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Unlike Saccharomyces cerevisiae RNA polymerase III, human RNA polymerase III has not been entirely
characterized. Orthologues of the yeast RNA polymerase III subunits C128 and C37 remain unidentified, and
for many of the other subunits, the available information is limited to database sequences with various degrees
of similarity to the yeast subunits. We have purified an RNA polymerase III complex and identified its
components. We found that two RNA polymerase III subunits, referred to as RPC8 and RPCY, displayed
sequence similarity to the RNA polymerase II RPB7 and RPB4 subunits, respectively. RPC8 and RPC9
associated with each other, paralleling the association of the RNA polymerase II subunits, and were thus
paralogues of RPB7 and RPB4. Furthermore, the complex contained a prominent 80-kDa polypeptide, which
we called RPCS5 and which corresponded to the human orthologue of the yeast C37 subunit despite limited
sequence similarity. RPC5 associated with RPC53, the human orthologue of S. cerevisiae C53, paralleling the
association of the S. cerevisiae C37 and C53 subunits, and was required for transcription from the type 2 VAI
and type 3 human U6 promoters. Our results provide a characterization of human RNA polymerase III and

show that the RPCS subunit is essential for transcription.

Eukaryotic cells contain three nuclear RNA polymerases,
RNA polymerases I, II, and III, which are highly related to
each other. RNA polymerase III synthesizes RNA components
of the protein synthesis, pre-mRNA splicing, and tRNA pro-
cessing apparatuses. Saccharomyces cerevisiae RNA polymer-
ase III has been well defined, and all of its subunits have been
characterized (see references 6 and 20 for reviews). Its two
largest subunits are related to the B’ and B subunits of Esch-
erichia coli RNA polymerase and form the catalytic core. They
have paralogues in all multisubunit RNA polymerases charac-
terized to date, including RNA polymerases I and II. The
enzyme also contains two subunits shared with RNA polymer-
ase I that correspond to the E. coli o subunits. Eight additional
subunits are unique to RNA polymerase III, and five small
subunits are shared with RNA polymerases I and II.

Much less is known about human RNA polymerase III. The
enzyme has been purified both by conventional chromatogra-
phy (49, 60) and from cell lines expressing tagged Homo sapi-
ens RPC4 (HsRPC4)/HsRPC53/BN51 (57, 58), and cDNAs
corresponding to five of its subunits [HSRPC4/HsRPC53 (26,
27); HsSRPC1/HsRPC155 (50); and HsSRPC3/RPC62, HsRPC6/
RPC39, and HsRPC7/RPC32 (58)] have been characterized.
For the other subunits, the available information is their ap-
parent molecular weight on sodium dodecyl sulfate (SDS)-
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polyacrylamide gels (58, 60) and sequences present in various
databases that display a high degree of similarity to the yeast
RNA polymerase subunit sequences (49; reviewed in reference
25). Putative human orthologues of S. cerevisiae C128, the
second largest RNA polymerase III subunit, and C37 have not
been identified.

RNA polymerase III promoters can be divided into three
types, called type 1, 2, and 3 promoters. The type 1 promoters
are present in the ribosomal 5S genes, and the type 2 promot-
ers are present in tRNA genes as well as in a number of other
genes, including the adenovirus 2 VAI gene. Both types of
promoters are gene-internal and recruit TFIIIC, either di-
rectly, in the case of type 2 promoters, or through prior binding
of TFIIIA, in the case of type 1 promoters. The binding of
TFIIIC then allows recruitment of the TFIIIB factor, which
consists of TBP, the TFIIB-related factor Brfl, and the SANT
domain protein Bdpl, followed by RNA polymerase III (re-
viewed in reference 20; see reference 63 for a universal no-
menclature of TFIIIB subunits).

The type 3 promoters, exemplified by the human U6 pro-
moter, have a gene-external promoter whose core elements
comprise a proximal sequence element that recruits the five-
subunit complex SNAP, (also called PSE transcription factor
[PTF] or PSE binding protein [PBP]) and a TATA box that
recruits a specialized version of TFIIIB in which the Brfl
polypeptide is replaced by Brf2 (20, 47, 53). Additional factors
such as Bfr2-associated polypeptides, the autoantigen La,
topoisomerase 1, PC4, and NF1 polypeptides have also been
implicated in human RNA polymerase III transcription (21,
22, 34, 35, 53, 56, 59). However, the reconstitution of a com-
pletely defined RNA polymerase III transcription system from
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TABLE 1. S. cerevisiae and H. sapiens RNA polymerase (pol) III subunits”

S, cerevisiae ) ) Correspopding ) ) ) % Amino acid ifientities
RNA pol III Size  Accession Suggested S. cerevisiae H. sapiens RNA Size Accession between H.Asapzens and
subunits (kDa) no. nomenclature ~ RNA pql 11 pol III subunits (kDa) no. S. cerevisiae pol III
subunits subunits”
C160 (B'-like)  162.1 P04051 ScRPC1 RPB1 HsRPC1/RPC155 155.6 AAB86536 50 (1,356/1,391)
C128 (B-like) 129.3 AAB59324 ScRPC2 RPB2 HsRPC2 127.6 AY092084 63 (1,115/1,133)
C82 73.6 CAA45072 ScRPC3 HsRPC3/RPC62 60.5 NP_006459/XP_034604 22 (163/534)
Cs3 46.6 P25441 ScRPC4 HsRPC4/RPC53 444 AY092086 28 (134/398)
C37 32.1 NP_012950 ScRPC5 HsRPC5 79.8 AY092085 26 (160/708)
C34 36.1 P32910 ScRPC6 HsRPC6/RPC39 35.6 NP_006457/XP_009639 26 (216/316)
C31 27.7 P17890 ScRPC7 HsRPC7/RPC32 25.9 AAB63676/XP_036456 35 (44/223)
C25 243 P35718 ScRPC8 RPB7 HsRPC8 22.9 AY092087 42 (201/204)
C17 18.6 P47076 ScRPC9 RPB4 HsRPCY9/CGRP-RC 16.8 AAC25992 30 (122/148)
C11 12.5 AAD12060 ScRPC10 RPBY HsRPC10/RPC11 12.8 NP_057394 52 (108/108)
AC40 (a-like) 37.6 P07703 ScRPAC1 RPB3 HsRPACI1/RPAS,RPA39 38.6 NP_004866 47 (287/342)
AC19 (a-like) 16.1 P28000 ScRPAC2 RPBI11 HsRPAC2/RPA9,RPA16 152 NP_057056 45 (119/133)
ABC27 25.1 P20434 ScRPABC1 RPBS5 HsRPABCI1/RPB5,RPB25 24.6 P19388 42 (207/210)
ABC23 (w-like) 179 AAA34989 ScRPABC2 RPB6 HsRPABC2/RPB6,RPB14.4  14.5 P41584 72 (83/127)
ABC14.5 16.5 CAA37383 ScRPABC3 RPB8 HsRPABC3/RPBS,RPB17 17.1 P52434 35 (147/150)
ABC10a 7.7 AAA64417 ScRPABC4 RPBI12 HsRPABC4/RPB7.0 7.0 P53803 52 (42/58)
ABC10B 8.2 P22139 ScRPABCS RPB10 HsRPABC5/RPB10,RPB7.6 7.6 P52436 73 (67/67)

¢ Subunits in bold do not have paralogues in RNA polymerases I and II; those in bold and underlined form a complex separable from the rest of the enzyme (58,
61, 62). Subunits corresponding to the E. coli B’, B, a, and o subunits are indicated. ABC27 and RPBS5, ABC23 and RPB6, ABC14.5 and RPBS, ABC10a and RPB12,
and ABC10B and RPBI10 in each case designate the same protein. For HSRPC62, HsRPC39, and HsRPC32, the sequence under the first accession number (58) differs
in several positions from both the sequences deposited by NCBI (second accession number) and genomic sequences.

