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Human transcription factor IIIC (hTFIIIC) is a multisubunit complex that directly recognizes promoter
elements and recruits TFIIIB and RNA polymerase III. Here we describe the cDNA cloning and character-
ization of the 90-kDa subunit (WTFIIIC90) that is present within a DNA-binding subcomplex (TFIIIC2) of
TFIIIC. hTFIIIC90 has no specific homology to any of the known yeast TFIIIC subunits. Immunodepletion and
immunoprecipitation studies indicate that hTFIIIC90 is a bona fide subunit of TFIIIC2 and absolutely
required for RNA polymerase III transcription. hTFIIIC90 shows interactions with the hTFIIIC220, hT-
FIIIC110, and hTFIIIC63 subunits of TFIIIC, the hTFIIIB90 subunit of TFIIIB, and the human RPC39
(hRPC39) and hRPC62 subunits of an initiation-specific subcomplex of RNA polymerase III. These interac-
tions may facilitate both TFIIIB and RNA polymerase III recruitment to the preinitiation complex by TFIIIC.
We show that hTFIIIC90 has an intrinsic histone acetyltransferase activity with a substrate specificity for

histone H3.

RNA polymerase III transcribes genes encoding small struc-
tural RNAs that include 5S RNA, tRNA, adenovirus-associ-
ated (VA) RNA, and the U6 and 7SK RNAs. Together with
RNA polymerase III, transcription factor IIIC (TFIIIC) and
TFIIIB suffice for transcription of tRNA, VA RNA, and yeast
U6 RNA genes, whereas expression of the 5S gene is addition-
ally dependent on TFIIIA (reviewed in references 14, 19, 49,
and 50). Mammalian U6 and 7SK genes require PTF (SNAPc/
PBP), TFIIIC1, and an alternative form of TFIIIB to direct
transcription by RNA polymerase III (reviewed in reference
38).

In the simplest cases, preinitiation complex assembly on
class IIT genes involves direct promoter recognition by TFIIIC
(A and B boxes in tRNA, VA RNA, and yeast U6 RNA genes)
and TFIIIB and RNA polymerase III recruitment through
interactions with TFIIIC (reviewed in references 18, 46, and
47). Consistent with conservation of the assembly pathway
from yeast to human, there is a corresponding conservation in
structure and function of RNA polymerase 111, TFIIIB, and a
subset of TFIIIC subunits (reviewed in references 18, 46, and
47).

TFIIIC has been most extensively characterized in yeast,
where it is composed of six polypeptides (138, 131, 95, 91, 60,
and 55 kDa) (reviewed in references 1 and 28) and binds to
both A and B boxes, whereas human TFIIIC (hTFIIIC) con-
tains at least nine subunits and can be resolved into a five-
subunit (220-, 110-, 102-, 90-, and 63-kDa) complex (TFIIIC2)
that binds weakly to the B box and a less well-characterized
complex (TFIIIC1) that stabilizes the binding of TFIIIC2 to
the A and B boxes (21, 44, 47, 53, 54). Whereas the two largest
hTFIIIC subunits are not conserved (24, 27, 34), the 102-kDa
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subunit (hTFIIIC102) and the hTFIIIC63 subunit are con-
served in structure and in their interactions with TFIIIB and
RNA polymerase III subunits (18). Thus, interactions of
hTFIIIC102 (homologue of yeast TFIIIC131 [yTFIIIC131])
with hTFIIIB90 (homologue of yTFIIIB70) and of hTFIIIB90
with human RPC39 (hRPC39) (homologue of yeast RPC34
[YRPC34] and a subunit of an initiation-specific RNA polymer-
ase III subcomplex) parallel the interactions of yTFIIIC131
with yTFIIIB70 and of yTFIIIB70 with yRPC34 (10, 18, 20, 45,
48), respectively. Moreover, although not yet observed for
their yeast counterparts, recently described interactions of hT-
FIIIC63 (homologue of yTFIIIC95) with hTFIIIC102, hT-
FIIIB90, and hRPC62 (homologue of yRPCS82) further
strengthen the notion that TFIIIC acts as an assembly factor
for the recruitment of TFIIIB and RNA polymerase III to the
promoter (18).

