protein of 238 kDa
in the mosquito Chironomus tentans (GenBank identifica-
tion number: 18073910) is structurally similar to the
human B-block binding subunit [20]; in BLAST and
FASTA searches of non-redundant databases using C. ten-
tans protein as a query, the best hits were the human and
rat B-block binding subunits with 28 % identities. A com-
parable level of similarity has been found also in the Dro-
sophila hypothetical protein, but no other related proteins
were identified in the database [20]. Immunoelectron
microscopy shows that this mosquito protein is located at
sites of transcription, suggesting the role of the protein in
transcription initiation [20]. In this study, when a PSI-
BLAST search was performed using the human sequence
as a query, the Chironomus and Drosophila proteins were
hit (23 % and 20 % identities respectively) (Fig. 2A). In
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addition to these, hypothetical proteins from the mos-
quito Anopheles gambiae (GI 31212899), Mus musculus
(GIs 38087408, and 21595152), Caenorhabditis briggsae
(GI 39594187), and Arabidopsis thaliana (GIs 25402830,
9665127, 15218016, 25404859, and 30685327), were
also hit with low E-values: E-values were 0, 0, 0, 0, 0, e-169,
e-167, e-148, and 5e-87, respectively (Fig. 2A). Interestingly,
in Arabidopsis proteins of GIs 25402830, 9665127, and
15218016, both the N- and C-terminal end regions corre-
sponded to those of the human subunit, suggesting that
these Arabidopsis proteins are orthologs of the B-block
binding subunits (Fig. 2A).

PSI-BLAST using the yeast B-block binding subunits as 
queries
The S. cerevisiae B-block binding subunit exhibits 21 %
identity and 39 % similarity to the S. pombe Sfc3p protein,
and these similarities extend to the overall sequences
(Background; [17]). When I performed a PSI-BLAST

search using the S. cerevisiae B-block binding subunit as a
query, five sequences were hit with E-values better than
threshold after three iterations: the Neurospora crassa
hypothetical protein (GI 32412546) with 0.0, S. pombe
Sfc3p with e-159, the Magnaporthe grisea hypothetical pro-
tein (GI 38108450) with e-121, the Saccharomyces bayanus
hypothetical protein fragment (GI 10863079) with e-100,
and the Arabidopsis hypothetical protein (GI 15218016)
with 0.002 (data not shown). It is noteworthy that the
Arabidopsis protein of GI 15218016 was hit although the
E-value was not so good. This protein was hit also in the
PSI-BLAST search using the human B-block binding subu-
nit as a query (Fig. 2A).

Next, I performed a PSI-BLAST search using the S. pombe
Sfc3p protein as a query. Fig. 2B is a summary of the result.
The Magnaporthe grisea and Neurospora crassa hypothetical
proteins (GI 38108450 and GI 32412546), were hit with
very good E-values (0 and e-168 respectively) (Fig. 2B). The

Sequences of the internal promoters for RNA polymerase IIIFigure 1
Sequences of the internal promoters for RNA polymerase III. In the sequences of the Xenopus tRNAMet gene [37], the 
Xenopus 5S rRNA gene [38], adenovirus VAI [39], human Alu [40], and the E. coli tRNAAsp gene [18], the nucleotides identical 
to those in the consensus sequence [9] are shown by capital letters.

---TGGCgcAGc-GG---//---GGaTCGAaaCC---

A block B block
bp 31 . bp 74 .

Xenopus tRNAMet

---aaGCcaAGcaGG---//---GGTTaGtactt---
bp 49 . bp 70 .

Xenopus 5S rRNA

---TGGtctgGT-GG---//---GGTTCGAacCC---

---gGGCgcgGT-GG---//---GGTTCGAgaCC---
bp 5 .

bp 17 . bp 62 .

bp 76 .

adenovirus VAI

human Alu

---TaGttcAGTcGG---//---GGTTCGAgtCC---
bp 8 . bp 52 .

E. coli tRNAAsp

consensus TGGCnnAGT-GG GGTTCGAnnCC
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Proteins which show homologies to the B-block binding subunits of human and S. pombe, and the Arabidopsis protein GI 25402830Figure 2
Proteins which show homologies to the B-block binding subunits of human and S. pombe, and the Arabidopsis 
protein GI 25402830. A. The result of a PSI-BLAST search using the human subunit (GI 4753161) as a query. B. The result 
of a PSI-BLAST search using the S. pombe subunit (GI 19112919) as a query. C. The result of a PSI-BLAST search using the Ara-
bidopsis protein (GI 25402830) as a query. In A-C, only the proteins that had bit scores more than 200 are shown. Bold hori-
zontal lines (black, dark gray, and pale gray lines) are the regions that appeared as convergent iterative alignments. The 
numbers above the lines are the amino acid positions in the query sequence, and those beneath the lines are the amino acid 
positions in the hit sequences. When more than two regions were hit in the same sequence, the highest bit score and E-value 
are shown. Black lines are the alignments that had the best bit scores and E-values. Gray-colored alignments had the worse 
scores. Dark gray lines represent the alignments with the bit scores more than 200, and the scores of the pale grey alignments 
are lower than 200. The proteins that had similarities only in short regions (smaller than about 300 amino acids) were omitted, 
even if the bit scores were more than 200. The case of the Ustilago sequence is exceptional. This result was from the PSI-
BLAST which was limited a search of the fungi database. The bold horizontal lines are the regions that appeared as convergent 
iterative alignments, and below them E-values are shown.
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Aspergillus nidulans protein GI 49107000 also was hit with
a robust E-value (data not shown). Four hypothetical
proteins of Arabidopsis thaliana were hit with E-values
worse than those of the two fungi proteins but well above
the threshold: GI 15218016 with e-113, GI 25402830 with
e-88, GI 9665127 with 2e-88, and GI 25404859 with 7e-70

(Fig. 2B). The Arabidopsis protein GI 15218016 was found
also in the result of the PSI-BLAST search using the S. cer-
evisiae subunit as a query, but in the search with S. pombe
Sfc3p it had a much better E-value. Surprisingly, these four
Arabidopsis proteins were identical to the proteins that
were hit with low E-values in the PSI-BLAST search using
the human B-block binding subunit as a query (Fig. 2A).
While both the N-terminal half regions and C- terminal
end regions were similar between the Arabidopsis proteins
and the human subunit, their similarities to S. pombe
Sfc3p were only in the N-terminal halves (Figs. 2A and
2B). The B-block binding subunits of rat and human also
were hit in this search, but with E-values of 5e-5 and 0.20,
respectively (data not shown); the N-terminal 350 amino
acid sequences of the rat and human subunits showed
similarities to the N-terminal region of S. pombe Sfc3p
protein.