® The first number in parentheses indicates the length of the region of similarity, and the second number indicates the total length of the human protein.

human cells has been hampered by the lack of a defined RNA
polymerase III preparation.

As a first step towards the reconstitution of an entirely de-
fined RNA polymerase III transcription system from HelLa
cells, we have purified a human RNA polymerase III complex
and determined its composition. This analysis provides the
identification of human orthologues for all but the smallest of
the yeast RNA polymerase III subunits. In particular, we char-
acterized the second largest subunit of human RNA polymer-
ase II and identified two human RNA polymerase III subunits
as paralogues of the RPB7 and RPB4 subunits of RNA poly-
merase II. We also show that an 80-kDa protein with limited
sequence similarity to S. cerevisiae C37 is the human ortho-
logue of S. cerevisiae C37 and is required for transcription from
type 2 and 3 promoters.

MATERIALS AND METHODS

Constructs. The pBabeBN51Flag/His construct is a derivative of pBabepuro
(41) containing a ¢cDNA fragment encoding C-terminal Flag and His-tagged
full-length RPC4/HsRPC53 (GenBank accession number AY092086). cDNA
fragments encoding N-terminally hemagglutinin (HA)-tagged RPC4/HsRPC53
or RPC4/HsRPC53 amino acids 1 to 253 or RPC4/HsRPC53 amino acids 254 to
398 were cloned into a derivative of the vector pCITE (Novagen).

The RPC5 and RPCS coding sequences were subcloned from cDNA clones
KAT11904 and KAT02533 (kind gifts of H. Hata and S. Sugano, Department of
Virology, University of Tokyo, Tokyo, Japan), which contained full-length open
reading frames. The sequence of the cDNA clone KAT11904 was confirmed
(GenBank accession number AY092085), and the RPC5 coding region was
amplified and inserted into a pSBet vector (46) modified to fuse a Flag and a His
tag to the N and C termini of the protein, respectively. cDNA fragments encod-
ing RPC5, RPC5 amino acids 1 to 163, or RPCS amino acids 164 to 854 were
also cloned into a derivative of the vector pCITE (Novagen). The sequence
of the cDNA clone KAT02533 was confirmed (GenBank accession number
AY092087), and the RPC8 coding region was amplified and cloned into pCITE
and a derivative of pCITE in which an HA tag is fused to the N terminus of the
protein. The RPC9 coding sequence was amplified from a human cDNA library
and inserted into the same two vectors.

To assemble the sequence encoding RPC2 (GenBank accession number
AY092084), we used the sequence AK001161 (encoding the protein sequence
BAAO91527.1, identified by mass spectrometry), which encodes the last 342 amino
acids of RPC2 to search the expressed sequence tag (EST) database. With
successive rounds of Blast (1) searches, we assembled a putative sequence en-
coding a protein with high similarity to the S. cerevisiae C128 polypeptide. We
then sequenced the clones CSODI0O84YD19 (GenBank accession number
AL577130), which contained nucleotides 1 to 2136 of our sequence, and 3452733
(GenBank accession number BE541441), which contained nucleotides 2684 to
4102. The missing internal sequences were amplified by PCR from a commercial
HeLa cell cDNA library.

Generation of cell lines expressing tagged RPC4/HsRPC53. We transfected 3
g of the plasmid pBabeBN51Flag/His together with 25 pg of salmon sperm
DNA into HeLa S cells by electroporation. The transfected cells were selected by
addition of 1 pg of puromycin per ml to the medium, and clonal cell lines were
derived by serial dilution and screened for tagged RPC4/HsRPC53 expression
levels. One clone expressing high levels of RPC4 (PH9-8) was selected for further
studies.

Purification of tagged RNA polymerase III complex. Whole-cell extracts (36)
(12 mg of protein/ml) prepared from 48 liters of HeLa cells or from the clonal
cell line PH9-8 were fractionated by ammonium sulfate precipitation. The pro-
teins precipitated between 18 and 40% ammonium sulfate were dissolved in
TBS, 5 buffer (50 mM Tris-HCI [pH 8.0], 120 mM NaCl, 5% glycerol) to a final
salt concentration of 150 mM and loaded onto anti-Flag immunoaffinity beads
(Sigma). The anti-Flag beads were rotated overnight at 4°C and washed with 30
column volumes of TBS;y, and 20 column volumes of TBS;s,. The bound
proteins were eluted with 5 column volumes of a Flag peptide gradient ranging
from 100 to 300 pg of peptide per ml in TBS; 5, buffer.

The fractions active for U6 transcription were pooled, adjusted to 300 mM
NaCl by dilution with buffer A (50 mM NaH,PO,, 300 mM NaCl, 20 mM
imidazole, adjusted to pH 8.0), and incubated with Ni*>*-nitrilotriacetic acid
(NTA) agarose beads (Qiagen) overnight at 4°C. The beads were washed with
buffer B (50 mM NaH,PO,, 20 mM imidazole, pH 8.0) containing 300 or 600
mM NacCl as described in the figure legends. The bound proteins were eluted
with 5 column volumes of buffer B containing 250 to 300 mM imidazole. The
Ni>*-NTA fractions were dialyzed against buffer D, (50 mM HEPES [pH 7.9],
0.2 mM EDTA, 20% glycerol, 0.1% Tween 20, 100 mM KCIl, 3 mM dithiothre-
itol, 0.5 mM phenylmethylsulfonyl fluoride).

Protein identification by mass spectrometry. The purified RNA polymerase
IIT complex was fractionated on an SDS-4 to 20% polyacrylamide gel and
visualized by Coomassie blue staining. All the visible bands were excised for mass
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FIG. 1. Composition of the tagged RNA polymerase III complex. (A) Purification scheme of the tagged RNA polymerase III complex.
(B) Polypeptide composition of the purified tagged RNA polymerase III. Whole-cell extracts (WCE) from either HeLa cells (lanes 1 and 3) or
HelLa cells expressing tagged RPC4/HsRPC53 (lanes 2 and 4) were used as starting material for the purification scheme summarized in A. The
proteins were separated on an SDS—4 to 20% polyacrylamide gel and stained with Coomassie blue. In lanes 1 and 2, the nickel-agarose beads were
washed with a buffer containing 300 mM KCl before elution with 250 mM imidazole. In lanes 3 and 4, the beads were washed with 600 mM KCL.
The positions of the molecular size markers are shown on the left (in kilodaltons). The identities of each polypeptide as determined by mass
spectrometry analysis are indicated on the right. Solid circles indicate cytoskeletal and other known proteins that were not characterized further.
Triangles indicate previously characterized RNA polymerase III subunits. Asterisks indicate polypeptides whose function has not been analyzed

before in the context of RNA polymerase III transcription.

spectrometry identification. The samples were subjected to both matrix-assisted
laser desorption ionization (MALDI) and liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis. MALDI spectra were acquired with a Per-
septive Biosystems DE-PRO, the data were analyzed by m/z (ProteoMetrics),
and protein identification was performed with the Profound search engine (65).
The spectra resulting from LC-MS/MS were analyzed with the Sequest (14)
software or the SONARS (ProteoMetrics) software or interpreted manually.

