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RNA polymerase II transcribes the mRNA-encoding genes and the majority of the small nuclear RNA (snRNA)
genes. The formation of a minimal functional transcription initiation complex on a TATA-box-containing mRNA
promoter has been well characterized and involves the ordered assembly of a number of general transcription
factors (GTFs), all of which have been either cloned or purified to near homogeneity. In the human RNA
polymerase II snRNA promoters, a single element, the proximal sequence element (PSE), is sufficient to direct
basal levels of transcription in vitro. The PSE is recognized by the basal transcription complex SNAPc. SNAPc,
which is not required for transcription from mRNA-type RNA polymerase II promoters such as the adenovirus
type 2 major late (Ad2ML) promoter, is thought to recruit TATA binding protein (TBP) and nucleate the
assembly of the snRNA transcription initiation complex, but little is known about which GTFs other than TBP
are required. Here we show that the GTFs IIA, IIB, IIF, and IIE are required for efficient RNA polymerase II
transcription from snRNA promoters. Thus, although the factors that recognize the core elements of RNA
polymerase II mRNA and snRNA-type promoters differ, they mediate the recruitment of many common GTFs.

In the past several years, all of the factors required for basal
RNA polymerase II transcription from TATA-containing RNA
polymerase II mRNA promoters have been identified and pu-
rified and most of them have been cloned (61, 70). In vivo,
several of these factors may be recruited to promoters as part
of large, RNA polymerase II-containing complexes, some of
which contain all the factors required for activated transcrip-
tion in vitro and are referred to as holoenzymes (9, 39, 42, 54).
In vitro, however, the assembly of an RNA polymerase II
transcription initiation complex on a TATA box can be divided
into several steps. TATA binding protein (TBP) or the TBP-
containing complex TFIID binds to the TATA box in an asso-
ciation that is greatly stabilized by the subsequent binding of
TFIIB, which contacts both TBP and the DNA. The presence
of TFIIB allows the recruitment of a TFIIF-RNA polymerase
II complex and then of TFIIE and TFIIH. Another general
transcription factor (GTF), TFIIA, can join the initiation com-
plex at any stage of assembly. Like TFIIB, TFIIA greatly sta-
bilizes the association of TBP with the TATA box (61, 70).

The role of the various transcription factors in directing
transcription initiation is the subject of intense studies. While
TBP and TFIIB play central roles in the nucleation of the
transcription initiation complex, TFIIF, TFIIE, and TFIIH
play roles at later steps. TFIIF interacts directly with RNA
polymerase II and TFIIB and is required for stable assembly of
RNA polymerase II with the TATA-TBP-TFIIB complex (11,
20). It also inhibits nonspecific binding of RNA polymerase II
to nonpromoter sequences (10, 37) and stimulates the rate of
transcription elongation (4, 6, 21, 31, 36, 68). TFIIE incorpo-
ration into the TATA-TBP-TFIIB-RNA polymerase II-TFIIF

complex is required for subsequent assembly of TFIIH (19).
TFIIE and TFIIH are involved in promoter melting and pro-
moter clearance (15, 28, 65–67, 82). TFIIE regulates the ac-
tivities of TFIIH (50), which possesses both ATP-dependent
helicase activities and a kinase activity capable of phosphory-
lating the C-terminal domain of RNA polymerase II (14, 16–
18, 50, 71, 74–77). The helicase activity is thought to be in-
volved in promoter melting (27, 29). The C-terminal domain
kinase activity may be involved in promoter clearance and
transcription elongation (1, 32, 44). In addition, TFIIE plays a
direct role in promoter melting, perhaps by binding to the
single-stranded region and thereby stabilizing the melted
region of the promoter (29), and has been shown to help
recruit TBP and TFIIA to the TATA box (93).

TFIIA is required for activation of transcription (see, for
example, references 13, 38, 40, 51, 62, 64, 81, and 94). In ad-
dition, TFIIA plays a role in basal transcription, although this
role varies with the precise in vitro transcription system used.
Thus, when transcription reaction mixtures are reconstituted
with TBP, addition of TFIIA has no effect (12, 52, 81). How-
ever, when transcription reaction mixtures are reconstituted
with TFIID, addition of TFIIA is stimulatory (12, 94). This
may be attributed in part to the ability of TFIIA to counteract
the activities of repressors such as Dr1, Mot1 (also known as
TAF-172), and Dr2 (also known as PC3 and topoisomerase 1)
(2, 8, 30, 43, 51, 58). However, TFIIA is also capable of stim-
ulating transcription when very pure preparations of TFIID
are used (51, 81). This may reflect the ability of TFIIA to
counteract the inhibitory effect of TBP-associated factors in
TFIID on TFIID binding (41, 63).