PSI-BLAST using the B-block binding subunit homolog 
found in Arabidopsis as a query
The four Arabidopsis proteins (GIs 25402830, 9665127,
15218016, and 25404859), were hit with low E-values in
both of the PSI-BLAST searches using the human and S.
pombe subunits as queries. Thus, I performed a PSI-BLAST
search using one of these Arabidopsis proteins (GI
25402830) as a query. Fig. 2C shows a summary of the
result. Six hypothetical Arabidopsis proteins were hit with
E-values of 0, and three of them were identical to the pro-
teins which were hit in the PSI-BLAST searches using the
human and S. pombe subunits as queries. In addition to
these, the human and rat subunits were hit with low E-val-
ues (e-132 and e-108 respectively). The N-terminal 700
amino acids of the human and rat subunits were most
similar to the Arabidopsis proteins, but the short regions of
the C-terminal ends also were similar (Fig. 2C). The hypo-
thetical mouse protein (GI 38087408) which was hit in
the PSI-BLAST search using the human subunit as a query,
also was hit in the PSI-BLAST search with Arabidopsis GI
25402830 (Fig. 2C). The B-block binding subunits of S.
pombe and S. cerevisiae were hit with E-values worse than
threshold (0.024 and 1.1 respectively) (data not shown).
However, it should be noted that these Arabidopsis pro-
teins were hit with E-values better than threshold when a
PSI-BLAST search was performed using the S. pombe B-
block binding protein as a query.

It is interesting that the four Arabidopsis proteins were sim-
ilar to the B-block binding subunits of vertebrates and
yeasts, despite the fact that vertebrate and yeast subunits

share no recognizable homology [15-17]. These results
seemed to imply that the Arabidopsis proteins of GIs
25402830, 9665127, 15218016, and 25404859 represent
a 'missing link' between the vertebrate and yeast B-block
binding subunits.

Alignment of the B-block binding subunits and their 
homologs
When the primary structures of human and rat B-block
binding subunits and their homolog in Drosophila are
compared, the most conserved sequences are located
within the N-terminal two-thirds of the proteins, while
the C-terminal one-third is much less conserved [20]. The
Chironomus tentans protein, which probably binds to the
B-block in the RNAP III promoter, also has similarities to
the human, rat, and Drosophila proteins in the N-terminal
region [20]. The results of PSI-BLAST searches here also
showed that conserved sequences in the human subunit,
and the three Arabidopsis homologs (GIs 25402830,
9665127, and 15218016), mainly are located in the N-ter-
minal halves of the proteins (Fig. 2A). Similarly,
conserved sequences in the S. pombe subunit and the three
Arabidopsis homologs (GIs 25402830, 9665127, and
15218016), are located in the N-terminal one-third
regions of the proteins (Fig. 2C). Thus, I used the Clustal
W program [21] to align the N-terminal one-third regions
of the proteins of human, rat, mouse, Drosophila, Chi-
ronomus, Arabidopsis, and yeasts. The Clustal W alignment
of the N-terminal ends of about 60 amino acids corre-
sponded to each of the alignments obtained by the PSI-
BLAST searches between the query and hit sequences (Fig.
3A). However, the rest of the Clustal W alignment did not
correspond to the alignments obtained by PSI-BLAST
(data not shown). Therefore, I compared all of the PSI-
BLAST alignments further by eye. Three regions including
the N-terminal ends were found to be most conserved
between the PSI-BLAST alignments; these three regions
were aligned separately by Clustal W (Fig. 3). Previously,
Rozenfeld and Thuriaux [22] performed PSI-BLAST using
the S. cerevisiae B-block binding subunit as a query. They
identified two domains of about 70 amino acids, which
were conserved in S. cerevisiae subunit and Arabidopsis
thaliana protein of 1808 amino acids [22]: amino acid
(aa) positions 333–361 of the S. cerevisiae subunit corre-
spond to positions 334–362 of the A. thaliana protein,
and positions 1079–1111 in S. cerevisiae correspond to
positions 1716–1748 in A. thaliana. These local homolo-
gies are detected also in the human B-block binding sub-
unit by visual inspection (aa positions 367–397 and
1987–2019) (Fig. 2 in [22]). The Arabidopsis protein
reported in Rozenfeld and Thuriaux [22] appears to be the
GI 9665127 protein hit in the PSI-BLAST searches here,
because the lengths of their amino acid sequences are the
same and the partial sequences shown in their paper are
identical to those in the GI 9665127 protein. The
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alignment shown in Fig. 3C contains the domain reported
by Rozenfeld and Thuriaux [22], and the sequences in the
alignment shown in their paper are identical to those in
this study.

When a PSI-BLAST search was performed using the
human B-block binding subunit as a query, it was shown
that the C-terminal region also is conserved (Fig. 2A); for
examples, Chironomus, Anopheres, Drosophila, and Arabi-

Clustal W alignments of the sequences conserved in the B-block binding subunits and their homologsFigure 3
Clustal W alignments of the sequences conserved in the B-block binding subunits and their homologs. The GI 
numbers of the proteins are shown in parentheses. The amino acid positions of the sequences are shown to the right. The 
cases of the Clamydomonas sequences are exceptional. These sequences were hit by tblastn of the C. reinhardtii genome 
sequence using the Arabidopsis protein GI 25402830 as a query (see also Fig. 5). A. Alignment of the N-terminal end sequences. 
B and C. Alignments of the internal sequences of the proteins. D. Alignment of the C-terminal end sequences.

A

B

C

D

R. norvegicus (19424204) -MDA------LESLLDEVALEGLDGLCLPALWSRLESRSP--AFPLPLEPYTQEFLWRALVTHP--GISF 1-59

M. musculas (38087408) -MDA------LESLLDEVALEGLDGLCLPALWSRLESRSP--AFPLPLEPYTQEFLWRALATHP--GISF 1-59

H. sapiens (4753161) -MDA------LESLLDEVALEGLDGLCLPALWSRLETRVP--PFPLPLEPCTQEFLWRALATHP--GISF 1-59

D. melanogaster (20129503) -MSASSGGSWINAIYDEVALEGLEGVTLPYLWDLLARRLE--FFPSPLPDRIREQTWTLLLRTPPHKIEF 1-67

A. thaliana (25402830) -MDS-----IVCTALEEICCQGNTGIPLVSLWSRLS--------PPPLSPSVKAHVWRNLLAVP--QLQF 1-54

A. thaliana (9665127) -MDS-----IVCTALEEICCQGNTGIPLVSLWSRLS--------PPPLSPSVKAHVWRNLLAVP--QLQF 1-54

A. thaliana (15218016) -MDS-----IISTALDEICSQGNTGIPLVTLWSRLS--------P--LSSSIKTHVWRNLLTIP--QLQF 1-52

C. tentans (18073910) -MVH-----VPLAINEEIALEGLDGITLESFWFRMSER-M--QWPLPFNDRFKAELLKIILKRD--YFEF 1-59

S. pombe (19112919) -MDS-----LIRHCSEEIALDGSSGCSIDRLWEFAANFFFRQGIVQNLDDNYKTFVWPLILKED--GIEV 1-62

S. cerevisiae (6319317) MVLTIYPDELVQIVSDKIASNK-GKITLNQLWDISG------KYFDLSDKKVKQFVLSCVILKK--DIEV 1-61

:   :::. : :  :* : : :..