Both yTFIIIC and hTFIIIC can relieve chromatin-mediated
repression of preassembled class III gene transcription in vitro
(9, 22). A study of the yeast U6 gene showed that TFIIIC is
essential for in vitro transcription only in the context of a
chromatin template but did not establish the mechanism for
TFIIIC-mediated chromatin transcription (9). A more recent
study of a tRNA gene showed that highly purified hTFIIIC, at
concentrations above those necessary for optimal transcription
of naked DNA templates, efficiently relieves nucleosome-me-
diated repression on cognate chromatin templates (22). It was
further shown that TFIIIC alone can bind to the A and B boxes
of a tRNA gene within the chromatin template and that
TFIIIC has an intrinsic histone acetyltransferase (HAT) activ-
ity. An in-gel HAT assay suggested that three components
(220, 110, and 90 kDa) of the hTFIIIC complex had intrinsic
HAT activities, and this was confirmed, with a recombinant
protein, for the 110-kDa subunit. The ability of p-hydroxymer-
curibenzoic acid to inhibit both TFIIIC HAT activity and
TFIIIC-dependent chromatin transcription, but not TFIIIC-
dependent DNA transcription, suggested a possible link be-
tween TFIIIC HAT activity and chromatin function (22).

To further understand the structure and function of
hTFIIIC, we cloned the cognate cDNA for the 90-kDa subunit
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(hTFIIC90) of TFIIIC2 and studied interactions of the re-
combinant subunit with other TFIIIC2 subunits and with TFIIIB
and RNA polymerase III subunits. We showed that hTFIIIC90
is indeed a HAT that specifically acetylates histone H3.

MATERIALS AND METHODS

Purification and cloning of hTFIIIC90. TFIIIC2 was purified as described
previously (21) and component subunits were resolved by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE). Microsequence analysis
was performed on the 90-kDa polypeptide (hTFIIIC90) as described previously
(24). A cDNA clone encoding hTFIIIC90 was obtained by screening human
c¢DNA libraries (Namalwa, BJAB, and HeLa cell libraries) with four degen-
erate oligonucleotide probes corresponding to the internal peptide sequences of
hTFIIIC90. DNA sequences were obtained by the dideoxynucleotide chain ter-
mination method (United States Biochemicals).

FLAG epitope-tagged recombinant hTFIIIC90 was expressed and purified by
infection of Sf21 cells with recombinant baculovirus followed by affinity chroma-
tography of a whole-cell extract on M2 agarose as described elsewhere (22).
Briefly, a whole-cell extract was mixed with previously equilibrated M2 agarose
beads in BC400 buffer (20 mM Tris-HCI [pH 7.9], 400 mM KClI, 20% glycerol,
0.01 mM dithiothreitol [DTT]). After being washed with the same buffer, the
bound protein was eluted with 0.2 mg of FLAG peptide per ml in BC100 buffer.

Antigen and antiserum preparation. To produce 10-histidine-tagged recom-
binant proteins for use as antigens, cDNAs encoding two fragments (residues 146
to 434 and residues 497 to 796) of hTFIIIC90 were subcloned into pET-19b
vectors. The resulting plasmids were introduced into Escherichia coli BL21(DE3)
pLysS (37). After induction with isopropyl-B-p-thiogalactopyranoside, recombi-
nant proteins were purified by Ni*2-nitrilotriacetic acid-agarose affinity chroma-
tography followed by SDS-PAGE. To prepare antisera, New Zealand White
rabbits were injected and boosted subsequently every 3 weeks with excised gel
slices emulsified with Freund’s adjuvant. Blood was collected 10 to 15 days after
each boost. The antigens were cross-linked to CNBr-activated Sepharose 4B
(Pharmacia) according to the manufacturer’s instructions and then used to af-
finity purify corresponding antisera as described previously (16).

Immunodepletion and immunoprecipitation of HeLa nuclear extracts with
anti-hTFIIIC90 antibodies. Antigen-purified anti-hTFIIIC90 antibodies were
first bound to protein A agarose (Oncogene Sciences) and then covalently cross-
linked to the beads with dimethyl pimelimidate as described previously (16). As
a control, the individual preimmune sera were processed the same way as im-
mune sera. Antibody-coupled beads were incubated for 2 to 3 h at 4°C with HeLa
nuclear extract in buffer BC (20 mM Tris-HCI [pH 8], 20% glycerol, 0.2 mM
EDTA, 0.5 mM phenylmethylsulfonyl fluoride, 1 mM DTT) containing 500 mM
KCI (BC500) and 0.1% NP-40. After centrifugation, the supernatant was dia-
lyzed against BC100 and aliquots were frozen. The beads were washed exten-
sively with the same buffer. The bound proteins were eluted with glycine (pH 2.5)
and then neutralized with Tris-HCI (pH 8).

