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ABSTRACT

RNA polymerase lll contains seventeen subunits in
yeasts (Saccharomyces cerevisiae and Schizosac-
charomyces pombe) and in human cells. Twelve of
them are akin to the core RNA polymerase | or Il. The
five other are RNA polymerase lll-specific and form
the functionally distinct groups Rpc31-Rpc34-Rpc82
and Rpc37-Rpc53. Currently sequenced eukaryotic
genomes revealed significant homology to these
seventeen subunits in Fungi, Animals, Plants and
Amoebozoans. Except for subunit Rpc31, this also
extended to the much more distantly related gen-
omes of Alveolates and Excavates, indicating that
the complex subunit organization of RNA poly-
merase lll emerged at a very early stage of eukary-
otic evolution. The Sch.pombe subunits were
expressed in S.cerevisiae null mutants and tested
for growth. Ten core subunits showed heterospe-
cific complementation, but the two largest catalytic
subunits (Rpc1 and Rpc2) and all five RNA poly-
merase lll-specific subunits (Rpc82, Rpc53, Rpc37,
Rpc34 and Rpc31) were non-functional. Three highly
conserved RNA polymerase lll-specific domains
were found in the twelve-subunit core structure.
They correspond to the Rpc17-Rpc25 dimer,
involved in transcription initiation, to an N-terminal
domain of the largest subunit Rpc1 important
to anchor Rpc31, Rpc34 and Rpc82, and to a
C-terminal domain of Rpc1 that presumably holds
Rpc37, Rpc53 and their Rpc11 partner.

INTRODUCTION

Three major DNA-dependent RNA polymerases I, II and III
transcribe the nuclear genome of eukaryotes. They have
been mostly investigated in the budding yeast Saccharomyces

cerevisiae, where the twelve-subunit structure of RNA poly-
merase 11 is known at a resolution of 3.8 A (1,2). Eleven of
these subunits are akin to subunits of the archaeal enzyme
(3,4) and five are also related to bacterial subunits (5). RpbS,
on the other hand, is only found in eukaryotes and is common
to RNA polymerase I, II and III (6). RNA polymerase I
and IIT have a closely related twelve-subunit structure, but
the former is endowed with two additional enzyme-specific
subunits (7) whilst RNA polymerase III has five additional
specific subunits (8) forming two functionally distinct groups,
Rpc31-Rpc34-Rpc82 and Rpe37-RpeS3 (9,10).

With its seventeen distinct subunits and a predicted MW of
about 0.7 MDa, RNA polymerase III is undoubtedly one of
the more elaborated proteins of the eukaryotic cell. This
enzyme transcribes about 5% of the S.cerevisiae genome,
producing all tRNAs, the 5S ribosomal RNA and a handful
of small nuclear RNA (snRNA’s) involved in various aspects
of RNA and protein synthesis (11). The corresponding genes
are bound by pre-initiation complexes formed by the TATA-
box binding protein (TBP), the monomeric factors Brfl and
Bdp! and the six-subunit protein TFIIIC, and also containing
a specialized transcription factor (TFIIIA) in the case of the
5S rDNA genes. TBP is common to the RNA polymerase I
and II pre-initiation complexes and Brfl is paralogous to
the TFIIB pre-initiation factor of RNA polymerase II, but
Bdpl and TFIIIC are entirely specific of RNA polymerase
1T (10,12,13).

The human and fission yeast (Schizosaccharomyces
pombe) RNA polymerase III have the same subunit composi-
tion as in S.cerevisiae (14—17). We found here that the five
enzyme-specific subunits of fission yeast cannot replace
their S.cerevisiae counterparts in vivo, contrasting with the
in vivo complementation seen for ten of twelve core enzyme
subunits. Nevertheless, homology search in all other eukary-
otic genomes revealed significant conservation to these
enzyme-specific subunits, thus showing that the evolution
of RNA polymerase III combines a conserved twelve-subunit
core with an ancient but fast evolving set of five enzyme-
specific subunits. These data shed some new light on the
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genetic mechanisms that generated and maintained the three
distinct nuclear transcription systems of eukaryotes.