A. thaliana (25402830) LRIFANEKLRGNFVGLYDAQSNNTTISAIQRRVLERLAVAR---ANGVAQN--LLAKEFGI-EGRNFFYIVKHLESRGLVVKQPAIVRTKEVDG- 79-166

A. thaliana (9665127) LRIFANEKLRGNFVGLYDAQSNNTTISAIQRRVLERLAVAR---ANGVAQN--LLAKEFGI-EGRNFFYIVKHLESRGLVVKQPAIVRTKEVDG- 79-166

A. thaliana (15218016) LRIVANENLRANFVGLYDTQSNNTTIPAIQRRVLERLAIAR---DNGDAQN--LLAKEFGI-DGRNFFYSVKQLESRGLIVRQPAIVRTKEVDS- 78-165

R. norvegicus (19424204) --IVASQDMRYRAL-IGLEGDPDLKLPDFSYCILERLGRSR---WQGELQR-DLHTTAFKV-DAGKLHYHRKILNKNGLITMQSHVIRLPTGAQ- 151-236

M. musculas (38087408) --IVASQDMRYRAL-IGLEGDPDLKLPDFSYCILERLGRSR---WQGELQR-DLHTTAFKV-DAGKLHYHRKILNKNGLITMQSHVIRLPTGAQ- 151-236

H. sapiens (4753161) ---IGS--LPAHAV-QALDSPGGGSRPEAARLLLLHPGTARPVQVQGELQR-DLHTTAFKV-DAGKLHYHRKILNKNGLITMQSHVIRLPTGAQ- 151-236

C. tentans (18073910) --IVASQKLRNSVL-IPSNIGRECDINNHVYCILERIGRSR---YFGETTSGPYSLNDYVK-DSKLLHYFRMCLLKNNLVFRQQIFQRMNNKSQ- 141-227

D. melanogaster (20129503) --VVASQELRETAL-TPESLLMPKNLPLPNYIFLEAIGRSR---YSGHTTAGPWSLINYSK-DTGILFYIKNKLINLQLIIAQN-YNEINKGRI- 150-235

A. gambiae (31212899) --IVASQRMRESFL-IVPN--CTVELTGMQYCLLEWIGRSR---FNGETSHGKFSLVEVTG-DSSSLFYHRKVLSGAKLITRQNLSIRVDDISIQ 134-219

M. grisea (38108450) --IFTSEELTWINI--TGHGIDFLKIPPLCWKLLPKLASCH---YEGCSQG---NLCKMGGGDIRSVPKRTDKLAEQGYIVKRTVVLRGSKTS–- 136-218

N. crassa (32412546) --IYPAEDLVWQTL--TRHGVDYKRVPVLEWKCLLGIASVR---DKGILQS---DLRRLVDQDKRSLPKRTDSLARKGYIAKRTIVVSKMKTS–- 169-251

S. pombe (19112919) --LFASEDRQWLTL--TYKTKTDSKIQPLAFELLSCISRYR---QEGVDRI---QLCKETKQEPRSVYGRIQALEDASLISKVAINRSRAQTA–- 96-178

S. cerevisiae (6319317) --VGITEDSLWTLL--TGYTKKESTIGNSAFELLLEVAKSG---EKGINTM---DLAQVTGQDPRSVTGRIKKIN--HLLTSSQLIYKGHVVK–- 75-165

:  * .  *  : .  :   :

Clamydomonas reinhardtii ASEAVRMSVLGVYEMMDTRFPLSEVQLAALEAIGRTR---GRGAINA--DLANREVA--YRNFFYIVK (bp 539027-538842)

(v2.0 scaffold-16)

A. thaliana (25402830) LKFGRSIQKTEQTLELPIDNQIYDMVDAEGSKGLAVMEVCERLGIDKKKSYSRLYSIC 318-375

A. thaliana (9665127) LKFGRSIQKTEQTLELPIDNQIYDMVDAEGSKGLAVMEVCERLGIDKKKSYSRLYSIC 318-375

A. thaliana (15218016) IKFGRSVQKTEQTLELSIDNQIYDMVDAQGSKGLAVMELCERLGIDKKKIYARLCSIC 304-361

R. norvegicus (19424204) EAISKAVPPVDIVFERDMLTQTYELIERRGTKGISQAEIRVAMNVGKLEAR-MLCRLL 354-410

M. musculas (38087408) EVISKGVPPVDIVFERDMLTQTYELIERRGTKGISQAEIRVAMNVGKLEAR-MLCRLL 354-410

H. sapiens (4753161) EVISKTVPPVDIVFERDMLTQTYDLIERRGTKGISQAEIRVAMNVGKLEAR-MLCRLL 351-407

M. grisea (38108450) PKPVVSAQLSKWSPERPLVNLVYDTIKRSAFQGLTGPQVST-LTVG-YAFRRYMDSLM 382-438

N. crassa (32412546) PKPKRRRIFPGWTPEKPLAQNVFEVIQSAGPAGASNPQVSV-ATVG-YAFRRYMASHL 421-476

A. gambiae (31212899) EGFLAGADSNSLYVDVPLLQLAYNVVAHHGGKGISQSEMAQEMGLDKLNARGVVKNL- 343-399

C. tentans (18073910) EEKEGFLDVSRQKLKIPLVYQVIQKITESGSRGISQSEIGKYFGLSKLNSRAVLRKV- 348-404

S. pombe (19112919) PLADVGPTLPQWSRFRPLEFQCFVLIRNAGFHGVITLQILS--GLTGIRFNKPLFKLL 329-384

D. melanogaster (20129503) NQVSEFLDLGHCFLDMPPEEEVFRAVARFGKRGLNSNELCHYTGINATYMRHFVKRV- 353-409

S. cerevisiae (6319317)  EKEDAVKNEVLLNRFYPLQNQTYDIADKSGLKGISTMDVVN--RITGKEFQRAFTKSS 317-372

. * ::  :   .