In vitro transcription assays. Transcription reactions for human fMet-tRNA;,
5S RNA, and adenovirus VAI genes were performed in a 25-pl reaction mixture
with 250 ng of each supercoiled DNA template, 60 mM KCl, 6 mM MgCl,, 2 mM
DTT, 8% glycerol, 10 mM HEPES (pH 7.9), a 0.6 mM concentration each of
ATP, CTP, and UTP, 0.0125 mM GTP, and 2.5 pCi of [a-**P]GTP. Reactions
were allowed to proceed for 1 h at 30°C before termination by addition of 50 pl
of stop solution (100 mM Na acetate, 2 mM EDTA, 1% SDS, and 1 mg of yeast
tRNA per ml). The mixtures were extracted with phenol-chloroform, precipitat-
ed with ethanol, and resolved on 8% polyacrylamide-7 M urea gels. Transcrip-
tion reactions for RNA polymerase II templates (pGsHMC,AT and pMLA53)
and activators (Gal4-AH) were performed as described previously (13).

Protein-protein interaction assays. Recombinant proteins (0.5 to 1 pg) were
bound to glutathione Sepharose or M2 agarose beads and incubated with 1 to 10
ul of reticulocyte lysate containing the other S*>-labelled recombinant protein in
BC400-0.5% NP-40. The beads were washed extensively with BC400-0.5% NP-
40. Retained proteins were eluted by boiling the beads in SDS gel sample buffer
and analyzed by autoradiographic analysis.

Preparation of hTFIIIC, TFIIIB, and a recombinant p300 HAT domain.
hTFIIIC and TFIIIB were prepared as described elsewhere (22). A FLAG
epitope-tagged p300 HAT domain (amino acid positions 1195 to 1810) was
expressed in E. coli and purified by M2 agarose affinity chromatography as
described previously (22).

Preparation of substrates for HAT assays. Human core histones were pre-
pared from HeLa nuclear pellets as described previously (22). Native HeLa
nucleosomes were prepared as described elsewhere (12). H3 N-terminal peptides
were a gift from Y. Nakatani.

HAT assays. HAT assays were performed as described elsewhere (6, 30). For
solution assays (filter binding and autoradiography), purified HeLa core histones
(1.5 pg) were incubated for 30 min at 30°C with the indicated amount of
hTFIIIC90 or control proteins in 30-ul reaction mixtures containing 50 mM
Tris-HCI (pH 8.0), 10% glycerol, 1 mM DTT, 1 mM phenylmethylsulfonyl
fluoride, 0.1 mM EDTA, 10 mM butyric acid, and 25 nCi of [*H]acetyl coenzyme
A (acetyl-CoA). Acetylation of synthetic H3 N-terminal peptides (300 ng) by
hTFIIIC90 (100 ng) was monitored by the filter binding assay.
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Nucleotide sequence accession number. The GenBank accession number for
the hTFIIIC90 sequence is AF142328.

RESULTS

Cloning and sequence analysis of hTFIIIC90. TFIIIC2 was
purified as previously described (21), and the derived 90-kDa
protein was subjected to microsequencing. The protein se-
quence information for four internal peptides was used to
clone the corresponding cDNA. The deduced open reading
frame of hTFIIIC90 cDNA encodes a polypeptide of 822 amino
acids with a calculated molecular mass of 92 kDa (Fig. 1A).
hTFIIIC90 contains two potential zinc finger motifs at the C
terminus (Fig. 1A). A search of the National Center for Bio-
technology Information nonredundant databases and the
Sanger Centre Caenorhabditis elegans genome databases with
the BLAST network service and the Genetics Computer
Group-GAP program servicer was performed to determine
sequence similarities between hTFIIIC90 and other proteins.
hTFIIIC90 shows no significant sequence relationships to the
138-, 131-, 95-, 91-, and 55-kDa subunits of yTFIIIC. However,
the C-terminal two-thirds of hTFIIIC90 shows 27% identity
and 42% similarity to a hypothetical yeast protein (GenBank
accession no. Z73205) (Fig. 1A) with a calculated molecular
mass of 58 kDa. hTFIIIC90 also shows similar sequence rela-
tionships (overall, 26 to 28% identity and 36 to 38% similarity)
to two hypothetical C. elegans proteins (Sanger Centre data-
base accession no. CE12284 and CE02287).