MATERIALS AND METHODS
cDNA library screening

Dedicated primers (Supplementary Data S1) were devised
for the PCR amplification of cDNA libraries prepared from
the Sch.pombe wild-type strain 972 h™ (18). cDNAs were
extracted for the rpcl7, rpc25, rpc3l, rpc34, rpc37, rpe53,
rpe82, rpc2 and rpcl genes and cloned by appropriate restric-
tion endonucleases in the pGEN multi-copy vector (Table 1).
The corresponding inserts were subjected to sequencing
of alkaline-treated double-stranded DNA templates with
Sequenase 2.0 (United States Biochemicals) or to automated
sequence analysis on MegaBACE 500 Sequencing System
(Amersham Biosciences). Both DNA strands were sequenced
and checked for spurious mutations due to PCR amplification
or plasmid construction. This identified two rpc25 mutants
(rpc25-F721 and rpc25-W20IR) creating single-site replace-
ments at highly conserved positions, that were unable to
complement the corresponding S.cerevisiae null allele.

Yeast strains and plasmids

S.cerevisiae strains and plasmids are listed in Table 2. The
Yeast extract/peptone/dextrose (YPD) and CAUW (minimal
SD medium supplemented with 0.1% casein hydrolysate
and 0.002% adenine sulphate, uracil and tryptophan) were
described previously (19). CAUW without tryptophan or
uracil were used as omission media. 5-Fluoro-orotic acid
(FOA) medium was used to counterselect URA3+ plasmids.

Table 1. pGEN-derived plasmids constructed in this study

It corresponds to the CAUW medium with 1 g/l of 5-FOA,
solidified by 2.5% agar (19). To express the Sch.pombe
cDNAs in S.cerevisiae, they were sub-cloned in the pGEN
multi-copy expression vector of S.cerevisiae, where transcrip-

tional expression depends on the strong PGKI promoter and
ADH|1 terminator (19).

Heterospecific complementation in S.cerevisiae

PGEN expression vectors bearing the Sch.pombe open read-
ing frame corresponding to individual RNA polymerase III
subunits were transformed into S.cerevisiae host strain
deleted for the relevant subunit and bearing the wild-type
gene on a replicative URA3" plasmid. Heterospecific com-
plementation was monitored by the counter-selection of
URA3* plasmids on 5-FOA, thereby testing the ability of
the Sch.pombe subunit to rescue the S.cerevisiae null-mutant.
Constructions that failed to complement were carefully
re-sequenced to check for spurious mutations, and the
transcriptional expression of the corresponding cDNAs was
assayed by RT-PCR (Supplementary Data S2). Inspection
of the coding sequence showed that rarely used codons
were not over-represented in the Sch.pombe cDNAs, com-
pared to the corresponding S.cerevisiae genes.

Sequence accession and alignments

New Sch.pombe cDNA sequences were deposited in the
GenBank/EMBL databases with the following accession
nos: DQ156227 (rpcl™), DQI156226 (rpc2*), DQ156220
(rpcl7), DQI156221  (rpc25F), DQI156222  (rpc3i™),
DQ156223 (rpc34™), NM001022708 (rpc37"), DQ156224
(rpc53%) and DQ156225 (rpc82%). A comparison to the
Sch.pombe genome showed that the rpc25 gene contained
two introns, that rpc34, rpc82 and rpcl had one intron and
that rpcl7, rpc3l, rpc37, rpcS3 and rpc2 were intron-less.
These intron positions exactly matched those predicted in

Name Sch.pombe cDNA Inserted fragment Length (bp) ) -

" the Sch.pombe database maintained by the Sanger Institute.
pGP-1 rpel Smal/Nhel 4269 The predicted protein sequences were compared to the
pESH-2 rpc2 BglIl/EcoRI 3588 Kk ti tein datab kept at the Nati 1 Center f
PESH-82 rpes2t BamHL/EcoR] 1818 eukaryotic protein database kept at the National Center for
pGP-53 rpes3t EcoRI/Xhol 1107 Blptechnology Ipformaﬂon (http://www.ncbi.nlm.nih.gov/),
pGP-34 rpe34t Belll/Kpnl 926 using the iterative homology search software PSI-Blast
pGP-31 rpe3l i BgllIlI/EcoRI 724 (20). Sequence alignments were then optimized by hand,
pg??; :pﬁ; szgﬁzgg Zgg using the following groups of amino acid conservation: DE,
P P NQ, DN, EQ, KR, FWY, AGST, ILVM.