H. sapiens (4753161) ---DCESVCFIGRP--WRVV---DGHLNLPVCKGMMEAMLYHIMTRPGIPESS 1977-2021

R. norvegicus (19424204) -ESGCERVCFVGRP--WRGV---DGRLNMPVCKGMMEAVLYHIMSRPGVPESC 1962-2008

A. thaliana (25402830) --STSEKSPVPIYP--WVNA---DGSINKIVFDGLVRRVLGTVMQNPGIPESC 1804-1849

A. thaliana (9665127) KESTSEKSPVPIYP--WVNA---DGSINKIVFDGLVRRVLGTVMQNPGIPESC 1702-1749

A. thaliana (15218016) KESTSVKS-QPIFP--WINA---DGSVNKVVFDGLVRRVLGTVMQNPGIPEEE 1611-1657

C. tentans (18073910) --LKRNPFFLLPCP--WIRVGSLNRTLNRRCFDKWLGTVLNYLSINPGIILSD 1908-1956

D. melanogaster (20129503) LEATRDAIAMRPQP--WIRV---NASLNRRVLDRWLGAVLSECIARVGCTVHS 1770-1817

A. gambiae (31212899) ---KRKYMLLAMAP--WIRI---DGVVNKRLLFRWLTSILLYCVAHPGVPLSV 1809-1943

M. grisea (38108450) -STPPGMGLNGQLPT-WCDF---LGTIDWSRWARFVSAVFFILATRGSMGPER 1896-1943

N. crassa (32412546) --PPPNMGPDGATPI-WCDV---FGRVDATRWLRYLCVVLVTIASKGAMGPEE 2183-2229

S. cerevisiae (6319317)  ---VKVPLGKPFSRL-WVNG---SGSIRPNIWKQVVTMVVNEIIFHPGITLSR 1067-1112

S. pombe (19112919) -VTEKLATPPSHEPRLWLNG---KCELIEMIWMNIEQSIVYQLLRKPGILRSQ 1247-1295

*   : :. . .

Clamydomonas reinhardtii PLRP--WVDH---TGAVNSRLWVALVTRALALVMRHPGIPE (bp 526942-526835)

(v2.0 scaffold-16)
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dopsis (GIs, 25402830, 9665127, and 15218016) proteins
are hit with E-values of e-29, 3e-7, 6e-54, 2e-20, 2e-39, and 2e-

21 respectively (data not shown). These regions contain
the domains shown to have sequence similarities [22]
(see above). When a PSI-BLAST search was performed
using the S. pombe B-block binding subunit as a query,
alignments consisting of its C-terminal region and each of
the Magnaporthe, Neurospora, and S. cerevisiae sequences
were generated, but no homology to the C-terminal
regions of the Arabidopsis proteins was suggested (Fig. 2B).
However, in agreement with the result of Rozenfeld and
Thuriaux [22], when the S. cerevisiae B-block binding sub-
unit was used as a query, the C-terminal region of the Ara-
bidopsis protein (GI 9665127) was hit after four iterations;
aa positions 1032–1146 of the S. cerevisiae subunit
aligned to positions 1673–1774 of the Arabidopsis protein
(GI 9665127) with an E-value of 5e-21 (data not shown).
Consequently, the C-terminal sequences of the human,
rat, mosquitoes, Drosophila, Arabidopsis and fungi pro-
teins, can be aligned by Clustal W (Fig. 3D).

Are the HMG boxes in the B-block binding proteins?
The aa positions 1–68 and 1037–1110 of the S. cerevisiae
B-block binding subunit had been tentatively identified as
HMG boxes [14]. The HMG box is a small eukaryotic DNA
binding motif (70–80 amino acids in size) found in many
proteins including transcription factors [23]. Interest-
ingly, the regions of HMG boxes predicted for the S. cere-
visiae subunit overlap the N- and C-terminal regions
conserved in many B-block binding proteins. Therefore, I
investigated whether these conserved regions could be
homologs of HMG boxes. HMG boxes are diverse, and it
is sometimes difficult to determine whether a given pro-
tein belongs to the HMG box superfamily [24]. However,
in alignments of known HMG boxes a loose consensus
sequence can be defined, in which many basic and aro-
matic residues are conserved [24-26] (see also Fig. 4B).
Structures of several HMG boxes have been determined by
the NMR spectroscopy and X-ray diffraction [for exam-
ples, [25,27,28]] (Fig. 4B); most of them have three α-hel-
ices arranged in L-shapes, and tertiary structures stabilized
by conserved aromatic residues. It should be noted that in
alignments of the N- and C-terminal end regions of B-
block binding proteins, several basic and aromatic resi-
dues also are conserved (Figs. 3A and 3D). Since HMG
boxes contain three helices (see above), I predicted the
secondary structures of N- and C-terminal regions of B-
block binding proteins using the PSIPRED method [29].
The results are shown in Figs. 4A and 4C. In the N-termi-
nal end regions, all of the sequences (except for Dro-
sophila) were predicted to contain three α-helices with
corresponding locations (Fig. 4A). Although the Dro-
sophila N-terminal sequence was predicted to have only
two helices, their locations corresponded to the middle
and posterior helices in the other sequences (Fig. 4A). In

the C-terminal end regions, all of the sequences were pre-
dicted to contain one helix in the same corresponding
location (Fig. 4C). Fig. 4 shows alignments of B-block
binding protein sequences and HMG boxes, arranged to
show relationships between them. Numerous gaps were
inserted into the sequences by visual inspection in order
to relate the positions of basic and aromatic residues and
locations of the α-helices (Fig. 4). It appears possible that
HMG boxes are present in B-block binding proteins, par-
ticularly in their N-terminal regions, however, strong evi-
dence for this relationship is not clear from comparing
their amino acid sequences.

Evolutionary relationships of the B-block binding proteins
PSI-BLAST searches presented here provide the evidence
that the B-block binding subunits of vertebrates and yeasts
are homologous, and that the Arabidopsis proteins can be
used to link these subunits. These results suggest that,
with respect to the B-block binding subunits of TFIIICs,
animals are evolutionarily closer to Arabidopsis than to
yeasts. These results are intriguing because phylogenetic
analyses using sequences of small subunit rRNA, elonga-
tion factor 1, actin, α-tublin, β-tubulin, and heat shock
protein 70, show that animals and fungi are most closely
related, to the exclusion of the broad diversity of
eukaryotic phyla including plants [3-6]. To confirm that
the B-block binding subunits of animals and plants are
closely related, I decided to carry out an extensive compar-
ison of the sequences from additional plant taxa. How-
ever, the PSI-BLAST searches using the B-block binding
subunits of human and S. pombe, and Arabidopsis homolog
(GI 25402830) as queries, did not significantly hit any of
the plant sequences except the Arabidopsis proteins shown
in this study. Therefore, I performed a tblastn search of the
Viridiplantae database using the Arabidopsis protein GI
25402830 as a query. The Oryza sativa sequence GI
37990182 was hit with the best E-value (8e-85) among
Viridiplantae sequences, except the Arabidopsis genes
already described (Fig. 5A). In this Oryza sequence, there
are four regions that show high similarities to the query
Arabidopsis protein (Fig. 5A). This result suggests that the
Oryza sequence GI 37990182 encodes a B-block binding
protein. Subsequently, I performed the PSI-BLAST
searches using three conserved domains from the Oryza
sequence of GI 37990182 (Fig. 5B). The query sequence
from the 5' end of the Oryza gene had greater similarities
to the B-block binding proteins in animals than those in
fungi: for examples, the human and rat subunits were hit
with E-values of e-26 and 7e-26 respectively, while the S.
pombe subunit was hit with an E-value of 0.005, and other
fungal sequences were not hit with E-values better than 10
(Fig. 5B). The results for the query sequence from 3' region
of the Oryza gene also indicate that the animal and plant
proteins are more closely related: for examples, the
human and rat subunits were hit with E-values of 0.009
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Alignments of the N- and C- terminal end sequences of the B-block binding proteins, which are compared with the HMG box sequencesFigure 4
Alignments of the N- and C- terminal end sequences of the B-block binding proteins, which are compared with 
the HMG box sequences. Gaps were inserted into the sequences by visual inspection to relate the positions of the con-
served basic and aromatic residues and the locations of the α-helices between the alignments. The amino acid residues com-
mon among the three alignments are shown in boldface. A. Alignment of the N-terminal end sequences. Above the amino acid 
sequences, are the secondary structures predicted from them, where H, E, and C represent helix, strand, and coil respectively. 
B. Alignment of HMG boxes. The identification codes for PDB entries http://www.rcsb.org/pdb/index.html are shown to the 
left. The regions shown by black characters form α-helices (see http://www.rcsb.org/pdb/index.html). C. Alignment of the C-
terminal ends, with the predicted secondary structures shown above the amino acid sequences.