To verify that the cloned cDNA indeed encodes a bona fide
subunit of hTFIIIC, antibodies were raised against purified
bacterially expressed recombinant proteins corresponding to
the C-terminal two-thirds of the hTFIIIC90 cDNA open read-
ing frame. Anti-hTFIIIC90 antibodies reacted strongly and
specifically with a protein band of 90 kDa in a highly purified
TFIIIC2 fraction (Fig. 1B, lane 2) in an immunoblot assay. To
determine whether the cloned cDNA contained the complete
coding sequence, the corresponding open reading frame was
expressed from a baculovirus vector in Sf21 cells as a recom-
binant FLAG-tagged protein (FLAG-hTFIIIC90). In an im-
munoblot analysis, the purified recombinant FLAG-tagged
hTFIIIC90 showed a slightly slower mobility in SDS-PAGE
than did native hTFIIIC90 (Fig. 1B, lane 3 versus lane 2), in-
dicating that the cDNA clone encodes full-length hTFIIIC90.
In further support of this notion, a stop codon was detected
upstream of the first methionine codon and a polyadenylation
signal followed by a poly(A) sequence was detected down-
stream of a termination codon in the cDNA.

The cDNA-encoded 90-kDa protein is a bona fide subunit of
the TFIIIC2 complex and involved in RNA polymerase III-
mediated transcription. It has been established that hTFIIIC
is required for the formation of stable preinitiation complexes
on 55, tRNA, and VA RNA genes (25). To determine whether
the hTFIIIC90 cDNA-encoded protein is a component of the
TFHIC complex, anti-hTFIIIC90 antisera, as well as control
preimmune sera, were used to immunoprecipitate TFIIIC
from HeLa nuclear extracts under stringent conditions (0.5 M
KCI-0.1% NP-40). As revealed by immunoblot analysis with
antibodies to corresponding recombinant proteins (Fig. 2A),
the immune sera precipitate but not the preimmune sera pre-
cipitate contained the 220-, 110-, 102-, 90-, and 63-kDa poly-
peptides that had been shown to copurify and correlate with
TFIIC2 activity (21, 53). These results indicate that hTFIIIC90
is an integral tightly associated component of the TFIIIC2
complex. To determine the requirement for hTFIIIC90 in the
transcription of 5S RNA, tRNA, and VA RNA genes, nu-
clear extract was depleted with anti-hTFIIIC90 antibodies and
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FIG. 1. (A) Predicted amino acid sequence of hTFIIIC90 and sequence alignments with a hypothetical yeast protein. The peptide sequences obtained by
microsequence analyses are underlined. Two potential zinc finger motifs are doubly underlined. (B) Identification of the cDNA-encoded protein as the 90-kDa
hTFIIIC2 subunits. The polypeptide components of a highly purified TFIIIC2 preparation were analyzed in a silver-stained gel (lane 1). Anti-hTFIIIC90 antibodies
were used to detect hTFIIIC90 in a highly purified TFIIIC2 preparation (lane 2) and in a purified baculovirus-expressed FLAG-hTFIIIC90 (lane 3).

tested in a transcription assay. The high levels of transcription
from 5S RNA, tRNA, and VA RNA genes were dramatically
reduced after treatment with anti-TFIIIC90 sera and partial
removal (data not shown) of hTFIIIC90 but were unaffected by
treatment with preimmune sera (Fig. 2B, lanes 1 to 6). The

specificity of TFIIIC90 (and associated components) for RNA
polymerase III is indicated by the lack of an effect of im-
munodepletion on high levels of basal and activated (Gal4-
AH) transcription by RNA polymerase II on corresponding
(pPMLAS3 and pGsHMC,AT) templates (Fig. 2B, lanes 11 and
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FIG. 2. Immunoprecipitation of the TFIIIC2 complex and immunodepletion of TFIIIC transcription activity by anti-hTFIIIC90 antibodies. (A) Immunoprecipitates
from HeLa nuclear extracts treated with preimmune (P) and immune (I) anti-hTFIIIC90 antibodies in BC500-0.1% NP-40 were subjected to Western blot analysis.
The polypeptides were detected by a mixture of antibodies against hTFIIIC220, -110, -102, -90, and -63. (B) Nuclear extracts treated with preimmune (P) and immune
(I) anti-hTFIIIC90 antibodies were used for in vitro transcription assays with the 5S, VAI, and tRNA templates (lanes 1 to 6) and with the pGsHMC,AT and pMLA53
templates (lanes 11 to 14). The immunodepleted extract employed for lanes 1 to 6 retained a small amount (<10%) of hTFIIIC90 (data not shown). The
immunodepleted extract employed for lanes 7 to 10 had no detectable hTFIIIC90 (data not shown), and immunopurified TFIIIC (the same preparation analyzed for