Conventional purification of RNA polymerase III complex. Endogenous RNA
polymerase III complex was purified as described previously (49).

In vitro transcriptions. In vitro transcription reactions were performed as
described previously (31, 47). Immunodepletions were performed with a 2:1
volume ratio of beads covalently coupled to antibodies to extract overnight at
4°C.

RESULTS

Nomenclature of RNA polymerase III subunits. The first
column of Table 1 shows the commonly used nomenclature for
the subunits of S. cerevisiae RNA polymerase III (6, 20). The
fourth column lists our suggested names, in which the letters A,
B, and C indicate whether the subunits belong only to RNA
polymerase III (C) or are common to RNA polymerases I and
III (AC) or I, II, and III (ABC), as in the original nomencla-
ture of Sentenac and colleagues (6, 48). The numbers 1, 2, 3,
etc., order separately the S. cerevisiae subunits unique to RNA
polymerase III, those common to RNA polymerases I and III,
and those common to all three RNA polymerases by decreas-
ing apparent molecular weight. The nomenclature could be
expanded to include the unique RNA polymerase I and II
subunits (which would be listed as RPA1, RPA2, etc., and

RPBI1, RPB2, etc.) and in some cases is already in use in the
GenBank database. In this article, we use this proposed no-
menclature for the S. cerevisiae subunits as the guide to refer to
the human RNA polymerase III subunits, as indicated in Table
1, and consequently the numbering of the human subunits does
not always correspond to their decreasing apparent molecular
weights.

Purification of an RNA polymerase III complex. We gener-
ated stable cell lines expressing the RPC4/HsRPC53 subunit of
RNA polymerase III (26, 27, 49) fused to both Flag and His
tags at its C terminus. Purification of the RNA polymerase III
complex was achieved by ammonium sulfate precipitation fol-
lowed by anti-Flag immunoaffinity and nickel agarose chroma-
tography, as summarized in Fig. 1A. Figure 1B shows the
polypeptide pattern obtained after fractionation of the re-
sulting material by SDS-polyacrylamide gel electrophoresis
(PAGE). A few background bands were visible in the material
purified from control cells with only untagged RPC4/HsRPC53
(Fig. 1A, lane 1), but these bands disappeared when the Ni**-
NTA column was washed with 600 mM KClI (Fig. 1A, lane 3).
In contrast, the polypeptide bands visible in material purified
from tagged RPC4/HsRPC53-containing cells were not re-
duced by a high-salt wash (Fig. 1A, compare lanes 2 and 4).

We identified each visible band by mass spectrometry and
grouped them into three categories. The bands labeled with a
solid circle in Fig. 1B correspond to cytoskeletal and other
known abundant proteins and were not characterized further.
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The bands labeled with a triangle correspond to previously
characterized RNA polymerase III subunits [RPC1/RPC155
(50), RPC3/RPC62, RPC6/RPC39, and RPC7/RPC32 (58),
RPC4/HsRPC53 (26, 27, 50), and RPABCI1, RPABC2,
RPABC3, and RPABCS (8, 38, 40, 51)]. The bands labeled
with asterisks correspond to either known [RPC9/HsCGRP
(Homo sapiens calcitonin gene-related peptide) receptor com-
ponent (18, 33), RPC10 (7), and RPAC1/RPA39 (12)] or novel
(RPC2, RPC5, RPCS8, and RPAC2) polypeptides whose func-
tion has not been analyzed in the context of human RNA
polymerase III transcription but that show different degrees of
similarity to S. cerevisiae RNA polymerase 111 subunits.

Structure of RPC2, the second largest subunit of RNA
polymerase III. Mass spectrometry analysis of the polypep-
tide labeled RPC2 gave matches in two protein sequences
(NP_060552.1 and BAA91527.1) that correspond to the C-
terminal part of the full-length protein sequence. These were
used as a starting point to assemble, through database searches
and PCR amplification from a ¢cDNA library, a cDNA en-
coding the 1,133-amino-acid protein depicted in Fig. 2A
(GenBank accession number AY092084). The thick black un-
derlines show the first peptide matches identified by mass
spectrometry. These clustered towards the C terminus of the
protein because only the C terminus of RPC2 was represent-
ed in the database. The blue underlines show the additional
matches obtained upon reanalysis of the original mass spec-
trometry data with the full-length sequence available.

The protein HsRPC2 had a calculated molecular mass of
128 kDa and an isoelectric point of 8.6. As shown in Fig. 2B,
it was more similar to the second-largest RNA polymerase
III subunits of Drosophila melanogaster, Schizosaccharomyces
pombe, and S. cerevisiae (68, 64, and 63% identical, respec-
tively) than to the human second-largest RNA polymerase II
subunit (38% identical), consistent with its identification as the
second-largest subunit of human RNA polymerase III. The
protein was also related to RNA polymerase B subunits from
archaea (for example, 38% identical to that of Thermococcus
celer) and to the B subunit of E. coli RNA polymerase.

The blocks highlighted in yellow in Fig. 2A correspond to
the A to I sequence homology blocks originally noted in an
alignment of the E. coli $ subunit with the second-largest
subunit of S. cerevisiate RNA polymerase II (52) and then
confirmed by structural studies (11). Figure 2C shows the per-
cent identities within these blocks between HsRPC2 and the
second-largest subunits of several RNA polymerases. All
blocks were highly conserved in the human RPC2 subunit.
Region F contained the invariant E and D residues (positions
752 and 753, boxed in Fig. 2A), corresponding to the E836 and
D837 residues of the S. cerevisiae orthologue found in the
active site in close proximity to a metal ion (11). Like all other
eukaryotic RNA polymerase second-largest subunits analyzed
to date, and unlike the E. coli B subunit (48), HSRPC2 also
contained a zinc-binding domain near its C terminus (Fig. 2A,
red bracket), which is part of the clamp in the crystal structure
of yeast RNA polymerase II (11).