1HRY_A ----------------VQDRVKRPMNAFIVWSRDQRRKMALENPR--MRNSEISKQLGYQWKML--------------TEAEKWPFFQEAQKL--QAMHREKYPNYKYRP-----------------

1HRZ_A ----------------VQDRVKRPMNAFIVWSRDQRRKMALENPR--MRNSEISKQLGYQWKML--------------TEAEKWPFFQEAQKL--QAMHREKYPNYKYRP-----------------

1J46_A ----------------MQDRVKRPMNAFIVWSRDQRRKMALENPR--MRNSEISKQLGYQWKML--------------TEAEKWPFFQEAQKL--QAMHREKYPNYKYRPRRKAKMLPK--------

1J47_A ----------------MQDRVKRPINAFIVWSRDQRRKMALENPR--MRNSEISKQLGYQWKML--------------TEAEKWPFFQEAQKL--QAMHREKYPNYKYRPRRKAKMLPK--------

1GT0_D ------------------DRVKRPMNAFMVWSRGQRRKMAQENPK--MHNSEISKRLGAEWKLL--------------SETEKRPFIDEAKRL--RALHMKEHPDYKYRPRRKTKT-----------

1CKT_A -------------------KPRGKMSSYAFFVQTCREEHKKKHPDASVNFSEFSKKCSERWKTM--------------SAKEKGKFEDMAKAD--KARYEREMKTY---------------------

1AAB -------------GKGDPKKPRGKMSSYAFFVQTSREEHKKKHPDASVNFSEFSKKCSERWKTM--------------SAKEKGKFEDMAKAD--KARYEREMKTYIPPKGE---------------

1HMA -----------------SDKPKRPLSAYMLWLNSARESIKRENPG--IKVTEVAKRGGELWR----------------AMKDKSEWEAKAAKA--KDDYDRAVKEFEANG-----------------

1E7J_A ----------------MSDKPKRPLSAYMLWLNSARESIKRENPG--IKVTEVAKRGGELWR----------------AMKDKSEWEAKAAKA--KDDYDRAVKEFEANG-----------------

1QRV_A -----------------SDKPKRPLSAYMLWLNSARESIKRENPG--IKVTEVAKRGGELWR----------------AMKDKSEWEAKAAKA--KDDYDRAVKEFEANG-----------------

1HSM ------------------NAPKRPPSAFFLFCSEYRPKIKGEHPG--LSIGDVAKKLGEMWNNT--------------AADDKQPYEKKAAKL--KEKYEKDIAAYRAKGKPDAA------------

1HSN ------------------NAPKRPPSAFFLFCSEYRPKIKGEHPG--LSIGDVAKKLGEMWNNT--------------AADDKQPYEKKAAKL--KEKYEKDIAAYRAKGKPDAA------------

1NHN ----------------GSNAPKRPPSAFFLFCSEYRPKIKGEHPG--LSIGDVAKKLGEMWNNT--------------AADDKQPYEKKAAKL--KEKYEKDIAAYRAKGKPDAA------------

1NHM ----------------GSNAPKRPPSAFFLFCSEYRPKIKGEHPG--LSIGDVAKKLGEMWNNT--------------AADDKQPYEKKAAKL--KEKYEKDIAAYRAKGKPDAA------------

1HME --------------FKDPNAPKRPPSAFFLFCSEYRPKIKGEHPG--LSIGDVAKKLGEMWNNT--------------AADDKQPYEKKAAKL--KEKYEKDIAAYRAK------------------

1HMF --------------FKDPNAPKRPPSAFFLFCSEYRPKIKGEHPG--LSIGDVAKKLGEMWNNT--------------AADDKQPYEKKAAKL--KEKYEKDIAAYRAK------------------

1J5N_A MVTPREPKKRTTRKKKDPNAPKRALSAYMFFANENRDIVRSENPD--ITFGQVGKKLGEKWKAL--------------TPEEKQPYEAKAQAD--KKRYESEKELYNATLA----------------

1LWM_A MVTPREPKKRTTRKKKDPNAPKRALSAYMFFANENRDIVRSENPD--ITFGQVGKKLGEKWKAL--------------TPEEKQPYEAKAQAD--KKRYESEKELYNATLA----------------

1CG7_A MVTPREPKKRTTRKKKDPNAPKRALSAYMFFANENRDIVRSENPD--ITFGQVGKKLGEKWKAL--------------TPEEKQPYEAKAQAD--KKRYESEKELYNATLA----------------

1K99_A ----------MKKLKKHPDFPKKPLTPYFRFFMEKRAKYAKLHPE--MSNLDLTKILSKKYKEL--------------PEKKKMKYIQDFQRE--KQEFERNLARFREDHPDLIQNAKKLEHHHHHH

2LEF_A ------------------MHIKKPLNAFMLYMKEMRANVVAESTL--KESAAINQILGRRWHAL--------------SREEQAKYYELARKE--RQLHMQLYPGWSARDNYGKKKKRKREK-----

:   ..:  :   *  . . : . :.   . .:  : :  .   :