Fig. 1B) was added in lanes 9 (1 ul) and 10 (2 pl).
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FIG. 3. Interactions of hTFIIIC90 with subunits of TFIIIC2 and TFIIIB and
an initiation-specific RNA polymerase III subcomplex. Input samples contained
10% of the amounts used for the interactions. (A) Reticulocyte lysates contain-
ing expressed >°S-hTFIIIC220, -hTFIIIC110, -hTFIIIC102, -hTFIIIC63, or
-hTAF;;100 were incubated with M2 agarose-immobilized FLAG-hTAF;80 or
M2 agarose-immobilized FLAG-hTFIIIC90, and samples were washed, eluted,
and analyzed as described in Materials and Methods. (B) Reticulocyte lysates
containing expressed 3*S-hTFIIIC90 were incubated with M2 agarose-immobi-
lized hTAF;80 or M2 agarose-immobilized FLAG-hTFIIIB90 and with gluta-
thione Sepharose-immobilized GST, GST-TBP, GST-RPC62, GST-RPCS53,
GST-RPC39, GST-RPB6, or GST-RPBS, and samples were washed, eluted, and
analyzed as described in Materials and Methods. The amounts of the immobi-
lized tagged recombinant proteins were normalized by SDS-PAGE with Coo-
massie blue staining. Equivalent amounts of the various FLAG-tagged proteins
or the GST fusion proteins were bound to M2 agarose or glutathione Sepharose,
respectively.

13 versus lanes 12 and 14). Significantly, addition to a com-
pletely immunodepleted extract (data not shown) of an immu-
nopurified TFIIIC complex containing TFIIIC1 and TFIIIC2
(47), which are both required to restore transcription to ex-
tracts treated with anti-hTFIIIC110 sera (34), restored tran-
scription from the VAI template to levels similar to those
observed with extracts treated with preimmune sera (Fig. 2B,
lanes 7 to 10). Thus, hTFIIIC90 and associated polypeptides
within TFIIIC are necessary for RNA polymerase II1I-mediated
transcription.

hTFIIIC90 interacts with hTFIIIC220, hTFIIIC110, and
hTFIIIC63, as well as hTFIIIB90, hRPC62, and hRPC39. To
further understand the architecture of the TFIIIC2 complex,
we determined the ability of purified baculovirus-expressed
FLAG-hTFIIIC90, immobilized on M2 agarose, to bind to
previously cloned TFIIIC2 subunits (hTFIIIC220, hTFIIIC110,
hTFIIIC102, and hTFIIIC63) that had been translated in
vitro. As shown in Fig. 3A, FLAG-hTFIIIC90 interacted
with h'TFIIIC220, hTFIIIC110, and hTFIIIC63 but not with
hTFIIIC102 or with the human TAF;;100 (hnTAF;100) subunit
of TFIID. As a further indication of the specificity of these
interactions, hTFIIIC220, h'TFIIIC110, and hTFIIIC63 failed
to interact with the FLAG-tagged hTAF;80 subunit of TFIID,
whereas the hTAF;;100 subunit of TFIID did show the ex-
pected interaction with hTAF;80 (Fig. 2A).

In vertebrates, preinitiation complex assembly on tRNA
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FIG. 4. Recombinant hTFIIIC90 possess HAT activity. (A) FLAG epitope-
tagged hTFIIIC90 was expressed in Sf21 cells and purified by M2 agarose affinity
chromatography. The protein was resolved by SDS-8% PAGE and either sub-
jected to staining (lane 1) or Western blotting (lane 2). (B to D) Baculovirus-
expressed hTFIIIC90 and hTAF;80 samples were electrophoresed in an SDS—
8% polyacrylamide gel containing either no protein (B), histones (C), or bovine
serum albumin (D) and subjected either to silver staining (B) or to an in-gel
HAT activity assay (C and D).

genes involves promoter recognition by TFIIIC followed by
recruitment of TFIIIB and RNA polymerase III through pro-
tein-protein interactions (4, 25). Previously, we had shown
interactions of hTFIIIC102 with hTFIIIC63, hTFIIIB90, and
TBP, as well as interactions of hTFIIIC63 with hTFIIIB90,
TBP, and hRPC62 (18). In order to further explore the inter-
actions of TFIIIC with TFIIIB and RNA polymerase III, we
investigated the ability of in vitro-translated hTFIIIC90 to
interact with either purified baculovirus-expressed or purified
bacterially expressed TFIIIB subunits (hTFIIIB90 and TBP),
RNA polymerase III-specific subunits (hRPC62, hRPC53,
and hRPC39), and common (I, II, and IIT) RNA polymerase
subunits (human RPBS [hRPBS] and hRPB6). As shown in
Fig. 3B, hTFIIIC90 was bound to M2 agarose-immobilized
FLAG-hTFIIIBY0 but not to M2 agarose-immobilized FLAG-
hTAF;80. Similarly, hTFIIIC90 was bound to glutathione
Sepharose-immobilized glutathione S-transferase (GST)-
hRPC62 or GST-hRPC39 but not to glutathione Sepharose-
immobilized GST alone, GST-TBP, GST-hRPC53, GST-hRPB6,
or GST-hRPBS.