RPCS8, RPCY9, RPC10, RPAC1, and RPAC2: human ortho-
logues of S. cerevisiae RPC25, RPC17, RPC11, RPAC40, and
RPAC19, respectively. The bands labeled RPCS, RPCO9,
RPC10, RPACI, and RPAC2 in Fig. 1B all gave matches in
protein GenBank entries with strong similarity to yeast RNA
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A

MDVLAEEFGN LTPEQLAAPI PTVEEKWRLL PAFLKVEGLV KQHIDSFNYF 50
INVEIKKIMK ANEKVTSDAD PMWYLKYLNI YVGLPDVEES FNVTRPVSPH 100
ECRLRDMTYS APITVDIEYT RGSQRIIRNA LPIGRMPIML RSSNCVLTGK 150
TPAEFAKLNE CPLDPGGYFI VKGVEKVILI QEQLSKNRII VEADRKGAVG 200
ASVTSSTHEK KSRTNMAVKQ GRFYLRENTL SEDIPTIVITF KAMGVESDQE 250
IVOMIGTAEH VMAAFGPSLE ECOKAQIFTQ MQALKYIGNK VRRQRMWGGG 300
PKKTKIEEAR ELLASTILTH VPVKEFNFRA KCIYTAVMVR RVILAQGDNE 350
VDDRDYYGNK RLELAGQLLS LLFEDLFKKF NSEMKKIADQ VIPKQRARQOF 400
DVVKHMRODQ ITNGMVNAIS TGNWSLKRFK MDRQGVTQVL SRLSYISALG 450
MMTRISSQFE KTRKVSGPRS LQPSQWGMLC PSDTPEGEAC GLVKNLALMT 500
HITTDMEDGP IVKLASNLGV EDVNLLCGEE LSYPNVFLVF LNGNILGVIR 550
DHEKLVNTFR LMRRAGYINE FVSISTNLTD RCVYISSDGG RLCRPYIIVE 600
KQKPAVTNKE MEELAQGYRN FEDFLEESLV EYLDVNEEND CNIALYEHTI 650
NKDTTHLEIE PFTLLGVCAG LIPYPHHNQS PRNTYQCAMG KQAMGTIGYN 700
QRNRIDTLMY LLAYPQKPMV KTKTIELIEF EXLPAGONAT VAVMSYSGYD 750
IEDALVLNKA SLDRGFGRCL VYKNAKCTLK RYTNQTFDKV MGPMLDAATR 800
KPIWRHETLD ADGICSPGEK VENKQVLVNK SMPTVTQIPL EGSNVEQQPQ 850
YKDVPITYKG ATDSYIEKVM ISSNAEDAFL IEMLLROTRR PEIGDKFSSR 900
HGQKGVCGLI VPQEDMPFCD SGICEDIIMN PHGFPSRMTV GKLIELLAGK 950
DGVLDGRFHY GTAFGGSKVK DVCEDLVRHG YNYLGKDYVT SGITGEPLEA 1000
YIYFGPVYYQ KLEKHEMVLDEM HARARGPRAV LTRQPTEGRS RDGGLRLGEM 1050
ERDCLIGYGA SMLLLERLMI SSDAFEVDVC GQCGLLGYSG WCHYCKSSCH 1100

VSSLRIPYAC KLLFQELOSM NIIPRLELSK YNE 1133
B RPC2 RPB2 B
Hs 38% =
Dm 68% 7% -
Sp 64% 35% -
Sc 63% 37% -
Tc _ = 38%
Cc
A B C D E F G H |
DmRPG2 8B% | B2% | 69% | 97% | 95% | 92% | 58% | 82% | 79%
SpRPC2 80% | BB% | B9% | 91% | B4% | 94% | 31% | 85% | 82%
ScRPC2 92% | B2% | 69% | 87% | B4% | 97% | 39% | B3% | B1%
ScRPB2 40% | 65% | 50% | 62% | 68% | 56% | 28% | 55% | 60%
TeB 36% | 65% | 56% | 62% | 58% | 58% | 36% | 67% | 59%
Ecp 36% | 41% | 50% | 37% | 37% | 31% | 28% | 44% [ 39%

FIG. 2. Structure of HsRPC2. (A) Predicted protein sequence of
HsRPC2 (GenBank accession number AY092084). The thick black
underlines show the first peptide matches identified by mass spectrom-
etry. These cluster towards the C terminus of the protein because only
the C terminus of RPC2 was represented in the database. The blue
underlines show the additional matches obtained upon reanalysis of
the original mass spectrometry data with the full-length sequence. The
homology blocks A to I (52) are shaded in yellow. The invariant E and
D residues corresponding to those in close proximity to metal B in the
structure of S. cerevisiee RNA polymerase II (11) are boxed. The
zinc-binding domain is bracketed in red. (B) The percent identities
between H. sapiens (Hs) RPC2 and the second largest subunits of D.
melanogaster (Dm), S. pombe (Sc), and S. cerevisiae (Sc) RNA poly-
merase III (RPC2) and II (RPB2), as well as T. celer (Tc) polypeptide
B, are indicated. The sequences were aligned with Blast. (C) The
percent identities between HsRPC2 and the indicated second-largest
subunits, including the E. coli B subunit (Ec ) in the conserved A to
I blocks are shown.

polymerase III subunits. Thus, RPC8 was 42% identical to S.
cerevisiae C25, RPC9 was 30% identical to C17, as noted be-
fore (18, 33), RPC10 was 52% identical to C11, as noted before
(7), RPACI was 47% identical to AC40, and RPAC2 was 45%
identical to AC19. These findings are indicated in Table 1, as
well as the calculated molecular weights of these proteins and
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the corresponding GenBank accession numbers. The observa-
tion that these polypeptides with high similarity to yeast RNA
polymerase III subunits are indeed present in the highly puri-
fied RNA polymerase III complex confirms their identity as
subunits of human RNA polymerase III.

RPCS8 and RPC9 are paralogues of the RNA polymerase II
subunits RPB7 and RPB4. A Blast search (1) with the human
RPCS8 sequence as the query revealed that the N-terminal
region of the protein is similar to the N-terminal region of the
RNA polymerase II RPB7 subunit from a number of species
(not shown), as noted before for the S. cerevisiae C25 ortho-
logue (44). Figure 3A shows a Clustal W Fast (54) alignment of
the HsRPCS subunit with the RNA polymerase II RPB7 sub-
units from S. pombe, S. cerevisiae, and H. sapiens. This align-
ment shows 22 identical (13%; stars in Fig. 3A) and a total of
62 identical and similar (36%; stars and colons in Fig. 3A)
amino acids out of the N-terminal 172 amino acids of the
human sequence in all four polypeptides. This region encom-
passes the sequences that are predicted to assume an OB-fold
motif (4) in the S. cerevisiae RPB7 subunit (43) and that were
shown to do so in the crystal structure of an archaeal homo-
logue (55). The OB-fold motif is present in the E. coli ribo-
somal protein S1 (4) as well as in many other proteins capable
of binding single-stranded nucleic acids (42).

Strikingly, a Blast search with HsRPC9 as the query then
identified a conserved domain also found in the RNA poly-
merase II RPB4 subunits of S. pombe and S. cerevisiae (not
shown). The Clustal W Fast alignment of this sequence with
the RNA polymerase II RPB4 subunits from the same species
as above is shown in Fig. 3B. In this case, the alignment showed
11 identical amino acids (9%) and a total of 40 (31%) identical
and similar amino acids among the N-terminal 128 amino acids
of HsRPC9 in all four polypeptides.