Table 2. Plasmids and yeast strains

Name Genotype Origin

Yeast strains
MW409 MATa ade2-1 lys2-801 ura3-52 trpl- A63 his3- A200 rpcl60- Al ::HIS3 | pC160-6 (URA3 CEN4 RPC160) (46)
SRY31 MATa. ura3-52 his3- A200 trpl- Al lys2-801 ade2-1 retl A::HIS3 | Yep24-RETI (2 URA3 RETI) (44)
SC116 MATo. rpe82::HIS3-1 ura3-52 trpl- Al his3-A200 ade2-1 lys2-801 leu2-A /| pRS314 (CEN4 TRPI rpc82-6) (C. Mann)
SC116-WT MATo. rpe82::HIS3-1 ura3-52 trpl- Al his3-A200 ade2-1 lys2-801 leu2-A |/ Scp80 (URA3 CEN4 ARSI RPCS2) This work
CMY356 MATa rpc53::HIS3-1 ura3-52 trpl- Al his3- A200 ade2-1 lys2-801 | pEMBLYc32-RPC53 (URA3 CEN4 ARSI RPC53) (C. Mann)
YMR2 MATa rpc37::KanMX4 ade2-1 ura3-52 trpl-A63 his3-A200 leu2-Al lys2-801 | pRS316-RPC37 (CEN4 URA3 RPC37) 47)
D57-9A MATa ade2-1 lys2-801 ura3-52 his3- A200 trpl- Al rpc34-A::HIS3 | pYS34 (URA3 CEN4 RPC34) (42,53)
CD8326 MATa ade2-1 ura3-53 lys2-801 his3 trpl- AS00 leu2-3rpc31- A::LEU2 | pC326 (2 w URA3 RPC31) (43)
FYBL3-2B MATo. ura3- A851 his3- A200 leu2- Al trpl- A63 rpc25- A::KANMX4 | pFL44-RPC25 (2 w URA3 RPC2S5) (48)
YGP-25 MATo. ura3- A851 his3- A200 leu2- Al trpl- A63 rpc25- A::KANMX4 | pGP-25 (2w TRP1 rpc25+ Sch. pombe) This work
YOL14 MATa ade2 ura3 trpl leu2 lys2 his3 rpcl7::HIS3 | pRS316-RPC17 (URA3 CEN4 RPC17) (49)
YGP-17 MATa ade2 ura3 trpl leu2 lys2 his3 rpcl7::HIS3 | pGP-17 (2W TRP1 rpcl7+ Sch. pombe) This work
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Genetic nomenclature

Roman letters were used to designate protein subunits
(e.g. Rpc53) and italics for gene names, with lower-case
(rpc53) and upper case (RPC53) symbols for Sch.pombe or
S.cerevisiae, respectively. RNA polymerase II subunits are
called Rpbl to Rpbl2, where Rpb5, Rpb6, Rpb8, Rpbl0
and Rpbl12 designate five subunits that are common to all
three nuclear polymerases (http://www.yeastgenome.org/).
RNA polymerase III subunits are designated by the Rpc
acronym followed by a number referring to the apparent
MW of the corresponding S.cerevisiae subunit, except for
the two largest subunits, called here Rpcl (alias Rpcl60)
and Rpc2 (alias Rpcl28) as in Sch.pombe (http://www.
genedb.org/genedb/pombe/index.jsp).

RESULTS

Complementation between Sch.pombe and S.cerevisiae
is limited to the core RNA polymerase III

RNA polymerase III has seventeen subunits in S.cerevisiae,
all essential for growth (9,10,21), and there is substantial
evidence for a similar subunit composition of RNA poly-
merase III in Sch.pombe (16,17). Twelve of these subunits
are identical (Rpb5, Rpb6, Rpb8, Rpbl0 and Rpbl2) or
paralogous (Rpcll, Rpcl7, Rpc25, Rpcl9, Rpc40, Rpcl
and Rpc2) to the entire RNA polymerase II (22), and are
also identical or paralogous to twelve of the fourteen RNA
polymerase I subunits (21,23-26). Rpc31, Rpc34, Rpc37,
Rpc53 and Rpc82, on the other hand, are strictly specific of
RNA polymerase III (10).