H. sapiens Pred: -C------HHHHHHHHH-HHHH--C------CCCCCHHHHHHHHHHHCC--CCCCCCCHHHHHHHHHHHHHCC--CCCC

4753161 AA: -M------DALESLLDE-VALE--G------LDGLCLPALWSRLETRVP--PFPLPLEPCTQEFLWRALATHP--GISF

R. norvegicus Pred: -C------HHHHHHHHH-HHHH--C------CCCCCHHHHHHHHHHHCC--CCCCCCCHHHHHHHHHHHHHCC--CCCC

19424204 AA: -M------DALESLLDE-VALE--G------LDGLCLPALWSRLESRSP--AFPLPLEPYTQEFLWRALVTHP--GISF

M. musculas Pred: -C------HHHHHHHHH-HHHH--C------CCCCCHHHHHHHHHHHCC--CCCCCCCHHHHHHHHHHHHHCC--CCCC

38087408 AA: -M------DALESLLDE-VALE--G------LDGLCLPALWSRLESRSP--AFPLPLEPYTQEFLWRALATHP--GISF

D. melanogaster Pred: -CCCCCCHHHHHHHHHH-HHHH--C------CCCCCHHHHHHHHHHHCC--CCCCCCCHHHHHHHHHHHHHCCCCCCCC

20129503 AA: -MSASSGGSWINAIYDE-VALE--G------LEGVTLPYLWDLLARRLE--FFPSPLPDRIREQTWTLLLRTPPHKIEF

C. tentans Pred: -C-----CCCCCCCCCC-CCCC--C------CCCCCHHHHHHHHHHC-C--CCCCCCCCCHHHHHHHHHHHHH--CCCC

18073910 AA: -M-----VHVPLAINEE-IALE--G------LDGITLESFWFRMSER-M--QWPLPFNDRFKAELLKIILKRD--YFEF

A. thaliana Pred: -C-----CHHHHHHHHH-HHHC--C------CCCCHHHHHHHHC--------CCCCCCHHHHHHHHHHHHHCC--CCCC

25402830 AA: -M-----DSIVCTALEE-ICCQ--G------NTGIPLVSLWSRL--------SPPPLSPSVKAHVWRNLLAVP--QLQF

A. thaliana Pred: -C-----CHHHHHHHHH-HHHC--C------CCCCHHHHHHHHCC--------CCCCCHHHHHHHHHHHHHCC--CCCC

9665127 AA: -M-----DSIVCTALEE-ICCQ--G------NTGIPLVSLWSRLS--------PPPLSPSVKAHVWRNLLAVP--QLQF

A. thaliana Pred: -C-----CHHHHHHHHH-HHHC--C------CCCCHHHHHHHHCC--------C--CCHHHHHHHHHHHHHCC--CCCC

15218016 AA: -M-----DSIISTALDE-ICSQ--G------NTGIPLVTLWSRLS--------P--LSSSIKTHVWRNLLTIP--QLQF

S. pombe Pred: -C-----CHHHHHHHHH-HCCC--C------CCCCCHHHHHHHHHHHHHHHHHHHCCCCCCHHHHHHHHHCCC--CCCC

19112919 AA: -M-----DSLIRHCSEE-IALD--G------SSGCSIDRLWEFAANFFFRQGIVQNLDDNYKTFVWPLILKED--GIEV

S. cerevisiae Pred: CEEEECHHHHHHHHHHH-HCCC--C-------CCEEHHHHHCCCC------CCCCCCHHHHHHHHHHHHHHHC--CCCC

6319317 AA: MVLTIYPDELVQIVSDK-IASN--K-------GKITLNQLWDISG------KYFDLSDKKVKQFVLSCVILKK--DIEV

H. sapiens Pred: ---CCCCEECCCCC--CEEC-------------CCCCCCHHHHHHHHHH---HHHHHCCCCCCCCC

4753161 AA: ---DCESVCFIGRP--WRVV-------------DGHLNLPVCKGMMEAM---LYHIMTRPGIPESS

R. norvegicus Pred: -CCCCCCEEECCCC--CCCC-------------CCCCCCHHHHHHHHHH---HHHHHCCCCCCCCC

19424204 AA: -ESGCERVCFVGRP--WRGV-------------DGRLNMPVCKGMMEAV---LYHIMSRPGVPESC

D. melanogaster Pred: CCCCCCCCCCCCCC--CEEE-------------CCCCCHHHHHHHHHHH---HHHHHHHHCCCCCC

20129503 AA: LEATRDAIAMRPQP--WIRV-------------NASLNRRVLDRWLGAV---LSECIARVGCTVHS

C. tentans Pred: --CCCCCEEEECCC--CEEECCC----------CHHHHHHHHHHHHHHH---HHHHCCCCCEEECC

18073910 AA: --LKRNPFFLLPCP--WIRVGSL----------NRTLNRRCFDKWLGTV---LNYLSINPGIILSD

A. gambiae Pred: ---CCCEEEEEECC--CEEE-------------CCHHHHHHHHHHHHHH---HHHHHCCCCCCCCC

31212899 AA: ---KRKYMLLAMAP--WIRI-------------DGVVNKRLLFRWLTSI---LLYCVAHPGVPLSV

A. thaliana Pred: --CCCCCCCCCCCC--CCCC-------------CCCHHHHHHHHHHHHH---HHHHHCCCCCCCCC

25402830 AA: --STSEKSPVPIYP--WVNA-------------DGSINKIVFDGLVRRV---LGTVMQNPGIPESC

A. thaliana Pred: CCCCCCCCCCCCCC--CCCC-------------CCCHHHHHHHHHHHHH---HHHHHCCCCCCCCC

9665127 AA: KESTSEKSPVPIYP--WVNA-------------DGSINKIVFDGLVRRV---LGTVMQNPGIPESC

A. thaliana Pred: CCCCCCCC-CCCCC--EECC-------------CCCHHHHHHHHHHHHH---HHHHHCCCCCCCCC

15218016 AA: KESTSVKS-QPIFP--WINA-------------DGSVNKVVFDGLVRRV---LGTVMQNPGIPEEE

S. pombe Pred: -CCCCCCCCCCCCCEEEECC-------------CHHHHHHHHHCCHHHH---HHHHHHCCCCCCCC

19112919 AA: -VTEKLATPPSHEPRLWLNG-------------KCELIEMIWMNIEQSI---VYQLLRKPGILRSQ

M. grisea Pred: -CCCCCCCCCCCCCH-HHHH-------------HCCCCHHHHHHHHHHH---HHHHHCCCCCCCCC

38108450 AA: -STPPGMGLNGQLPT-WCDF-------------LGTIDWSRWARFVSAV---FFILATRGSMGPER

N. crassa Pred: --CCCCCCCCCCCCH-HHHH-------------HCCCCHHHHHHHHHHH---HHHHHHCCCCCCCC

32412546 AA: --PPPNMGPDGATPI-WCDV-------------FGRVDATRWLRYLCVV---LVTIASKGAMGPEE

S. cerevisiae Pred: ---CCCCCCCCHHHE-EECC-------------CCCCCCHHHHHHHHHH---HHHHHHCCCCCCCC

6319317 AA: ---VKVPLGKPFSRL-WVNG-------------SGSIRPNIWKQVVTMV---VNEIIFHPGITLSR

A

B

C
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Protein coding regions in the nucleotide sequences of Oryza sativa and Chlamydomonas reinhardtii with predicted amino acid sequences similar to B-block binding proteinsFigure 5
Protein coding regions in the nucleotide sequences of Oryza sativa and Chlamydomonas reinhardtii with pre-
dicted amino acid sequences similar to B-block binding proteins. A. Protein coding regions in the Oryza sativa nucle-
otide sequence GI 37990182 with amino acid sequences similar to the Arabidopsis protein GI 25402830. Coding regions are 
shown as boxes and the regions hit by a tblastn search are the filled boxes. E-values are shown below the filled boxes. B. The 
B-block binding proteins hit by PSI-BLAST searches using the Oryza three amino acid sequences as queries. The corresponding 
bp positions are indicated above the queries, and hit sequences are below the Oryza queries. Only proteins with E-values bet-
ter than 10 are shown. C. Protein coding regions in the Chlamydomonas reinhardtii nucleotide sequence with amino acid 
sequences similar to the Arabidopsis protein GI 25402830. Coding regions are shown as boxes, and the regions hit by a tblastn 
search are shown as filled boxes. E-values are shown below the filled boxes. D. The B-block binding proteins which were hit by 
PSI-BLAST searches using the Chlamydomonas amino acid sequences as queries. The corresponding bp positions are indicated 
above the queries, and hit sequences are below the Chlamydomonas queries. Only proteins with E-values better than 10, are 
shown.