hTFIIIC90 is a HAT. Our recent studies showed that
hTFIIIC contains HAT activity and further suggested, on the
basis of an in-gel assay, the presence of three independent
HATS corresponding to the 220-, 110-, and 90-kDa subunits of
TFIIIC2 (22). An analysis of recombinant TFIIIC110 con-
firmed that this subunit is indeed a HAT. To further document
an intrinsic HAT activity in hTFIIIC90, full-length FLAG-
hTFIIICI0 was expressed via a baculovirus vector in Sf21 cells
and purified (M2 agarose affinity chromatography) to apparent
homogeneity as assayed by SDS-PAGE followed by silver
staining and immunoblotting (Fig. 4A). Recombinant FLAG-
tagged hTFITIC90 and hTAF ;80 (as a negative control) were
also subjected to SDS-PAGE in parallel gels containing either
no carrier proteins (Fig. 4B), histones (Fig. 4C), or bovine
serum albumin (Fig. 4D). Subsequent silver staining (Fig. 4B)
and in-gel HAT assays with [*H]acetyl-CoA revealed a radio-
labelled 90-kDa band in the presence of histones (Fig. 4C) but
not in the presence of bovine serum albumin (Fig. 4D) and
only with h'TFIIIC90 and not with TAF;80. These results show
that hTFIIIC90 contains an intrinsic HAT activity but no ap-
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FIG. 5. Substrate specificity of hTFIIIC90 HAT activity. (A and B) Baculovirus-expressed hTFIIIC90 shows a strong HAT activity with highly purified HeLa core
histones. The HAT activity assay was performed with 1.5 p.g of HeLa core histones, [*H]acetyl-CoA, and 25 ng of the p300 HAT domain (lane 1), 200 ng of TFIIIC
(lane 2), 200 ng of hTFIIIC90 (lane 3), 200 ng of hTAF;80 (lane 4), or mock immunoprecipitate (lane 5) and subjected to filter binding assay (A) or SDS-PAGE to
assess the substrate specificity. The gels were stained with Coomassie brilliant blue (top) and then analyzed by fluorography (bottom) (B and C). (C) hTFIIIC90
acetylates HeLa nucleosomal histones. The HAT assay was performed as described above. Native HeLa nucleosomes were incubated with 25 ng of recombinant p300
HAT domain (lane 1), mock immunoprecipitate (for hTFIIIC90) (lane 2), 0.5 g of TFIIIC (lane 3), 200 ng of purified recombinant hTFIIIC90 (lane 4), and 200 ng

of purified TAF80 (lane 5).

parent autoacetylation activity. However, comparison of the
hTFIIIC90 sequence with known HAT domains failed to re-
veal any significant sequence similarity, consistent with a sim-
ilar situation for TAF;250 (30).

Substrate specificity of hTFIIIC90 HAT activity. The HAT
activity of hTFIIIC90 was further characterized by solution
assays that measure acetylation of highly purified HeLa core
histones. Purified recombinant FLAG-hTFIIIC90 (200 ng) was
compared with a purified recombinant FLAG-p300 fragment
(HAT domain) (25 ng) and immunoaffinity-purified hTFIIIC
(200 ng) as positive controls and with purified recombinant
FLAG-hTAF;80 and a mock-purified hTFIIIC90 fraction
(from cells not expressing FLAG-hTFIIIC90) as negative con-
trols. Consistent with previous results (22, 31), p300 showed a
high level of activity (Fig. 5A, lane 1), while hTFIIIC showed
a modest but significant level of activity (lane 2). hTFIIIC90
showed a high level of HAT activity (Fig. SA, lane 3) that was
50-fold above the background level observed with the mock-
purified hTFIIIC90 fraction (lane 5) and approximately half
the level observed with the p300 fragment. FLAG-TAF,,80,
purified by the same procedure employed for FLAG-hTFIIIC90,
did not show HAT activity and served as an additional negative
control (Fig. 5A, lane 4).

The histone substrate specificity of hTFIIIC90 was assessed
by electrophoretic resolution of radiolabelled proteins fol-
lowed by fluorography. Interestingly, among all of the four free
core histones, hTFIIIC90 acetylated predominantly H3 (Fig.
5B, lane 3). hTFIIIC90 also acetylated H3 in native HeLa
nucleosomes (Fig. 5C, lane 4). In agreement with the filter
binding assay data, no radiolabelled histone bands were de-
tected in assays containing the mock immunoprecipitate or
TAF;80 (Fig. 5B, lanes 4 and 5, and C, lanes 2 and 5). As
reported previously (31), the p300 fragment acetylates both
nucleosomal and free histones (Fig. 5B and C, lanes 1).