Complementation was reported for eight of the fission
yeast subunits (Rpb5, Rpb6, Rpb8, Rpb10, Rpb12, Rpcll,
Rpcl19 and Rpc40) when expressed in the corresponding
S.cerevisiae null-mutant (27-34). We extended this analysis
by cloning the remaining nine Sch.pombe cDNAs (encoding
Rpcl, Rpe2, Rpcl7, Rpe2S, Rpe31, Rpe34, Rpe37, RpeS3
and Rpc82) from a previously described cDNA library (18)
and by sub-cloning them in the high copy S.cerevisiae vector
pGEN, between the PGK/ promoter and ADHI terminator.
These subunits were examined for there ability to replace
their S.cerevisiae counterparts in strains deleted for the corre-
sponding host gene, using a previously described plasmid-
shuffle assay (19). Two new complementing subunits were
identified (Rpc17 and Rpc25, see Figure 1A), but the largest
subunits (Rpcl and Rpc2) and the five enzyme-specific com-
ponents of RNA polymerase III (Rpc31, Rpc34, Rpc37,
Rpc53 and Rpc82) failed to complement the corresponding
null allele in S.cerevisiae. Control experiments (Supplemen-
tary Data S2) showed that their corresponding cDNAs were
effectively transcribed in S.cerevisiae. Full-length transcripts
were produced, except for the Rpcl subunit where our data
do not rule out the production of incomplete mRNAs.

These in vivo complementation data are summarized in
Figure 1. Heterospecific complementation roughly correlated
with sequence conservation. This, however, was not an abso-
lute rule, since complementation did not occur for the highly
conserved Rpcl and Rpc2 subunits (60 and 70% of identity,
respectively), but was observed with the much less conserved
Rpcl7 of Sch.pombe (18% of identity) as well as its human
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counterpart (21). Taken together, our data show that ten of
the twelve Sch.pombe core subunits were functional in
S.cerevisiae, but not the two largest ones (Rpcl and Rpc2),
a complementation pattern that closely paralleled the one
observed for the twelve core subunits of RNA polymerase
I (30). However, no complementation at all was observed
for the five enzyme-specific subunits Rpc31, Rpc34, Rpc37,
Rpc53 and Rpe82.

The subunit composition of RNA polymerase III is
widely conserved across eukaryotes

Our complementation data between the RNA polymerase I1I
of S.cerevisiae and Sch.pombe point to a rapid divergence of
their enzyme-specific subunits, as opposed to the much
slower evolution of their core subunits. These two yeast spe-
cies, though quite distant in terms of sequence homology, are
ascomycetous fungi and therefore belong to the monophyletic
ensemble of Unikonts, that combines all Fungi, Animals
and Amoebozoans. Plants, Alveolates and Excavates, on the
other hand, are excluded from Unikonts and define the
three other large monophyletic groups of eukaryotes that
are now recognized by most current phylogenetic trees. A
fiftth major group corresponds to the poorly characterized
but probably monophyletic taxon formed by Cercozoans
and Rhizarians (35,36). All these groups are very distant
from each other in terms of amino acid sequence conserva-
tion, with no convincing root taxon identified so far. Their
phyletic relations are summarized in Figure 2.

More than thirty eukaryotic genomes have been sequenced
in the past few years. Most of them correspond to unikonts
(twelve fungi, six animals and two amoebozoans, Dictyo-
stelium discoideum and Entamoeba histolytica). However,
fully sequences genomes also include two angiosperm
plants (Arabidopsis thaliana and Oryza sativa) and three
apicomplexans (Plasmodium falciparum, Theileria sp. and
Cryptosporidium sp.) that belong to the large phylum of
Alveolates. Excavates are represented by the genomes of sev-
eral kinetoplastids (Leishmania major and Trypanosoma sp.)
and of one diplomonad (Giardia lamblia). Except for Cerco-
zoans and Rhizarians, this list corresponds to all of the main
eukaryotic phyla currently identified (35,36).