Many mRNA promoters lack TATA boxes altogether. In
several of these promoters, basal transcription is directed by an
initiator (Inr) element (79). The Inr is recognized by some of
the TFIID TBP-associated factors (35, 55, 96). In particular,
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Drosophila TAFII150, or its recently cloned human homolog,
CIF150 or hTAFII150, is required for TFIID-dependent, Inr-
directed transcription (34, 56, 85, 86). In addition, fractions
referred to as TIC-1, TIC-2, and TIC-3, as well as the GTF
TFIIA, are required (56). Other GTFs, namely TFIIB, TFIIF,
TFIIE, and TFIIH, are assumed to be required, and in the case
of the TATA-less DNA polymerase b promoter, which can be
transcribed with TBP rather than TFIID, this has been
shown directly (90).

The human small nuclear RNA (snRNA) gene family con-
sists of RNA polymerase II and RNA polymerase III genes.
Both of the human RNA polymerase II and III snRNA pro-
moters contain a distal sequence element, which serves as
a transcriptional enhancer. The basal RNA polymerase II
snRNA promoters contain a single essential element, the prox-
imal sequence element (PSE), which is sufficient to nucleate
the assembly of an RNA polymerase II transcription initiation
complex and to direct basal RNA polymerase II transcription
in vitro. The basal RNA polymerase III snRNA promoters
contain, in addition to the PSE, a TATA box, which in this
context determines the RNA polymerase III specificity of the
promoter (25, 47).

The PSE is recognized by a complex named SNAPc (73) or
PTF (60), which is composed of five subunits (24). The TATA
box in the RNA polymerase III snRNA promoters is recog-
nized by TBP (48, 72, 78, 88). TBP is also required for tran-
scription of the TATA-less RNA polymerase II snRNA genes
but not as part of the TBP-containing complexes TFIID or
TFIIB (73, 95). Thus, in this case, it is not clear how TBP is
recruited to the promoter. The other factors required for as-
sembly of the RNA polymerase II and III snRNA initiation
complexes are not well characterized. Most notably, it is not
known whether transcription from RNA polymerase II snRNA
promoters relies on the same GTFs as those used in transcrip-
tion from mRNA promoters. Here we compare the require-
ments of RNA polymerase II snRNA and mRNA promoters
for various GTFs. We find that basal RNA polymerase II
transcription from snRNA promoters requires TFIIA, TFIIB,
TFIIF, and TFIIE. These results suggest that snRNA promot-
ers and TATA-containing mRNA promoters use different path-
ways to recruit many of the same general transcription factors.
They also point to a different function for TFIIA in basal
transcription from snRNA promoters and TATA-containing
mRNA promoters.

MATERIALS AND METHODS

Sources of proteins. TBP, TFIIA, TFIIB, TFIIE, and TFIIF were expressed in
Escherichia coli and purified as described previously (53). RNA polymerase II
and TFIIH were purified from HeLa nuclear extracts also as described previously
(53). In some cases, TBP was purchased from Promega and TFIIB was expressed
in E. coli BL21 (DE3) cells as a glutathione S-transferase (GST) fusion protein
with the T7 expression system (80). The GST-TFIIB fusion protein was purified
by chromatography on glutathione-agarose beads (Sigma). TFIIB was released
from GST, which remained bound to the beads, by cleavage with thrombin and
was dialyzed against buffer D100 (20 mM HEPES [pH 7.9], 100 mM KCl, 0.2 mM
EDTA, 20% glycerol, 3 mM dithiothreitol [DTT], 0.5 mM phenylmethylsulfonyl
fluoride, 0.05% Tween 20). Protein concentration was determined by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and staining
with Coomassie blue, with bovine serum albumin as a standard.

Generation of anti-peptide antibodies for TFIIB. Synthetic peptides cor-
responding to TFIIB amino acids 1 to 18 (peptide CSH505), 50 to 66 (peptide
CSH506), and 300 to 316 (peptide CSH508) were coupled to keyhole limpet
hemocyanin (Pierce) as described previously (23) and injected into rabbits to
generate the polyclonal anti-peptide antibodies a-IIB/1, a-IIB/2, and a-IIB/4, re-
spectively.