Taken together, these results show that hTFIIIC90 is a HAT
with a unique specificity for free and nucleosomal H3.

Site specificity of hTFIIIC90 HAT activity. Acetylation of
histone H3 has been closely linked to transcription activation.
The acetylation of sites in the H3 N-terminal tail is nonrandom
and correlates with specific biological processes such as repli-
cation and transcription (35, 41). In order to elucidate a pos-
sible site specificity for the hTFIIIC90 HAT activity, differ-
entially acetylated H3 N-terminal peptides were employed as
substrates for highly purified recombinant hTFIIIC90. The pep-
tide sequences and the positions of acetate groups are shown
in Fig. 6A. In agreement with the results described above for
intact histones, significant levels of acetylation by hTFIIIC90
were observed for unacetylated peptides (Fig. 6B, lanes 2 and
6). The 9,18-diacetylated H3 peptide was also a good substrate
for hTFIIIC90 (Fig. 6B, lane 7 versus lane 8). However,
hTFIIIC90 showed no acetylation of the 9,14-diacetylated H3
peptide (Fig. 6, lane 3 versus lane 4). These results suggest that
Lys'#is a preferred site for acetylation by hTFIIIC90, although
a possible acetylation of Lys® has not been examined. It is
noteworthy that Lys'* is also a preferred acetylation site by
other transcriptional coactivators (yeast and human GCNS5 and
Drosophila TAF;230) with HAT activities (30, 33).

DISCUSSION

TFIIIC is a multifunctional protein complex required for
promoter recognition, recruitment of TFIIIB, and RNA poly-
merase III and chromatin-mediated transcription. Toward a
more detailed analysis of the central role of h'TFIIIC in these
processes, we report the cloning and characterization of a
cDNA encoding the 90-kDa subunit (hTFIIIC90) of the
TFIIIC2 subcomplex that directly binds to tRNA and VA
RNA gene promoters. This cDNA has been used to further
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FIG. 6. Site specificity of hTFIIIC90 histone H3 acetylation. (A) The se-
quences of the peptides used for panel B are shown. Sites where €-N acetyllysine
was incorporated during peptide synthesis in order to mimic sites that are
acetylated in vivo are indicated by Ac. Peptides H3 and the diacetylated H3(9/14)
are straight chain, and H3* and H3*(9/18) were synthesized by the multiple
antigen peptide method. (B) Histone H3 amino-terminal peptides were incu-
bated either with only FLAG-elution buffer (lanes 1, 3, 5, and 7) or with highly
purified hTFIIIC90 (lanes 2, 4, 6, and 8). Acetylation of the peptides was
assessed by measuring [*H]acetate incorporation by using the filter binding assay.

investigate TFIIIC structure and function and documents
novel interactions with TFIIIB and RNA polymerase III (18)
and a novel histone-specific HAT activity (22).

Cloning and characterization of hTFIIIC90. Amino acid
sequence information from the 90-kDa polypeptide present in
purified TFIIIC2 was used to obtain a cDNA encoding the
corresponding protein. The encoded protein is a bona fide
subunit of TFIIIC2 and involved in RNA polymerase III tran-
scription since anti-hTFIIIC90 antibodies are able to immuno-
precipitate all five subunits of the TFIIIC2 subcomplex and to
inhibit TFIIIC function in transcription assays. Thus, these
data indicate that hTFIIIC90 is an integral part of the TFIIIC2
complex.

The cloned hTFIIIC90 cDNA encodes a protein of 822
amino acids with a calculated molecular mass of 92 kDa. The
deduced sequence of hTFIIIC90 contains two potential zinc
finger motifs, in the C-terminal region, that might be involved
in protein-DNA and/or protein-protein interactions. Database
searches revealed no significant sequence similarities between
hTFIIIC90 and any of the five cloned subunits (138, 131, 95,
91, and 55 kDa) of yTFIIIC. However, hTFIIIC90 shows sig-
nificant sequence relationships with two hypothetical C. elegans
proteins and with a 58-kDa hypothetical yeast protein. The
latter could be the 60-kDa yTFIIIC subunit (3, 5, 32), whose
sequence has not yet been reported.