Homology to the RNA polymerase III subunits of
S.cerevisiae was investigated in these eukaryotic genomes
by iterative techniques (20) completed when necessary by
manual comparison. Significant homology to the seventeen
yeast subunits was detected in all eukaryotic phyla, except
Rpc31, which is only found in Plants and Unikonts, thus
demonstrating the very ancient origin of RNA polymerase III,
including its enzyme-specific subunits (Figures 3-5).
Moreover, subunits Rpal, Rpa2 and Rpal2 (RNA poly-
merase I), Rpbl, Rpb2 and Rpb9 (RNA polymerase II) and
Rpcl, Rpc2 and Rpcll (RNA polymerase III) existed in all
eukaryotic genomes sequenced so far, thus implying a very
ancient separation of the three nuclear transcription systems
(Figure 4). In contrast, the RNA polymerase I counterpart
of Rpb7 and Rpc25, Rpa43, was only detected in Plants
and Unikonts (24,26), and its Rpal4 partner (akin to Rpb4
and Rpc17) was not found outside Ascomycetes (37).

RpbS, Rpb6, Rpb8, Rpb10 and Rpb12 are identical in all
three RNA polymerases of S.cerevisiae (5), whilst Rpcl9
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Rpc17
B Core subunits(paralogous)
Rpc1 Rpc2 Rpc25 | Rpe17 | Rpcii
- - ts ts ts
Core subunits(common)
Rpc40 | Rpc19 | Rpb5 | Rpb6 | Rpb8 | Rpb10 | Rpb12
+ + + + (+)* + +
* Conditional suppression
Specific subunits
Rpc31 | Rpc34 | Rpe37 | Rpc53 | Rpe82

Figure 1. In vivo complementation of Sch.pombe cDNAs expressed in S.cerevisiae. (A) Rpcl7. Strain YGP-17, containing the rpcl7-A::HIS3 null allele and the
multi-copy plasmid pGP-17 expressing the Sch.pombe rpcl7 cDNA (Table 1) was streaked on YPD and compared to the isogenic wild-type strain YOL14 after
three days at the temperatures indicated. (B) Rpc25. Strain YGP-25, containing the S.cerevisiae rpc25-A::kanMX4 null allele and the multi-copy plasmid pGP-25
expressing the Sch.pombe rpc25 cDNA was serially diluted on YPD and compared to the isogenic wild-type strain FYBL3-2B after three days at the temperatures
indicated. (C) Recapitulation of the heterospecific complementation pattern of the Sch.pombe core subunits (two upper panels) and enzyme-specific subunits
(lower panel), based on previous reports (29,30,34) and on this study (subunits Rpc1, Rpc2, Rpc17, Rpe25, Rpe31, Rpe34, Rpe37, Rpe53 and Rpe82). Note that
complementation by Rpb8 is only seen when over-expressing the largest subunit of RNA polymerase IIT (31).

and Rpc40 are common to RNA polymerase I and III but
paralogous to Rpb3 and Rpbll in RNA polymerase II (38).
The strong conservation of these common subunits was
expected, since all but one (Rpb8) have a clear pre-eukaryotic
ancestry (3). These subunits were generally encoded by
single genes and are thus presumably shared by all three
RNA polymerases in most of the genomes analysed. There
were some exceptions to this rule, especially in the case
of RpbS, with two distinct forms clearly identified in
Trypanomosoma sp. (39) and with possibly up to five
Rpb5-like gene products in A.thaliana (40).

A recent survey of the G.lamblia genome failed to detect
gene products related to the five enzyme-specific subunits
Rpc31, Rpc34, Rpc37, RpcS3 and Rpc82 (41). Yet, our
own data (Figure 5) leave no doubt as to the very significant
homology relating Rpc34, Rpc37, Rpc53 and Rpc82 to gene
products encoded in all eukaryotic phyla (the relevant
alignments, including those of G.lamblia, are reproduced
in Supplementary Data S3). Rpc31-like sequences, on the
other hand, were only detected in Plants and Unikonts.

Enzyme-specific subunits are, on the whole, less stringently
conserved than the core subunits. In each case, however,
large domains of fifty to hundred amino acids, with invariant
positions forming unmistakable signatures, were conserved
in all eukaryotes. In Rpc34, the importance of some of
these invariant amino acids was underscored by previously
described mutants impairing the two-hybrid interaction of
that subunit with Brfl (42). In Rpc31, homology included
the acidic C-end of the subunit, important for transcription
initiation (43). No mutant is currently available for the con-
served Rpc37, Rpc53 and Rpc82 domains.