Constructs. The constructs pU1*G2, p119MLP(C2A), pSBM131VAI, and
pU6/Hae/RA.2 have been described previously (46, 49, 73). The construct
pU1*G2Oct2, in which the octamer sequence in pU1*G2 was mutated into a
BamHI site, was constructed by oligonucleotide-directed PCR mutagenesis
(Stratagene) with the following oligonucleotides: U1mOctFd, with the sequence

59-GGACAGGGCGACTTCTGGGATCCAGAGGCAGCGCAGAGG-39, and
U1mOctRv, with the sequence 59-CCTCTGCGCTGCCTCTGGATCCCAGAA
GTCGCCCTGTCC-39.

Immunodepletions. Normal rabbit serum, immune sera directed against the
various RNA polymerase II GTFs, or, in the experiments whose results are
shown in Fig. 2, preimmune sera were incubated with protein A-agarose beads
(Boehringer Mannheim) for 1 h at room temperature, washed in phosphate-
buffered saline, and cross-linked as described previously (23) except in the
experiments whose results are shown in Fig. 2, 3, and 5A and B, where the
antibodies were not cross-linked to the beads. The antibody beads were washed
in buffer D50 (20% glycerol, 20 mM HEPES [pH 7.9], 50 mM KCl, 0.2 mM
EDTA, 3 mM DTT, 0.05% Tween 20, 0.5 mM phenylmethylsulfonyl fluoride),
and used for depletions. Whole-cell or nuclear extracts (approximately 30 or 20
mg/ml, respectively) were subjected to two successive incubations with antibody
beads, each for 25 min at room temperature with agitation. The beads-to-extract
ratios indicated in the figure legends reflect the total amounts of beads used in
the two successive incubations. For example, two successive incubations with
beads-to-extract ratios of 1:1 are indicated as a beads-to-extract ratio of 2:1.
After the second incubation, the supernatants were used for in vitro transcription
reactions and depletions were monitored by immunoblotting.

In vitro transcriptions. Transcriptions from the pU1*G2 construct, which
contains U1 promoter sequences in front of a G-less cassette, were performed in
a total volume of 40 ml containing 45 to 50 mM KCl, 12 mM HEPES (pH 7.9),
5 mM MgCl2, 1 mM spermidine trihydrochloride (Sigma), 1 mM DTT, 400 mM
ATP, 400 mM UTP, 0.625 mM (1.5 to 2 ml) [a-32P]CTP (20 mCi), 1.2 mM
39-O-methyl-GTP (Pharmacia), 12% glycerol, 0.01% Tween 20, 0.1 mM EDTA,
2% polyethylene glycol 8000, 4.5 U of RNase T1, and 0.5 to 1.0 mg of pU1*G2
template (73) or, in the experiments whose results are shown in Fig. 8 and 9,
pU1*G2 that had been linearized with HindIII. In addition, reaction mixtures
included approximately 360 mg of whole-cell extract or 160 mg of nuclear extract
and similar amounts of mock-depleted or depleted extracts. The reaction mix-
tures were incubated for 90 min at 30°C and stopped by addition of 270 ml of stop
buffer containing 0.3 M sodium acetate, 0.5% SDS, 2.5 mM EDTA, 50 mg of
tRNA per ml, and 80 mg of proteinase K. After further incubation for 30 min to
1 h at 37°C, the reaction mixtures were extracted with phenol and the nucleic
acids were precipitated with ethanol and fractioned on a 4.5% polyacrylamide–
urea gel. The dried gels were quantitated with a phosphorimager (Fuji) and
exposed to film.

Transcriptions from the p119MLP(C2A) construct, which contains the ade-
novirus type 2 major late (Ad2ML) promoter in front of a G-less cassette, were
performed under the same conditions as those described above except that the
total reaction volume was 25 ml and the reaction mixtures contained 10 mM
MgCl2, no Tween 20, 0.5 mg of the p119MLP(C2A) template (49), 90 to 120 mg
of whole-cell extract or 50 mg of nuclear extract, and similar amounts of mock-
depleted or depleted extracts. In the experiments whose results are shown in Fig.
8 and 9, p119MLP(C2A) was first linearized with Eco0109I.

VAI transcription reactions were performed as described previously (49) in a
total volume of 20 ml containing 250 ng of pSBM131VAI supercoiled template,
20 to 30 mg of whole-cell or nuclear extract, and similar amounts of mock-
depleted or depleted extract.