In RNA polymerase II, RPB4 forms a heterodimer with
RPB7 that reversibly associates with the core enzyme (15). We
therefore tested whether the RNA polymerase III RPC8 and
RPC9 subunits might similarly associate with one another in
the absence of the other RNA polymerase III subunits. We
generated both HA-tagged and untagged RPC8 and RPC9 by
translation in vitro and tested them in coimmunoprecipitation
experiments. As shown in Fig. 3C, these proteins were well
expressed (lanes 1, 2, 5, and 6). Untagged RPC8 and RPC9
were not immunoprecipitated by anti-HA antibodies, as ex-
pected (Fig. 3C, lanes 3 and 7). However, when untagged
RPC8 was mixed with HA-tagged RPC9, both proteins were
recovered in the immunoprecipitate (Fig. 3C, lane 4). The
same was true when untagged RPC9 was mixed with HA-
tagged RPCS8 (Fig. 3C, lane 8). Thus, like RPB7 and RPB4,
HsRPCS8 and HsRPC9 associate with each other. Together
with the sequence similarities linking RPC8 to RPB7 and
RPCY9 to RPB4, this observation strongly suggests that the
HsRPC8 and HsRPC9 subunits are in fact paralogues of the
RNA polymerase II RPB7 and RPB4 subunits, respectively.
We have therefore indicated them as such in Table 1.

Identification of RPC5, a human orthologue of S. cerevisiae
C37. One of the prominent bands in the purified RNA poly-
merase III complex (labeled RPCS5 in Fig. 1B) corresponded to
the protein encoded by the cDNA clone KAT11904 (GenBank
accession number AK026645), shown in Fig. 4A. The protein
had a calculated molecular mass of 79.8 kDa and an isoelectric
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point of 5.9. The peptides identified by mass spectrometry are
underlined with thick lines, and a glutamate-rich region is
boxed.

As shown in Fig. 4B, the sequence was highly similar over its
entire length to the mouse homologue of Drosophila sex-lethal
interactor (Mm BAB23761; 85% identical; shown in orange)
and over its N-terminal 425 amino acids to Drosophila sex-
lethal interactor itself (Dm SIN, shown in green). Drosophila
SIN, whose function is unknown, is identified as a protein
interacting in a two-hybrid assay with the RNA binding domain
1 of D. melanogaster sex-lethal (13), a regulator of alternative
RNA splicing and translation (2, 3, 28). The N-terminal 444,
431, 228, and 163 amino acids were also similar to Caenorhab-
ditis elegans, Arabidopsis thaliana, and S. pombe open reading
frames and, very interestingly, to the S. cerevisiae RNA poly-
merase III subunit C37, respectively. The Blast (1) alignment
of the human and S. cerevisiae proteins is shown in Fig. 4C. The
two proteins showed 26% identities over a region limited to the
N-terminal 163 amino acids of the 80-kDa human protein. As
described below, our data suggest that the 80-kDa protein is a
human orthologue of S. cerevisiae C37, and we therefore refer
to it as HsSRPCS.

RPCS is a subunit of human RNA polymerase III. We have
previously developed a protocol, shown in Fig. SA, to partially
purify an untagged RNA polymerase IIT complex (49). We
used a phosphocellulose (P11) fraction from the second step of
this purification as well as a doubly tagged recombinant RPC5
for immunoblotting with an anti-RPCS5 antibody. As shown in
Fig. 5B, the antibody reacted with a polypeptide in the P11
fraction (lane 1) that migrated slightly faster than the doubly
tagged recombinant RPCS (lane 3), and the interaction was
abolished by blocking of the antibody with the peptide against
which it was raised (lanes 2 and 4). This indicates that the
antibody is specific and that the cDNA very likely encodes a
full-length protein.

We used this antibody as well as an anti-RPC1/RPC155
antibody for nondenaturing immunoprecipitations from HeLa
cells. As shown in the upper panel of Fig. 5C, both RPC4/
HsRPC53 and RPC1/RPC155 could be detected in material
immunoprecipitated with anti-RPC5 (lane 2) but not with
preimmune antibodies (lane 1). Similarly, RPC5 was specif-
ically present in material immunoprecipitated with anti-RPC1/
RPC155 antibodies (Fig. 5C, lower panel, lane 2). Moreover,
we analyzed each Mono Q fraction from the penultimate step
in the purification of untagged RNA polymerase III (see Fig.
5A). Like RPC4/HsRPC53 and U6 transcription activity (49),
RPCS5 coeluted exactly with RPC1/RPC155 (Fig. 5D, lane 11).
Thus, RPCS is associated with other RNA polymerase I1I sub-
units not only in cell lines expressing a tagged RPC4/HsRPC53
subunit, as shown in Fig. 1B, but also in cells expressing only
endogenous RPC4/HsRPCS53, suggesting that it is indeed an
RNA polymerase III subunit.

RPCS is required for transcription from both the VAI and
U6 promoters but not from the U1l and adenovirus 2 major late
promoters. To explore the role of RPCS in transcription, we
immunodepleted extracts of endogenous RPCS and tested the
depleted extracts for transcription from two types of RNA
polymerase II promoters, the Ul snRNA promoter and the
adenovirus 2 major late mRNA promoter. In both cases, tran-
scription was unaffected by the depletion and by addition of
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FIG. 3. HsRPC8 and RPC9 are paralogues of the RNA polymerase II RPB7 and RPB4 subunits, respectively. (A) Clustal W Fast alignment
of H. sapiens (Hs) RPC8 and the S. pombe (Sp), S. cerevisiae (Sc), and H. sapiens (Hs) RPB7 subunits performed with default parameters. Stars
indicate identical amino acids, colons indicate similar amino acids (A, V, F, P, M, I, L, and W; D and E; R, K, and H; and S, T, Y, H, C, N, G,
and Q are considered similar), and periods indicate semiconserved substitutions. (B) Clustal W Fast alignment of H. sapiens (Hs) RPC9 and the
S. pombe (Sp), S. cerevisiae (Sc), and H. sapiens (Hs) RPB4 subunits performed with default parameters. The symbols are the same as in A.
(C) HsRPC8 and HsRPC9 associate with each other. Untagged and HA-tagged HsRPCS8 and HsRPC9 were translated in vitro with [>>S]methi-
onine and used for coimmunoprecipitation experiments. Lanes 1, 2, 5, and 6 show 1 pl of each of the in vitro translation reaction mixes loaded

directly on the gel (input). In lanes 3, 4, 7, and 8, the proteins indicated above the lanes were used for immunoprecipitation (IP) with anti-HA

antibody beads. The immunoprecipitates were washed with a buffer containing 300 mM KCI. The circles and triangles indicate untagged and tagged

proteins, respectively.

either recombinant RPCS or purified tagged RNA polymerase
III complex (data not shown).