In S.cerevisiae, RNA polymerase III is directed to its
cognate genes by a multi-protein complex in which the
highly conserved TBP protein is shared with the two other
RNA polymerases, whilst Brfl is akin to TFIIB in RNA
polymerase II. Bdpl and the six-subunit TFIIIC factor, on
the other hand, are entirely specific of the RNA polymerase
IIT system (10,12,13). Brfl, Bdpl and TFIIC-like factors
are well documented in Sch.pombe and Homo sapiens
(12,13,17,44). As summarized Figure 5, a limited but
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Figure 2. Phylogenic positions of eukaryotes with fully sequenced genomes. The allocation of eukaryotes to five major phyla (surrounded by ovals) is based on
two recent syntheses (35,36). No assumption is made as to the root of these eukaryotic phyla. Seventeen species with fully sequenced genomes were taken into
account, and are designated by the following symbols. Fungi: Sc (S.cerevisiae), Sp (Sch.pombe); Cn (Cryptococcus neoformans), Ec (Encephalitozoon cuniculi).
Animals: Hs (H.sapiens), Dm (Drosophila melanogaster), Ce (Caenorhabditis elegans). Amoebozoans: Dd (D.discoideum), Eh (E.histolytica). Plants:
At (A.thaliana), Os (O.sativa). Alveolates: Pf (P falciparum), Cp (Cryptosporidium parvum), Tp (Theileria parva). Excavates: Tc (T.cruzi), Tb (T.brucei),

Lm (L.major), Gl (G.lamblia).

significant homology to Brfl and the Tfcl and Tfc4 subunits
of TFIIIC was detected in all eukaryotes. This was also true
for the Bdpl factors (except in the case of Excavates), where
homology essentially corresponded to a previously recog-
nized SANT domain (see also Supplementary Data S4).
As for the enzyme-specific RNA polymerase III subunits,
the overall homology of the pre-initiation complex was rather
low (except for the highly conserved TBP protein), but
invariant signature motifs were clearly identifiable for Brfl,
Bdpl, Tfcl and Tfc4 in all eukaryotes investigated.

Two domains of the largest subunit may be anchoring
sites for the enzyme-specific subunits

The Rpc31, Rpc34 and Rpc82 subunits of S.cerevisiae bind
each other and are important for transcription initiation
(42,43,45,46). Rpc37 and Rpc53, on the other hand, form a
dimer (9) that co-operates with Rpcll during elongation
and termination (47). We hypothesized that these two groups
of subunits may bind the twelve-subunit core enzyme at
conserved but RNA polymerase Ill-specific docking sites.
Three such domains, all longer than fifty amino acids, were
identified by iterative homology searches (20) to the core
RNA polymerase III of S.cerevisiae. One of these domains

corresponds to the C-halves of Rpc25 (positions 103-212)
and Rpcl7 (positions 71-161), and is consistent with the
probable role of the Rpc25-Rpcl7 dimer in transcription
initiation (48,49). The two others were detected near the
N- and C-end of Rpcl (positions 117-227 and 1170-1292
in S.cerevisiae), respectively. They are flanked by conserved
amino acid motifs shared with Rpbl (see Supplementary
Data S5) and their spatial position can thus be confidently
extrapolated from the RNA polymerase II crystal structure
(22), as illustrated Figure 6.

Both domains are predicted to be on the external surface
of the core enzyme, and are thus available for interactions
with the enzyme-specific subunits of RNA polymerase III.
Positions 117-227 of Rpcl (corresponding to 117-207 on
Rpbl) immediately follow a CX,C...CX,C Zn binding
motif shared with all heteromultimeric RNA polymerases.
A mutant of this motif was previously shown to dissociate
Rpc31, Rpc34 and Rpc82 from the core RNA polymerase
(46), thus strongly suggesting a direct role in the anchoring
of these subunits. Positions 1170-1292 of Rpcl correspond
to 1148-1304 in Rpbl. In RNA polymerase II, this domain
starts with a strong B-addition motif (corresponding to the
Rpb1-f28 of positions 1145-1159) binding the Rpb9 par-
alogue of Rpcll in RNA polymerase III. Rpcll mediates
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Rpb12 111 21 1 11
Rpc19 111 11 1 11
Rpc40 111 21 1 11
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Figure 3. Conservation of the seven RNA polymerase III subunits shared
with RNA polymerase II and/or I. (A) Number of homologous coding
sequences identified by iterative homology search. Closely related forms
generated by alternative splicing or differing by 1% of their amino acid
sequences were not listed. (B) The ratios of identical amino acids were
derived from sequence alignments with the appropriate full-length
S.cerevisiae subunit, using Psi-Blast iterative homology search (20). Species
symbols are as in Figure 2, with one archaeal (Mj = Methanocaldococcus
Jannaschii) sequence added as external reference.

transcript cleavage and termination (34) and recent evidence
indicates that it closely co-operates with Rpc37 and Rpc53
in the termination/re-initiation process (47). We therefore
predict that this domain determines the anchoring of a sub-
complex formed by the Rpc37, RpcS53 and Rpcll subunits.