U6 transcription reactions were performed as described previously (49) in a
total volume of 20 ml containing 400 ng of the pU6/Hae/RA.2 supercoiled
template, approximately 90 to 150 mg of whole-cell extract or 35 mg of nuclear
extract, and similar amounts of mock-depleted or depleted extract.

Immunoblots. Whole-cell or nuclear extract and extracts treated with antibody
beads were fractionated by SDS-PAGE on 12.5% polyacrylamide gels. Purified
protein preparations and Rainbow markers (Amersham) were used as markers
(not shown). The proteins were transferred to nitrocellulose, and the membranes
were probed with the antibodies indicated in the figures.

RESULTS

To assess the roles of various RNA polymerase II GTFs in
transcription from RNA polymerase II snRNA promoters, we
immunodepleted each of these GTFs from extracts and tested
the depleted extracts for their ability to direct transcription
from four types of promoters, whose structures are illustrated
in Fig. 1A; the Ad2ML promoter, a typical mRNA-type RNA
polymerase II promoter, the RNA polymerase II U1 and RNA
polymerase III U6 snRNA promoters, and the Ad2 VAI promot-
er, a typical RNA polymerase III promoter with gene-internal
A and B boxes. In those cases where transcription was reduced
by the immunodepletion, we then tested whether addition of
the factor against which the antibody had been raised restored
transcription. All of these factors except for RNA polymerase
II and TFIIH were recombinant proteins expressed in bacteria,
and Fig. 1B shows their polypeptide compositions. Both TBP
(lane 1) and TFIIB (lane 3) migrated close to their calculated
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molecular masses of 38 and 33 kDa, respectively. TFIIA is
composed of three subunits, a, b, and g, two of which (a and
b) are derived from a single gene, probably by protein pro-
cessing (61). The recombinant TFIIA used here contains a 56-
kDa polypeptide corresponding to fused a and b subunits as
well as the 14-kDa g subunit (lane 2). Lanes 4 and 5 show the
56- and 34-kDa subunits of TFIIE and the RAP74 and RAP30
subunits of TFIIF, respectively, while lane 6 shows highly pu-
rified human RNA polymerase II.

TFIIB is required for RNA polymerase II snRNA transcrip-
tion. In experiments where anti-TFIIB monoclonal antibodies
were added to an extract, transcription from both the U1 and
Ad2ML promoters was inhibited and could then be restored
by the addition of recombinant TFIIB (5). These results were
consistent with TFIIB being required for RNA polymerase II
snRNA gene transcription, but because TFIIB was not deplet-
ed from the extracts, it remained possible that the anti-TFIIB
monoclonal antibodies cross-reacted with another factor re-
quired for U1 transcription. Upon addition of recombinant
TFIIB, such a factor might have been released from the anti-
bodies and thus become available again to participate in U1
transcription. We therefore tested whether RNA polymerase
II transcription from snRNA genes requires TFIIB by deplet-
ing a whole-cell extract with anti-TFIIB antibodies (a-IIB/2)
bound to protein A-agarose beads. Figure 2A shows the effects
of such depletion on transcription from various promoters.

Treatment of the extract with anti-TFIIB antibodies inhibited
transcription from the Ad2ML promoter much more than
treatment with preimmune beads, as expected (compare lanes
4 and 5 with lanes 2 and 3 in the top gel). Significantly, the anti-
TFIIB depletion also inhibited transcription from the RNA
polymerase II U1 snRNA promoter but not from the RNA
polymerase III U6 snRNA and VAI promoters (Fig. 2A, com-
pare lanes 4 and 5 to lanes 2 and 3 in the second, third, and
fourth gels). An immunoblot analysis of the extracts, shown in
Fig. 2B, indicated that the anti-TFIIB depletion had been ef-
ficient.

To determine whether the inhibition of transcription from
the U1 snRNA promoter was indeed due to removal of TFIIB
rather than, for example, removal of a TFIIB-associated factor,
we tested whether addition of recombinant TFIIB to depleted
extracts could restore U1 transcription. For this experiment,
we first complemented a whole-cell extract with biochemically
purified SNAPc to ensure that SNAPc would not be limiting.
As shown in Fig. 2C, treatment of the extract with preimmune
beads diminished transcription but much less so than treat-
ment with the a-IIB/2 antibody beads (compare lanes 7 and 8)
or beads coupled to another anti-TFIIB antibody, a-IIB/1
(compare lanes 2 and 3). Both of these antibodies depleted
TFIIB efficiently, as determined by immunoblotting (Fig. 2D).
Importantly, in both cases, addition of increasing amounts of
recombinant full-length TFIIB restored efficient U1 transcrip-
tion (lanes 4 to 6 and 9 to 11). Addition of just the C-terminal
core domain of TFIIB, which is sufficient for association with a
TBP-TATA box complex but cannot sustain basal RNA poly-
merase II mRNA transcription (see reference 61 for a review),
did not restore U1 transcription (data not shown). Together,
these results strongly suggest that TFIIB is required for
snRNA gene transcription by RNA polymerase II.