Oryza sativa

(37990182)

5783 bp

bp 192

bp 637

bp650

bp 652

bp 671
bp 1383 bp 1729 bp 2888

bp 2919

bp 3030

bp 3275
bp 5653

bp 5656

3e-58

3e-58 8e-85

2e-82

1 159 aa

1 345 aa

1 921 aa(bp 192-671)

(bp 539231-538197)

(bp 2888-5656)queries: 

Oryza proteins

A

B

A. thaliana
(25402830)

7e-65 0.0

1 153

1 147

1 783

144 975

57

1012

921

1908

A. thaliana
(25402830)

A. thaliana
(25402830)

0.0

A. thaliana
(9665127)

1 153

1 147

1 794

143 929

A. thaliana
(15218016)

57

952

921

1729

A. thaliana
(15218016)

9e-65 0.0 0.0

57

992

921

1808

A. thaliana
(9665127)

1 783

144 955

A. thaliana
(9665127)

A. thaliana
(15218016)

1 153

1 146 0.0 0.08e-62

H. sapiens
(4753161)

1 79

1 73
M. musculus
(38087408)

1 79

1 73
R. norvegicus
(19424204) 1

79

1 73
A. thaliana
(25404859)

113 153

38 80
A. gambiae
(31212899)

69

112 203
D. melanogaster
(20129503) 3

75

1 77
S. pombe
(19112919)

1 157

1 164
C. tentans
(18073910)

10 152

10 207

1 505

77 586

A. thaliana
(25404859)

181 783

333 955

S. cerevisiae
(6319317)

782

1954

893

2062

H. sapiens
(4753161)

883

1989

C. tentans
(18073910)

688

1806

868

1961

A. gambiae
(31212899)

750

1921

886

2045

R. norvegicus
(19424204)

0.0

0.21

647

17820.013

0.025

0.12

0.009

157

e-26

7e-26

7e-26

7e-8

8e-4

0.001

0.005

0.24

Chlamydomonas

reinhardtii  v2.0

scaffold-16

C
bp 539231

bp 539027 bp 538842

bp538197 bp537886

bp 537862 bp 537776

bp537449 bp534353

bp 534044 bp 533997

bp 533964 bp527524

bp526942 bp526835

bp526466

9.7e-5 9.7e-580.2 80.2

queries: 

Chlamydomonas

proteins

D

1 353 aa
(bp 527524-526466)

1 796 aa(bp 637-3030)

34 153

49 158

A. thaliana
(25402830)

34 153

49 158

A. thaliana
(9665127)

34 153

47 157

A. thaliana
(15218016)

97 153

44 91

A. thaliana
(25404859)

85 162

168 237

M. musculus
(38087408)

85 162

168 237

R. norvegicus
(19424204)

81 261

1875 2050

50 263

1655 1848

76 261

1868 2038

148 304

1580 1728

150 304

1773 1907

H. sapiens
(4753161)

D. melanogaster
(20129503)

R. norvegicus
(19424204)

A. thaliana
(15218016)

A. thaliana
(25402830)

A. thaliana
(9665127)

A. gambiae
(31212899)

C. tentans
(18073910)

150 304

1673 1807
137 250

1832 1961

160 261

1874 1985

e-41

e-41

2e-35

2e-10

5.8

7.1

4e-68

8e-59

2e-56

2e-52

6e-50

6e-50

9e-27

3e-8
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and 0.12 respectively, while the yeast subunits were not
hit with E-values better than 10 (Fig. 5B). The result for
the query sequence from the middle region of the Oryza
gene, however, did not retrieve animal subunits, although
the S. cerevisiae subunit was hit with an E-value of 0.21
(Fig. 5B).

I also searched for a B-block binding protein homolog in
the genome of green alga Chlamydomonas reinhardtii. I per-
formed a tblastn search using the Arabidopsis protein GI
25402830 as a query and the C. reinhardtii genome
sequence ver2 in the Joint Genome Institute website (see
Methods). The Arabidopsis sequences at aa positions of
83–144, 234–262, 698–713, and 1812–1847 showed
similarities to sequences corresponding to bp positions of
539027-538842, 527862-537776, 534044-533997, and
526942-526835 in the C. reinhardtii scaffold 16, with E-
values of 9.7e-5, 80.2, 80.2, and 9.7e-5 respectively (Fig.
5C). The amino acid sequences deduced from bp posi-
tions 539027-538842 and 526942-526835 corresponded
to the domains conserved among the B-block binding
proteins that were aligned by Clustal W, as shown in Figs.
3B and 3D. These results suggest that the Chlamydomonas
B-block binding protein is encoded in these DNA regions.
Subsequently, I performed PSI-BLAST searches using the
two amino acid sequences of C. reinhardtii with the high-
est similarities to the Arabidopsis protein (Fig. 5D). The
query sequence from bp positions 539231-538197 in C.
reinhardtii, showed similarities to the rat B-block binding
subunit and its homolog in mouse (E-values of 7.1 and
5.8 respectively) (Fig. 5D). Although these E-values are
not robust, no fungal B-block binding proteins was hit
with E-values better than 10. The other query sequence
encoded in bp positions 527524-526466 of C. reinhardtii
also had greater similarities to the B-block binding pro-
teins in animals than to those in fungi: for examples, the
human and rat subunits were hit with E-values of 4e-68

and 2e-56 respectively, while no fungal proteins were hit
with E-values better than 10 (Fig. 5D). The results of these
PSI-BLAST searches with Oryza and Chlamydomonas query
sequences indicate that the greater similarity in TFIIIC B-
block binding proteins between animals and plants, with
yeast as more distant, across the broad diversity of the ani-
mal and plant kingdoms.