DISCUSSION

The early biochemical characterization of yeast RNA poly-
merase III by Huet and her colleagues (8) revealed its
surprisingly complex polypeptide composition, where seven-
teen distinct subunits contribute to a total MW of 0.7 MDa.
Later studies established that all these polypeptides are
bona fide and essential components of the RNA polymerase
IIT system. Twelve of them are akin to the entire RNA poly-
merase II and to the RNA polymerase I core structure, with
42.5 and 46.3% identities, respectively but the existence of
five additional polypeptides (Rpc31, Rpc34, Rpc37, Rpc53
and Rpc82) is a typical feature of RNA polymerase III

(9,10). It recently emerged that the seventeen subunit com-
position of RNA polymerase III is entirely conserved not
only between ascomycetous yeasts, such as S.cerevisiae
and Sch.pombe (29,30,32,33,50), but also from yeasts to
man (15,51).

Our heterospecific complementation data demonstrate that,
except for Rpcl and Rpc2, the core subunits of RNA poly-
merase III were readily exchangeable in vivo, thus showing
a strong degree of functional conservation that is also consis-
tent with a previous study of the RNA polymerase II enzyme
(30). However, the enzyme-specific subunits diverged to a
much stronger extent, as shown by their complete lack of
heterospecific complementation. Despite this poor functional
conservation, homology to all of the seventeen RNA poly-
merase III subunits including the enzyme-specific ones
existed in currently sequenced eukaryotic genomes. The
only notable exceptions concerned Rpc31, where homology
was only detected in Unikonts and Plants, and Rpcl7, the
most variable of the core subunits, that may not exist in
Excavates (G.lamblia, L.major, Trypanosoma cruzi and
Trypanosoma brucei). Given that genome sequencing now
extends to four of the five main eukaryotic phyla (35,36),
the complex organization of RNA polymerase III can there-
fore be traced back in all present-day eukaryotes, although
this could not be directly tested in Cercozoans and
Rhizarians, where no fully sequenced genome is currently
available. A more limited but still very significant conserva-
tion also applies to the RNA polymerase III-associated fac-
tors Brfl, Bdpl and to at least two TFIHIC subunits, Tfcl
and Tfc4.

The early divergence of RNA polymerase III from RNA
polymerase I and II is further supported by the fact that
Rpcl, Rpc2 and Rpcll co-existed with their paralogues in
RNA polymerase I (Rpal, Rpa2 and Rpal2) or II (Rpbl,
Rpb2 and Rpb9) in all eukaryotic genomes investigated.
The situation was somewhat different for Rpc25 and
Rpc17. Orthologues to their RNA polymerase II counterparts
(Rpb7 and Rpb4) were detected in all eukaryotic phyla but
this was not so for RNA polymerase I, as Rpa43-like gene
products were limited to Unikonts and Plants whilst Rpal4-
like polypeptides were so far only found in Ascomycetes
(37). The seven other core subunits are common to all three
RNA polymerases (RpbS, Rpb6, Rpb8, Rpb10 and Rpb12)
or to RNA polymerase I and III (Rpcl9 and Rpc40) in
S.cerevisiae. They were encoded by single genes in most
but not all of the eukaryotic genomes investigated so far,
with some intriguing exceptions, such as the five Rpb5-like
gene products predicted in A.thaliana (40). We also noticed
that the human genome contains multiple retrocopies of
the genes encoding some RNA polymerase subunits (e.g.
Rpb4, Rpb5, Rpb10 and Rpb12), but about all of them accu-
mulated stop codons in their coding sequences and probably
are non-functional. Taken together, these data imply that the
existence of three distinct RNA polymerases, with a common
sub-set of core subunits shared by all three enzymes (or by
RNA polymerase I and III in the case of Rpc19 and Rpc40)
was established at a very early stage of eukaryotic evolution.