TFIIA is required for efficient basal RNA polymerase II
transcription from the U1 snRNA promoter. In in vitro tran-
scription systems that are reconstituted wtih TFIID, but not
with TBP, TFIIA is required for basal transcription from RNA
polymerase II mRNA-type promoters (12, 52, 81, 94). This
finding probably reflects the ability of TFIIA to counteract the
effects of factors that interfere with the binding of TBP to the
TATA box and that are associated with TFIID or may be pres-
ent in TFIID fractions (2, 8, 30, 41, 43, 51, 58, 63).

We used polyclonal antibodies directed against the a and b
subunits of TFIIA coupled to protein A-agarose beads to de-
plete extracts and tested the depleted extracts for transcription
from the four model promoters. As shown in Fig. 3, treatment
with anti-TFIIA antibodies had only a small effect on transcrip-
tion from the Ad2ML promoter (compare lanes 2 and 3), even
though most of the TFIIA present in the extract was removed
by such treatment (data not shown, but see Fig. 4B below).
Addition of increasing amounts of TFIIA restored transcrip-
tion from the Ad2ML promoter to levels that were slightly
higher than starting levels (compare lanes 4 to 6 with lane 2).
Since the role of TFIIA in basal transcription from mRNA-
type RNA polymerase II promoters is mainly to counteract
inhibitors that disrupt association of TBP with the TATA box,
addition of excess recombinant TBP to depleted extracts
should overcome the need for TFIIA. Indeed, addition only of
recombinant TBP to the TFIIA-depleted extract achieved lev-
els of transcription that were higher than those observed in the
mock-depleted extract (lane 7) and that were not increased
further by addition of TFIIA (lanes 8 and 9). In contrast, when
highly purified TFIID was added, transcription could be fur-
ther enhanced by addition of TFIIA (data not shown). To-
gether, these results indicate that TFIIA has a small positive
effect on basal transcription from the Ad2ML promoter in this

FIG. 1. (A) Basal promoter elements in the Ad2ML, U1 snRNA, U6 snRNA,
and VAI promoters. Pol II and III, RNA polymerases II and III, respectively. (B)
Polypeptide compositions of recombinant (TBP, TFIIA, TFIIB, TFIIE and
TFIIF) or highly purified (RNA polymerase II) factors. The proteins were
fractionated by SDS-PAGE and stained with silver.
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system but that this effect is not apparent in the presence of
added recombinant TBP. This is consistent with a role for
TFIIA in counteracting repressors that inhibit the binding of
TFIID to the TATA box.

We then tested the same extracts for transcription from the
RNA polymerase II U1 snRNA promoter and observed strik-
ingly different results. Depletion with anti-TFIIA antibody
beads reduced transcription much more efficiently than de-
pletion with control antibody beads (Fig. 3, compare lanes 2
and 3 in the second panel). Addition of increasing amounts of
TFIIA reproducibly restored only a low level of U1 transcrip-
tion, below that observed in mock-immunodepleted extract
(lanes 4 to 6). Unlike with transcription from the Ad2ML
promoter, where the requirement for TFIIA was obviated by
addition of excess recombinant TBP, addition only of recom-
binant TBP to the U1 reaction mixtures restored only a low
level of transcription (lane 7), which could be increased to lev-
els that were higher than starting levels by further addition
of increasing amounts of TFIIA (compare lanes 8 and 9 to
lane 2). The combined effect of TBP and TFIIA could not be
achieved by simply increasing the amounts of added TBP in-

deed, this resulted only in stimulation of transcription from an
aberrant start site (Fig. 3, asterisk) which is directed by RNA
polymerase III (data not shown).