We next tested the immunodepleted extracts for transcrip-
tion from the RNA polymerase III type 2 VAI promoter and
type 3 U6 snRNA promoter. In preliminary experiments, we

had noticed that immunodepletion with the anti-RPC5 anti-
bodies rendered the concentration of certain RNA polymerase
III transcription factors other than RPCS5 limiting. This is prob-
ably because the depletions were performed in relatively low
salt concentrations (80 to 100 mM KCI), and under these
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FIG. 4. Structure of RPCS. (A) Predicted RPCS protein sequence
(GenBank accession number AY092085). The thick underlines show
peptide matches identified by mass spectrometry, the thin underlines
indicate synthetic peptides used to generate antibodies (CS1534,
amino acids 1 to 9; CS1542, amino acids 207 to 222), and the shaded
box shows the glutamic acid-rich domain. (B) Regions of similarity
between HsRPCS and a Mus musculus (Mm) homologue of Drosophila
sex-lethal interactor (BAB23761), the Drosophila sex-lethal interactor
(Dm SIN, AAF51670 [13]), putative proteins from A. thaliana (At)
(NP_199764), C. elegans (Ce) (AAK29861), S. pombe (Sp) (T41323),
and S. cerevisiae (Sc) C37 (NP_012950). The percentages show amino
acid identities between the colored regions of the various proteins and
the regions in HsRPC5 delimited by thin lines of corresponding color
as determined by the Blast program. The numbers indicate amino acid
numbers. (C) Blast alignment of H. sapiens RPCS5 and S. cerevisiae C37.

conditions, RNA polymerase III is known to associate with
several of its transcription factors (58). Therefore, before de-
pletion with the anti-RPCS5 antibody CS1534, the extracts were
supplemented with recombinant TATA box binding protein
(TBP) and Brfl for the VAI transcriptions and TBP, Brf2, and
SNAP, for the U6 transcriptions. Depletion with another anti-
RPCS5 antibody, CS1542, did not render SNAP, limiting, and
thus, in this case, SNAP_ was not added.

In sharp contrast to what was observed with RNA polymer-
ase II promoters, depletion with the anti-RPC5 antibodies
strongly reduced transcription from the U6 snRNA and VAI
promoters, as shown in Fig. 6A and C (compare lanes 2 to
lanes 1). In an extract depleted with the anti-RPCS antibody

MoL. CELL. BIOL.

CS1534, transcription from both the U6 and the VAI promot-
ers was restored by addition of purified RNA polymerase III
complex but not recombinant RPC5 (Fig. 6A, lanes 3 to 7).
This suggested that the antibody removed not only RPC5
but also additional RNA polymerase III subunits. Indeed, as
shown in Fig. 6B, the levels of both RPC5 and RPC1/RPC155
were strongly reduced in extracts depleted with the CS1534
antibodies (lanes 2 and 4) compared to extracts depleted with
preimmune antibodies (lanes 1 and 3). These results indicate
that either RPCS itself or RPC5-associated polypeptides are
required for RNA polymerase III transcription.

Surprisingly, in extracts depleted with the CS1542 antibody,
both VAI and U6 transcription could be reconstituted not only
by addition of purified tagged RNA polymerase III complex, as
expected, but also by addition of recombinant RPCS, as shown
in Fig. 6C, lanes 3 to 8. In this case, depletion with the an-
tibody removed RPCS5 but not RPC1/RPC155 (Fig. 6D, com-
pare lanes 3 and 4 to lanes 1 and 2). Thus, it appears that the
anti-RPCS antibody CS1542 disrupts the association of RPC5
with the rest of RNA polymerase III. Importantly, the ability to
restore transcription by addition of just recombinant RPC5
indicates that the RPC5 polypeptide itself is absolutely re-
quired for efficient transcription from both the type 2 VAI and
type 3 U6 RNA polymerase III promoters.

Interaction between S. cerevisiae C53 and C37 is conserved
in the corresponding RPC4/HsRPC53 and RPCS human sub-
units. Most RNA polymerase subunits show a high degree of
conservation between S. cerevisiae and human cells. Two no-
table exceptions are RPC4/HsRPC53 and RPCS5. As men-
tioned above and illustrated in Fig. 7A, human RPC5 showed
similarity to S. cerevisiae C37 in its N-terminal 163 amino acids
(see alignment in Fig. 4C); RPC4/HsRPC53 showed similarity
to S. cerevisiae C53 in its C-terminal part (Fig. 7A), where it
was 28% identical to the C-terminal part of the S. cerevisiae
protein, as shown in Fig. 7B. The C37 and C53 subunits inter-
act with each other in a yeast two-hybrid assay (19). We tested
whether this property was conserved in the human subunits
by coimmunoprecipitation. We generated full-length RPC4/
HsRPC53 and RPCS by translation in vitro as well as truncated
forms consisting in each case of either the sequences conserved
or not conserved in the S. cerevisiae subunits, as illustrated in
Fig. 7A. All the RPC4/HsRPC53 constructs carried an N-
terminal HA tag.

As shown in Fig. 7C, full-length RPCS5, truncated RPCS
containing the first 163 amino acids [RPC5(1-163)] or amino
acids 164 to 854 [RPC5(164-854)], and HA-RPC4/HsRPC53
were well expressed in a reticulocyte lysate (lanes 1 to 4), and
none of the untagged RPCS proteins were immunoprecipitated
by anti-HA antibodies (lanes 5 to 7). However, when the var-
ious RPC5 proteins were mixed with HA-RPC4/HsRPC53,
full-length RPCS5 as well as RPC5(1-163) but not RPC5(164-
854) was coimmunoprecipitated with HA-RPC4/HsRPC53
(Fig. 7C, lanes 8 to 10). Thus, the part of RPCS that shows
sequence conservation with yeast C37 associates with RPC4/
HsRPC53.

Next, we mapped the region of RPC4/HsRPCS53 that inter-
acts with RPCS5. As shown in Fig. 7D, none of the RPCS5 de-
rivatives were coimmunoprecipitated with HA-RPC4/HsRPC53
(1-253) (lanes 9 to 11). However, both full-length RPC5 and
RPC5(1-163) but not RPC(164-854) were coimmunoprecipi-
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FIG. 5. RPCS5 copurifies and is associated with RPC1/RPC155 in cells expressing only untagged RNA polymerase III. (A) Conventional
purification scheme of an untagged RNA polymerase III complex (49). WCE, whole-cell extract; CV, column volume. (B) Doubly tagged RPC5
expressed in E. coli migrates slightly slower than endogenous RPC5 from HeLa cells. An active P11 phosphocellulose fraction (8 pl, 427 pg/ml)
(lanes 1 and 2) or 2 ul of doubly tagged, purified recombinant RPCS5 (11.2 pwg/ml) (lanes 3 and 4) were fractionated by SDS-PAGE, and the proteins
were transferred to nitrocellulose. The membrane was then cut and probed with an anti-RPC5 antibody (CS1542) for lanes 1 and 3 or with the
same antibody preincubated with the peptide against which it was raised for lanes 2 and 4. The positions of RPCS and the molecular size markers
(in kilodaltons) are indicated. (C) Endogenous RPCS is associated with other RNA polymerase subunits in vivo. A HeLa cell nuclear extract was
used as the starting material for nondenaturing immunoprecipitations (IP) with the antibodies indicated above the lanes, and the immunopre-
cipitates were fractionated by SDS-PAGE, transferred to a membrane, and probed by immunoblot with the antibodies indicated at the right of the
three panels. preimm., preimmune serum. (D) Copurification of RPC5 and RPC1/RPC155 during Mono Q chromatography. Mono Q fractions
1 to 20 (lanes 1 to 20, respectively) and Mono Q flowthrough (FT, lane 21) were analyzed by immunoblot with the antibodies indicated at the right

of the two panels.

tated with HA-RPC4/HsRPC53(254-398) (Fig. 7D, lanes 12 to
14). Thus, the conserved N-terminal part of RPC5 associates
with the conserved C-terminal part of RPC4/HsRPCS53, indi-
cating that despite the divergence between the S. cerevisiae and
human proteins, their ability to associate with each other has
been conserved and can be mapped to the conserved domains.