Rpc31, Rpc34 and Rpc82 form a cluster of enzyme-
specific subunits that contribute to transcription initiation
in S.cerevisiae (42,43,45,46) and H.sapiens (15,52). There
is evidence that these subunits are anchored at or near the
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Figure 4. Conservation of the five RNA polymerase III core subunits (Rpcl, Rpc2, Rpcl1, Rpcl7 and Rpc25) (A) Number of homologous coding sequences
identified by iterative homology search, using Rpcl, Rpc2, Rpc11, Rpc17 and Rpc25 and their paralogues in RNA polymerase I and II. The additional Rpb1-like
and Rpb2-like subunits of plants correspond to the recently discovered RNA polymerase IV enzyme (54). (B) Data and species symbols are as in Figure 2.

A 1 Specific subunits —+—Rpc37
——Rpc82

08\ —4—Rpc34

06 —— Rpc31

—&— Rpc53

Seqguence identity
=
o

Species

B ——TBP

Pre-initiation complex ——Brf1

Sequence identity

Species
Sp Hs Dd At Pf Gl Tc Mj

Figure 5. Conservation of the Rpc31, Rpc34, Rpe37, Rpc53 and Rpe82 RNA polymerase I1I-specific subunits and of components of the RNA polymerase III
initiation complex. (A) Enzyme-specific subunits: data and species symbols are as in Figure 2. (B) Components of the pre-initiation complex. Several eukaryotic
species have multiple forms of TBP and Brf1, but we only considered the most strongly conserved one in each case. Data and species symbols are as in Figure 2.
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Figure 6. Conserved RNA polymerase III-specific domains. Top and front backbone views of RNA polymerase 1l in S.cerevisiae, prepared with the RASMOL
software (http://www.umass.edu/microbio/rasmol/), using atomic coordinates IWCM (22) at the PDB Protein Data Bank. The position of the three main RNA
polymerase III-specific domains are shown as coloured thick lines on the RNA polymerase II structure. They correspond to the C-half of Rpc17, shown in green
(positions 103-212, corresponding to 105-171 in Rpb7, see Supplementary Data S5), the C-half of Rpc25, shown in orange (positions 71-161, corresponding
to 150-221 in Rpb4), and to N-terminal (red) and C-terminal (blue) motifs of Rpcl, delimitated by positions 117-227 and 1170-1292 (corresponding to 117-207
and 1148-1304 in Rpbl). The equivalence between Rpcl and Rpbl is based on the sequence alignments shown as Supplementary Data S5. The hypothetical
localization of the Rpc37, Rpc53 and Rpe31, Rpe34 and Rpe82 groups of subunits is suggested by dashed ovals (see text for explanations).

N-terminal Zn-fold of Rpc1 (46), itself prolonged by a highly
conserved but RNA polymerase Ill-specific domain (this
study). Rpc53 and Rpc37 interact in a two-hybrid assay (9)
and, together with Rpcll, are involved in the termination
and re-initiation of transcription in S.cerevisiae (47). We
surmise that these subunits are anchored to the core poly-
merase by the conserved RNA polymerase III-specific
domain found here near the C-end of Rpcl.

The present study identified widely conserved domains in
each of the five enzyme-specific subunits of RNA polymerase
III. Moreover, the existence of conserved domains in the
TFIIC, Brfl and Bdpl partners of RNA polymerase III and
the probable functional connection relating Rpc25 and Rpcl7
to Brfl (48,49) suggest that a network of protein—protein con-
tacts was evolutionarily preserved in all eukaryotes. Indeed,
studies on Rpc34 have shown that mutants of its conserved
domain affect an Rpc34-Brfl interaction detected by a two-
hybrid assay and leading to transcription initiation and
promoter opening defects (42). There is some evidence that
this interaction concerns the C-end of Brfl (53), itself highly
conserved in most eukaryotes. In Rpc31, mutants of the
conserved acidic C-end also interfere with transcription ini-
tiation (43). Extending these studies to the conserved domains
identified here on Rpc82, Rpc37 and Rpc53 should help
to understand how the five RNA polymerase II-specific sub-
units collectively ensure the transcriptional specificity of this
enzyme.
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