For TATA-containing mRNA promoters, TFIIA is much
more important for activated transcription than for basal tran-
scription. To ensure that the signal derived from the U1 pro-
moter reflected basal transcription, we repeated the experiment
using a U1 template with a mutated distal sequence element.
As shown in Fig. 4A, depletion with anti-TFIIA antibodies
again severely and specifically decreased U1 transcription
(lanes 2 and 3) and addition of either TFIIA or TBP alone did
not reconstitute efficient transcription (lanes 4 and 5). How-
ever, as before, addition of both TFIIA and TBP reconstituted
high levels of U1 transcription (lane 6). The immunoblot in
Fig. 4B shows that TFIIA depletion was efficient. Together,
these results indicate that TFIIA plays a role in basal transcrip-
tion from the U1 snRNA promoter that is different from its
role in transcription from the Ad2ML promoter. Indeed,
whereas with the Ad2ML promoter addition of recombinant
TBP circumvents the need for TFIIA, recombinant TBP can-

FIG. 2. TFIIB is required for RNA polymerase II snRNA transcription from the U1 promoter. (A) Parallel in vitro transcription reactions were performed with
the Ad2ML, U1 snRNA, U6 snRNA, and VAI promoters with untreated whole-cell extract (WCE; lane 1), WCE treated with increasing amounts of preimmune
antibody beads (Pre-I; lanes 2 and 3), or WCE-treated with increasing amounts of anti-TFIIB antibody beads (a-IIB/2; lanes 4 and 5) at beads-to-extract ratios of 2:1
(lanes 2 and 4) and 2.5:1 (lanes 3 and 5). The locations of correctly initiated transcripts are indicated at left, and an asterisk marks readthrough transcripts (73). (B)
Immunoblot analysis of the extracts used in the experiments whose results are shown in panel A. The membrane was probed with the a-IIB/4 antibody. Eight microliters
of each extract was loaded per lane. (C) In vitro transcription reactions were performed with WCE supplemented with SNAPc (lane 1), WCE supplemented with SNAPc
and treated with preimmune antibody beads (lanes 2 and 7), or WCE supplemented with SNAPc and treated with a-IIB/1 (lanes 3 to 6) or a-IIB/2 (lanes 8 to 11)
antibody beads at a beads-to-extract ratio of 0.5:1. In lanes 4 to 6 and 9 to 11, 40, 200, and 400 ng, respectively, of E. coli-expressed TFIIB was added back to the
TFIIB-depleted reaction mixtures. An asterisk marks readthrough transcripts. (D) Immunoblot analysis of the extracts used in the experiments whose results are shown
in panel C. The membrane was probed with the a-IIB/4 antibody. Eight microliters of each extract was loaded per lane.
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not be used by the U1 snRNA promoter unless TFIIA is
present.

TFIIA is not essential for RNA polymerase III transcription
from the U6 snRNA promoter in vitro. TFIIA has been re-
ported to be required for or to stimulate RNA polymerase III
transcription from the U6, VAI, tRNA, and 5S promoters (57,
87). These results contrast with the finding that, unlike RNA
polymerase II transcription, RNA polymerase III transcription
is unaffected in extracts from Saccharomyces cerevisiae cells
carrying temperature-sensitive mutations in the TFIIA sub-
units (33) and with the recent observation that depletion of
TFIIA from a nuclear extract has no effect on VAI transcrip-
tion (8).

The same depleted extracts tested as described above for
RNA polymerase II transcription were also tested for their
ability to direct RNA polymerase III transcription. As shown in
Fig. 3, treatment with anti-TFIIA antibody beads had no effect
on VAI transcription, even though TFIIA had been efficiently

depleted as judged from immunoblots (data not shown), sug-
gesting that TFIIA is not required for transcription from RNA
polymerase III tRNA-type promoters (compare lanes 2 and 3,
bottom panel). In sharp contrast, however, U6 snRNA tran-
scription was significantly reduced in extracts immunodepleted
of TFIIA compared to transcription in mock-immunodepleted
extracts (lanes 2 and 3, third panel). Addition of recombinant
TFIIA had no significant effect (lanes 4 to 6), but U6 tran-
scription could be reconstituted to levels higher than starting
levels by addition of recombinant TBP (lane 7). These levels
could not be increased by further addition of TFIIA (lanes 8
and 9).

To confirm that TFIIA is dispensable for U6 RNA polymer-
ase III transcription in the presence of exogenous TBP, we
supplemented the extracts with recombinant TBP before treat-
ment with the beads. As shown in Fig. 5A and B, treatment
with anti-TFIIA antibody beads depleted TFIIA much more
efficiently than treatment with control antibody beads (Fig. 5B,
compare lanes 7 to 11 with lanes 2 to 6), yet in this case,
depletion of TFIIA had no specific deleterious effect on tran-
scription from either the Ad2ML promoter, as expected, or the
U6 promoter (Fig. 5A, compare lanes 7 to 11 with lanes 2 to 6).
These results suggest that in the presence of excess exogenous
TBP, TFIIA is not required for U6 transcription in vitro.