DISCUSSION

Unlike S. cerevisiae RNA polymerase I1I, the composition of
human RNA polymerase III has never been determined. In
this work, we have extensively purified human RNA polymer-
ase III so that the identity of every component in the complex
could be determined. This analysis has identified human or-
thologues for all but the smallest yeast RNA polymerase III
subunits, including orthologues whose corresponding cDNA
sequences were either absent from the database or present but
not recognized as putative RNA polymerase III subunits, and
thus represents a key step toward a defined RNA polymerase
III transcription system from HeLa cells.

Composition of human RNA polymerase III. The composi-
tion of human RNA polymerase III as determined by our mass
spectrometry analysis is summarized in Table 1. We detected
the human orthologues of four of the five S. cerevisiae subunits
common to all three RNA polymerases, HSRPABC1, HsR-
PABC2, HsRPABC3, and HSRPABCS. HsSRPABC4 was not

detected, most probably because of its very small size (7 kDa).
HsRPABCI1 was cloned before as a subunit of RNA polymer-
ase I (8), and HSRPABC2 to HsSRPABCS5 but not HSRPABC1
were shown to complement S. cerevisiae strains lacking the
endogenous corresponding subunit (38, 40, 51). We also de-
tected two polypeptides highly similar to the yeast subunits
(AC40 and AC19) common to RNA polymerases I and III.
HsRPACI was cloned before as a subunit of RNA polymerase
I (hRPA40 [12]), whereas HSRPAC2 had not been character-
ized.

A number of the subunits unique to RNA polymerase II1
have been characterized before. Thus, RPC1/RPC155 (50),
RPC3/RPC62, RPC6/RPC39, and RPC7/RPC32 (58), and
RPC4/RPC53 (26, 27, 50) have all been shown to be part of
RNA polymerase III by biochemical methods. Our analysis
completes the characterization of the unique subunits with the
identification of the HsRPC2, HsRPC5, HsRPCS8, HsRPC9
[HsCGRP receptor component (18, 33)], and HsRPC10 (7)
polypeptides. Of these, the ones that possess paralogues in
other RNA polymerases are conserved with their S. cerevisiae
counterpart, with identities ranging from 30 to 63% (Table 1).

The HsRPC9 subunit has been characterized before as an
intracellular peripheral membrane protein that facilitates
CGRP signaling and associates with the CGRP receptor
CRLR (calcitonin receptor-like receptor) (5, 17, 33), but its
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FIG. 6. RPCS5 is required for RNA polymerase III transcription. (A) Addition of purified tagged RNA polymerase III (pol IIT) complex restores
transcription in CS1534-treated extracts. HeLa whole-cell extracts were supplemented with 30 ng of recombinant TBP and either 80 ng of
recombinant Brfl (VAI transcription, upper panel) or 30 ng of recombinant TBP, 50 ng of recombinant Brf2, and 400 ng of recombinant SNAP_
(third panel, U6 transcription), as indicated on top of the figure. The extracts were then incubated with either preimmune (preimm., lane 1) or
anti-RPC5 CS1534 (lane 2 to 7) antibody beads. The treated extracts were complemented with 50 (lane 3) and 100 (lane 4) ng of recombinant
RPCS or with 30 (lane 5), 150 (lane 6), and 300 (lane 7) ng of purified tagged RNA polymerase III complex and tested for VAI or U6 transcription.
The bands labeled IC correspond to the internal control signals. (B) Both RPCS and RPC1/RPC155 are removed from the extracts by CS1534
treatment. The same extracts complemented with TBP and Brfl or TBP, Brf2 and SNAP, used for VAI (lanes 1 and 2) or U6 (lane 3 and 4)
transcription in panel A were analyzed by immunoblotting with the antibodies indicated on the right. (C) RPCS5 itself, not only associated proteins,
is essential for RNA polymerase III transcription. HeLa whole-cell extracts were complemented with TBP and Brfl or Brf2 as in A. The extracts
were then incubated with either preimmune (lane 1) or anti-RPC5 CS1542 (lanes 2 to 8) antibody beads. The treated extracts were complemented
with 10 (lane 3), 50 (lane 4), and 100 (lane 5) ng of recombinant RPC5 or 30 (lane 6), 150 (lane 7), and 300 (lane 8) ng of purified tagged RNA
polymerase III complex. (D) RPC1/RPC155 is present in the CS1542-depleted extracts. The same extracts complemented with TBP and Brf1 or
TBP and Brf2 and used for VAI (lanes 1 and 3) or U6 (lanes 2 and 4) transcription in panel C were analyzed by immunoblotting with the antibodies

indicated on the right.

similarity to the S. cerevisiae C17 subunit prompted the sug-
gestion that it might correspond to a human RNA polymer-
ase III subunit (18). Its presence in the highly purified RNA
polymerase III complex confirms that this is the case. Thus,
HsRPC9 may constitute an example of a factor with different
functions in the nucleus and the cytoplasm.

The characterization of human RPC8 and RPC9 brought an
unexpected result. Blast searches revealed that RPCS is related
to RPB7, as noted earlier for the S. cerevisiae HsSRPCS ortho-
logue C25 (44). In addition, however, RPC9 contains a con-
served domain also found in RPB4 subunits. Moreover, like
the RNA polymerase II RPB7 and RPB4 subunits from S. cere-
visiae (15), A. thaliana (32), and H. sapiens (29), the human
RNA polymerase III RPC8 and RPC9 subunits associate with
each other, as symbolized in Fig. 8 with the red arrow. This
strongly suggests that RPC8 and RPC9 are paralogues of
RPB7 and RPBA4, respectively, as symbolized by the blue ar-
rows in Fig. 8, and that the corresponding S. cerevisiae RNA
polymerase III subunits C25 and C17 can similarly associate
with each other.