Interactions of hTFIIIC90 with TFIIIC, TFIIIB, and RNA
polymerase III. As an additional step toward an understanding
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of the architecture of TFIIIC2, it was shown that hTFIIIC90
directly interacts with hTFIIIC220, hTFIIIC110, and hTFIIIC63
but not with hTFIIIC102. A further analysis of a possible role
for hTFIIIC90 in TFIIIC-mediated recruitment of TFIIIB and
RNA polymerase III demonstrated interactions of h'TFIIIC90
with the hTFIIIB90 component of TFIIIB and the hRPC62
and hRPC39 components of the initiation-specific subcomplex
of RNA polymerase III. Our previous study (18) showed that
(i) hTFIIIC63 interacts with hTFIIIB90 and hRPC62 but
not (in isolated form) with native RNA polymerase III, (ii)
hTFIIIC102 interacts with h'TFIIIB90 and hTFIIIC63, provid-
ing an additional link between TFIIIB and TFIIIC, but not
with any of the components of the initiation-specific RNA
polymerase III subcomplex, and (iii) isolated hTFIIIB90 inter-
acts not only with hTFIIIC102 and hTFIIIC63 but also with
hRPC39 (45). Thus, altogether, the past and present observa-
tions suggest that hTFIIIC90, like hTFIIIC63, may be localized
close to the A box and that hTFIIIC90 cooperates with
hTFIIIC63 in facilitating the recruitment of TFIIIB and RNA
polymerase III through direct interactions with hTFIIIB90,
hRPC62, and hRPC39. These interactions of hTFIIIC90, like
certain interactions of hTFIIIC102 and hTFIIIC63, may reflect
mechanisms for hTFIIIB and RNA polymerase III recruitment
beyond those operative in yeast.

Possible significance of hTFIIIC90 HAT activity. The pres-
ence of hyperacetylated histones is a diagnostic feature of
transcriptionally active chromatin (7, 40). Recent discoveries
showing that transcriptional regulatory proteins, including
GCNS, PCAF, p300, CBP, TAF;;250, and the nuclear hor-
mone receptor coactivators ACTR and SRC1, possess intrinsic
HAT activities have suggested that targeted histone acetylation
facilitates transcription (2, 8, 11, 31, 36, 52). Although an
involvement of these proteins in transcription activation has
been established, direct roles for the intrinsic HAT activities in
transcription are not broadly established. The most notable
exception is yeast GCNS5, whose modification of promoter
proximal histones also appears causal for transcription, and
human CBP (15, 23, 29, 42, 43). These results are further
supported by in vitro transcription experiments from nucleo-
somal templates showing acetyl-CoA-dependent activation by
the GCNS5-containing SAGA complex (42).

Although earlier studies of the incorporation of acetylated
histones into 5S gene-containing chromatin templates have
reported the facilitation of both TFIIIA binding and TFIIIA-
dependent transcription on chromatin templates (17, 26, 39,
41, 51), the effects of HAT-containing factors on the transcrip-
tion of class III genes were reported only very recently. Thus,
we were able to show that hTFIIIC has an intrinsic HAT
activity that might play a role in transcription of a tRNA gene
within a reconstituted chromatin template. The current dem-
onstration of an intrinsic HAT activity in hTFIIIC90, coupled
with a similar analysis of hTFIIIC110 (22), confirms the pres-
ence of multiple HATS in the hTFIIIC complex. hTFIIIC can
acetylate both free and nucleosomal H3 and H4, as well as
nucleosomal H2A, whereas hTFIIIC90 predominantly acety-
lates both free and nucleosomal H3. The strong H3 specificity
of hTFIIIC90 suggests that the HAT-containing polypeptides
of hTFIIIC may have different substrate specificities and func-
tions in vivo. It also suggests a functional significance for the
presence of multiple HATs in the hTFIIIC complex.

Acetylation of different lysine residues in the H3 tail is
nonrandom and closely linked to various biological phenom-
ena (35). hTFIIICY0 preferentially acetylates Lys'* in the H3
N-terminal tail. Lys'* in H3 is also a preferred substrate for
acetylation by both human and yeast GCN5 (30). Since a role
in transcription for GCN5-mediated histone acetylation is well
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established (15, 23, 42), preferential acetylation of Lys'* by
hTFIIICI0 also suggests a critical role in the transcription of
class III genes. To date, no HAT activity has been reported for
yTFIIIC, consistent with the absence in yTFIIIC (or the yeast
genome database) of counterparts to two of the hTFIIIC sub-
units with HAT activity (hnTFIIIC220 and hTFIIIC110). How-
ever, the presence in the yeast genome database of a protein
with significant sequence relationships to hTFIIIC90 raises the
possibility that this hypothetical protein is a previously unrec-
ognized yTFIIIC component and/or that it has a HAT activity.
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