It remained possible, however, that TFIIA helped to recruit
limiting amounts of TBP to the U6 promoter. To test this
possibility, we supplemented an extract treated with anti-
TFIIA antibody beads with decreasing amounts of TBP, with
or without TFIIA. As shown in Fig. 5C, addition of TFIIA

FIG. 4. TFIIA is required for basal transcription from the U1 snRNA promot-
er. (A) In vitro transcription reactions were performed with the pU1*G2Oct2
template and untreated whole-cell extract (WCE; lane 1) or WCE treated with
either control (nonimmume) antibody beads (lane 2) or beads coupled to anti-
bodies directed against the a and b subunits of TFIIA (a-IIA; lanes 3 to 6) at a
1:1 beads-to-extract ratio. Six microliters of E. coli-expressed TFIIA was added
to the reaction mixtures in lanes 4 and 6, and recombinant TBP (3 ng) was added
to the reaction mixtures in lanes 5 and 6. The signals corresponding to correct
transcription initiation were quantitated with a phosphorimager, the background
was subtracted, and the numbers were normalized for the signal obtained in lane
2, which was set at 1. (B) Immunoblot analysis of the extracts used in the ex-
periment whose results are shown in panel A with a polyclonal antibody directed
against the a subunit of TFIIA. WCE (5 ml) was loaded in lane 1, and control
depleted extract (10 ml) and a-IIA depleted extract (10 ml) were loaded in lanes
2 and 3, respectively. The location of the a-subunit is indicated at left. Ctr.,
control.

FIG. 3. TFIIA is required for efficient RNA polymerase II snRNA transcrip-
tion from the U1 promoter in vitro. In vitro transcription reactions were per-
formed with untreated nuclear extract (NE; lane 1), NE treated with control
(nonimmune) antibody beads (lane 2), or NE treated with antibody beads di-
rected against the a and b subunits of TFIIA (a-IIA; lanes 3 to 9) at a 1:1 beads-
to-extract ratio. Two, 4, and 6 ml of E. coli-expressed TFIIA was added to the
reaction mixtures in lanes 4 to 6. Recombinant TBP (3 ng) was added to the
reaction mixture in lane 7 and a combination of 3 ng of TBP and 2 and 6 ml of
TFIIA was added to the reaction mixtures in lanes 8 and 9, respectively. The
asterisk marks RNA polymerase III transcripts that are produced in U1 tran-
scription reactions when TBP is added. The signals corresponding to correct
transcription initiation in each panel were quantitated with a phosphorimager,
the background was subtracted, and the numbers were normalized for the signal
obtained in lane 2, which was set at 1. Ctr., control.
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alone had little effect on U6 transcription (compare lanes 4, 7,
10, 13, and 16 to lane 3). Addition of 3.3 ng of TBP restored
transcription to levels higher than those observed in the extract
depleted with preimmune antibody beads (lane 18), but this
level was not changed by further addition of TFIIA (lane 17).
As lower levels of TBP were added, U6 transcription decreased
but in no case did addition of TFIIA significantly improve
transcription (compare lanes 5 and 6, 8 and 9, 11 and 12, and
14 and 15). Thus, even at levels of TBP too low to restore ef-
ficient U6 transcription, addition of TFIIA did not have a stim-

ulatory effect. These results suggest that TFIIA is not required
for basal U6 transcription in vitro, even when limiting amounts
of TBP are added to the extract. They do not exclude, however,
that TFIIA performs a role in U6 transcription in vitro.