RPB7 but not RPB4 is essential for S. cerevisiae cell viability
(39, 64). The dimer has been compared to prokaryotic o fac-
tors (43) because, like o factors, it is dispensable for RNA

chain elongation and associates reversibly with the rest of the
enzyme (15). Moreover, the RPB4 and RPB7 subunits are less
abundant than the other RNA polymerase II subunits in S.
cerevisiae cells, and RPB4 is essential, like many o factors, for
cellular responses to stress (9). Thus, in vivo, the requirement
for the RPB4 subunit may be promoter specific. The OB-fold
motif of RPB7 is similar to that present in the E. coli ribosomal
protein S1 (4) and is found in many other proteins with single-
stranded nucleic acid-binding activity (42). Indeed, the S. cere-
visiae RPB7-RPB4 dimer binds strongly to both single-strand-
ed DNA and RNA, and in vitro, it is required for transcription
initiation at a step subsequent to recruitment of RNA poly-
merase II to the promoter (43). Structural considerations sug-
gest that the RPB4-RPB7 dimer is located downstream of the
catalytic site, in the cleft (10).

Together, these observations have prompted the suggestion
that the RPB4-RPB7 complex may bind either to nascent RNA
or to single-stranded DNA in the transcription bubble and thus
stabilize the open promoter complex prior to initiation as well
as, perhaps, the early transcribing complex prior to promoter
escape (43, 55). The S. cerevisiae RNA polymerase 111 paral-
ogues of RBP7 and RPB4, C25 and C17, respectively, are both
essential for viability in S. cerevisiae (18, 44). Moreover, yeast
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FIG. 7. RPCS associates with HSRPC4/RPC53. (A) RPCS and RPC4 derivatives used for immunoprecipitations. The regions conserved in the
S. cerevisiae counterparts are indicated. The numbers refer to amino acids. (B) Blast alignment of H. sapiens RPC4/RPC53 and S. cerevisiae C53.
(C) RPC5 amino acids 1 to 163 are sufficient for association with HSRPC4/RPC53. Full-length and truncated RPCS proteins as well as HA-tagged
full-length HsRPC4/RPC53 were translated in vitro with [**S]methionine and used for coimmunoprecipitation experiments. Lanes 1 to 4 show 1
wl of each of the in vitro translation reaction mixes loaded directly on the gel (input). In lanes 5 to 7, the proteins indicated above the lanes were
used for immunoprecipitation (IP) with anti-HA antibody beads. In lanes 8 to 10, the proteins indicated above the lanes were mixed with
HA-tagged HsRPC4/RPC53 before immunoprecipitation. The immunoprecipitates were washed with a buffer containing 300 mM KCI. The circles
and triangles indicate untagged and tagged proteins, respectively. (D) HsSRPC4/RPC53 amino acids 254 to 398 are sufficient for interaction with
RPCS5 amino acids 1 to 163. The proteins indicated above the lanes were either loaded directly (lanes 1 to 5) or used for coimmunoprecipitation

experiments as in C. The circles and triangles are as in C.

two-hybrid and coimmunoprecipitation experiments indicate
that C17 interacts with the transcription initiation factor Brfl
and with the RNA polymerase III C31 subunit (18), which is
itself part of a trimeric complex required specifically for tran-
scription initiation (58, 61, 62). Thus, the RNA polymerase I1I
paralogues may also be involved in transcription initiation, but
in this case, perhaps simply because many of the RNA poly-
merase III genes encode components essential for basic cell
metabolism, both subunits are essential for S. cerevisiae cell
viability.

In contrast to most subunits with paralogues in other RNA
polymerases, RPCS is quite divergent between S. cerevisiae and
human cells, with only a short region of homology at the N
terminus of the human protein. Nevertheless, HsRPCS is

clearly a subunit of human RNA polymerase 111, as it copuri-
fies and is associated with other RNA polymerase III subunits
(Fig. 5). In addition, it is clearly an orthologue of S. cerevisiae
C37, as it shows some sequence similarity with the S. cerevisiae
protein (Fig. 4C) and it associates with HsSRPC4/HsRPC53
(Fig. 7), paralleling the association of yeast C37 and C53. The
observation that this association, which is symbolized by the
red arrow in Fig. 8, is through the HSRPC4/HsRPC53 and
HsRPCS regions that are conserved in their S. cerevisiae coun-
terparts suggests that amino acids 290 to 420 of yeast C53 (see
Fig. 7B) and amino acids 65 to 207 of yeast C37 (see Fig. 4C)
are sufficient for interaction of the S. cerevisiae proteins.
HsRPCS is 32% identical to Drosophila sex-lethal interactor
protein and 85% identical to its mouse homologue, strongly
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FIG. 8. Subunit-subunit associations. HSRPC4 and HsRPCS5 asso-
ciate with each other, and so do HsRPC8 and HsRPC9, as well as the
RNA polymerase II (pol II) subunits RPB7 and RPB4, as symbolized
by red arrows. HSRPC8 and HsRPC9 are paralogues of the RNA
polymerase II subunits RPB7 and RPB4, as symbolized by blue arrows.

suggesting that the Drosophila and mouse proteins are in fact
RPC5 RNA polymerase III subunits. The observation that
Drosophila SIN interacts with RNA-binding domain 1 of sex-
lethal (13) suggests that HSRPC5 may interact with other
RNA-binding proteins, perhaps RNA polymerase III tran-
script processing factors, similar to the interaction of RNA
polymerase II with pre-mRNA processing factors (37).

In addition to RNA polymerase III subunits, the active com-
plex that we purified contained some abundant proteins such
as spectrin, myosin, clathrin, and B-actin. These may represent
contaminants or proteins that play roles not tested in our in
vitro transcription assay, such as targeting the RNA polymer-
ase III machinery to the correct nuclear compartment. On the
other hand, actin was implicated in transcription a number of
years ago (16, 45), and more recently, B-actin has been found
in nuclear complexes involved in transcription, such as the
SWI/SNF-like chromatin remodeling complex BAF (Brg-asso-
ciated factor), where it is required for maximal ATPase activity
of Brgl as well as for association of the complex with the
nuclear matrix (66). Such observations suggest that some of
these abundant proteins may play a direct role in RNA poly-
merase III transcription.

RPCS is required for RNA polymerase III transcription. Of
the five subunits that do not have paralogues in RNA poly-
merase II, three of them, RPC3/RPC62, RPC6/RPC39, and
RPC7/RPC32, form a complex that is separable from the rest
of the enzyme and is required for transcription initiation (58,
61). RPC6 from both S. cerevisiaze (C34) and human cells
(RPC39) associates with Brfl, and HsRPC6 associates with
TBP and the TFIIIC90 subunit of TFIIIC2 (23, 30, 58, 61).
HsRPC3/RPC62 associates with TFIIIC90 as well as with the
TFIIIC63 subunit of TFIIIC2 (24). Thus, this subcomplex is
probably involved in promoter recognition.

HsRPCS is required for transcription (Fig. 6C) and associ-
ates with HsRPC4 (Fig. 7), paralleling the association of the
S. cerevisine C37 and C53 counterparts (61), and yeast C53
itself associates with one of the TFIIIC subunits (19). This
suggests that HSRPCS, like HsSRPC4, may be in proximity to
the promoter and thus that all of the RNA polymerase III
subunits without paralogues in RNA polymerase II may play

MoL. CELL. BIOL.

roles in promoter recognition. Their divergence from the
S. cerevisiae subunits parallels the differences between S. cer-
evisiae and human RNA polymerase III transcription initiation
factors.
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