Because yeasts may not be representative of all fungi, it is
important to demonstrate that the greater similarity
between the animal and plant B-block binding proteins
extends beyond the yeast taxa. To this end, I searched for
homologs of the B-block binding protein in the basidio-
mycete genomes. I performed a PSI-BLAST search using
the S. pombe subunit as a query, limiting the search to the
fungi database. The sequence hit with the best E-value
among the basidiomycete sequences, was the Ustilago
maydis protein GI 461005911 (Fig. 2B). The Cryptococcus

and Coccidiodes sequences were not hit with E-values
better than 10. In the Ustilago sequence GI 461005911,
three regions show similarities to the S. pombe subunit,
particularly the N-terminal one-third and the C-terminal
regions as is true of other homologs in fungi (Fig. 2B).
Subsequently, a PSI-BLAST search was performed using
the human B-block binding subunit as a query of the
fungi database. Although the S. cerevisiae B-block binding
subunit was hit with an E-value of 5e-7, the Ustilago
sequence of GI 46100591 was not hit with an E-value bet-
ter than 10 (data not shown). Moreover, a PSI-BLAST
search performed using the Arabidopsis homolog (GI
25402830) as a query of the fungi database also did not
hit the Ustilago sequence of GI 46100591 with an E-value
better than 10, although the S. cerevisiae and S. pombe B-
block binding subunits were hit with E-values of 0.93 and
9.7 respectively (data not shown). These results indicate
that animal and plant B-block binding subunits are more
similar to the yeast subunits than to the Ustilago protein
GI 46100591. The overall results in this section demon-
strate that the greater similarity between the plant and ani-
mal B-block binding proteins extends to the green alga
protein, and the greater differences in fungi go beyond the
yeast taxa.

Discussion
In this study, I have demonstrated that the B-block bind-
ing subunits of TFIIICs in vertebrates are apparently
homologous to those of yeasts, by identifying the
homologs of each in Arabidopsis. The Arabidopsis proteins
(GIs 25402830, 9665127, 15218016, and 25404859),
which show strong similarity to B-block binding subunits,
are the hypothetical proteins translated conceptually from
the nucleotide sequences of the chromosome I [[30]; see
also http://www.ncbi.nlm.nih.gov/entrez]. The lengths of
the inferred amino acid sequences of three of these Arabi-
dopsis proteins (GIs 25402830, 9665127, and 15218016),
are close to those of the amino acid sequences of the ver-
tebrate subunits (Fig. 2). These Arabidopsis proteins prob-
ably function as the B-block binding subunits in vivo. B-
block binding subunits act on the RNAP III promoters, the
sequences of which are conserved in diverse eukaryotes
(Background; Fig. 1). Thus, the domains of the subunits
that bind to these promoters also should be conserved in
vertebrates and yeasts. The N-terminal one-third regions
of the human, yeast, and the Arabidopsis homologs found
in this study probably associate with the B-block
sequences. It is interesting that the HMG boxes predicted
in the S. cerevisiae B-block binding subunit [14] overlap
with the regions conserved in many of these putative B-
block binding subunits.

There is a striking degree of similarity in most of the RNAP
III transcription machinery in human, S. pombe, and S. cer-
evisiae; RNAP III, TFIIIA, TFIIIB, and the TFIIIC subunits
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that interact with the transcription initiation site, are
highly conserved in these three organisms [31]. On the
other hand, the TFIIIC subunits, which interact with
downstream promoter regions including the B-block
binding subunits, are more divergent [31]. There is the
possibility that substitution rates of the amino acid resi-
dues in the B-block binding subunits vary among animals,
fungi, and plants, resulting in the high divergence
between the human and fungi proteins, and the similarity
between the human and plant proteins. Alternatively, evo-
lutionary inferences based on the RNAP III transcription
machinery may be different from those of the genes that
generally have been used to examine phylogenetic rela-
tionships in animals, fungi, and plants. RNAP III tran-
scribes genes encoding tRNA, 5S rRNA, and several viral
RNAs, and SINEs (Background). It was reported that
molecular phylogenies based on tRNA sequences place
plants as the sister group to the animals, although the
tRNA data set available at the time was small [32]. Gener-
ally, it is thought that 5S rRNA is convenient for intraking-
dom phylogenies, but cannot resolve the question of the
animal-plant-fungal divergence because of its short length
and high divergence [32,33]. It should be noted that more
recent investigations of the proteins involved in RNA
metabolism, the mRNA capping apparatus, and several
key components that regulate the cell cycle, also suggest a
close relationship between animals and plants, with fungi
as more distant [34-36].

Conclusions
Previously, no evidence of homology between the B-block
binding subunits of TFIIICs of vertebrates and yeasts has
been reported. PSI-BLAST searches presented here pro-
vided the evidence that these subunits are homologous,
and that the Arabidopsis proteins can be used to link them.
These results imply that, with respect to the B-block bind-
ing subunits, animals are evolutionarily closer to Arabi-
dopsis than to yeasts. Comparisons of the B-block binding
proteins from additional plant taxa showed that the
greater similarity between plants and animals extends to
the green algae Chlamydomonas. It was also demonstrated
that the differences in fungi go beyond the yeast texa, and
occur in basidiomycetes. These are interesting because
molecular phylogenetic analyses using the small subunit
rRNA and ubiquitous proteins, show that fungi are more
closely related to animals than either is to plants.

Methods
To search for similarities between the B-block binding
subunits of vertebrates and yeasts, I used the PSI-BLAST
program in the NCBI website http://
www.ncbi.nlm.nih.gov/BLAST/[19]. PSI-BLAST searches
were performed by default: matrix was BLOSUM62; gap
costs were Existence 11 and Extension 1; and the E-value
of threshold was 0.005. Peptide sequence databases used

for the PSI-BLAST searches were all non-redundant Gen-
Bank CDS translations, RefSeq proteins, PDB, SwissProt,
PIR, and PRF (total 1605642 sequences). The PSI-BLAST
was limited searches of the eukaryota databases, when the
amino acid sequences from the Oryza and Chlamydomonas
coding regions were used as queries. The fungi database
was used in a search for homologs of the S. pombe B-block
binding subunit in basidiomycetes. PSI-BLAST was run
three times for each of the queries. To search for homologs
of the Arabidopsis protein GI25402830 in the plant
sequences, the tblastn program was used http://
www.ncbi.nlm.nih.gov/BLAST/[19]. To search for
homologs of the Arabidopsis protein GI25402830 in the
Chlamydomonas reinhardtii sequences, the tblastn program
at the Joint Genome Institute website http://genome.jgi-
psf.org/cgi-bin/runBlast.pl?db=chlre2, was used. Clustal
W in the EMBL-EBI website http://www.ebi.ac.uk/clus
talw/ was used to align the multiple amino acid sequences
[21]. Clustal W was performed by default: matrix was
Gonnet 250; the penalty for opening a gap was 10; the
penalty for extending a gap was 0.05; and gap separation
penalty was 8. Secondary structures of the proteins were
predicted by using the PSIPRED protein structure predic-
tion server (PSIPRED v2.4 in http://bioinf.cs.ucl.ac.uk/
psipred/) [29].
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