TFIIF is required for RNA polymerase II snRNA gene tran-
scription in vitro. TFIIF complexed with RNA polymerase II
interacts directly with TFIIB and is thus essential for the re-
cruitment of RNA polymerase II to mRNA-type RNA poly-
merase II promoters. To determine if TFIIF participates in
RNA polymerase II snRNA gene transcription, we depleted a

FIG. 5. TFIIA is not required for efficient RNA polymerase III snRNA transcription from the U6 promoter in vitro. (A) Parallel in vitro transcription reactions
from the Ad2ML and U6 snRNA promoters. Whole-cell extract (WCE) was supplemented with TBP (lane 1) and then treated with increasing amounts of control
(nonimmune) antibody beads (lanes 2 to 6) or a-IIA antibody beads directed against the a and b subunits of TFIIA (lanes 7 to 11) at beads-to-extract ratios of 0.5:1,
1:1, 1.5:1, 2:1, and 2.5:1, respectively. (B) Immunoblot analysis of the extracts used in the experiment whose results are shown in panel A with the antibody directed
against the a and b subunits of TFIIA. WCE plus TBP (4 ml) was loaded in lane 1, and the depleted extracts (6 ml) were loaded in lanes 2 to 11. The location of the
a subunit is indicated at left. (C) Addition of TFIIA to TFIIA-depleted extracts does not stimulate U6 transcription in vitro in the presence of limiting amounts of
recombinant TBP. Nuclear extract (NE) was treated with control (nonimmune) (lane 2) or anti-TFIIA (lanes 3 to 18) antibody beads at a 1:1 beads-to-extract ratio.
E. coli-expressed TFIIA (2 ml) and TBP (amounts are indicated in nanograms) were added to the reaction mixtures as indicated above the lanes (lanes 4 to 18). The
signals corresponding to correct transcription initiation were quantitated with a phosphorimager, the background was subtracted, and the numbers were normalized
for the signal obtained in lane 3, which was set at 1. Ctr., control.
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nuclear extract using polyclonal antibodies directed against the
RAP75 subunit of TFIIF. As shown in Fig. 6A, treatment of
the extract with the anti-TFIIF antibody beads specifically in-
hibited transcription from both the Ad2ML and U1 snRNA
promoters but had no specific effect on RNA polymerase III
transcription from the VAI or U6 snRNA promoters (compare
lanes 5 to 7 with lanes 2 to 4). Figure 6B shows an immunoblot
of these reactions that confirms that most of the TFIIF RAP74
and RAP30 subunits had been depleted.

Attempts to reconstitute transcription by addition only of
recombinant TFIIF were unsuccessful (data not shown). We
reasoned that the anti-TFIIF depletion had probably removed
other associated factors such as RNA polymerase II. In pre-
liminary experiments, we therefore supplemented depleted ex-
tracts with a mixture of TFIIF and the GTFs TFIIA, TFIIB,
TFIIE, TFIIH, and RNA polymerase II or with every possible
mixture of all but one of these GTFs (data not shown). Figure
7 shows the results of an experiment in which we supplied only

the factors we had identified as necessary for reconstitution of
transcription. Addition of a mixture containing TFIIF, RNA
polymerase II, and TFIIB reconstituted transcription from both
the Ad2ML and U1 snRNA promoters in an extract treated
with anti-TFIIF antibody beads (Fig. 7A, lanes 3 and 4). How-
ever, a mixture lacking TFIIF did not reconstitute transcription
efficiently (lane 5). Thus, TFIIF is not only required for RNA
polymerase II transcription from the Ad2ML promoter but
also essential for efficient transcription from the U1 snRNA
promoter.

When the TFIIF-depleted extract was complemented with a
mixture containing TFIIF and TFIIB but lacking RNA poly-

FIG. 6. Depletion of TFIIF inhibits RNA polymerase II snRNA transcrip-
tion from the U1 promoter. (A) In vitro transcription reactions with the Ad2ML,
U1 snRNA, U6 snRNA, and VAI promoters. Transcription reactions were per-
formed with untreated nuclear extract (NE; lane 1), NE treated with increasing
amounts of control (nonimmune) antibody beads (lanes 2 to 4), or NE treated
with increasing amounts of a-RAP74 antibody beads (lanes 5 to 7) at beads-to-
extract ratios of 0.5:1, 1:1, and 2:1, respectively. (B) Immunoblot analysis of the
extracts used to obtain the results shown in panel A with a-RAP74 and
a-RAP30 antibodies. Ten microliters of every extract was loaded per lane. Ctr.,
control.

FIG. 7. TFIIF is required for U1 transcription in vitro. (A) Parallel transcrip-
tion reactions were performed with the Ad2ML and U1 promoters as templates
and untreated nuclear extract (NE; lane 1), NE treated with control (nonim-
mune) antibody beads (lane 2), or NE treated with anti-RAP74 (a-RAP74)
antibody beads (lanes 3 to 7) at a 1:1 beads-to-extract ratio. Recombinant TFIIF
(1 ml), purified RNA polymerase II (pol II; 1.5 ml), and recombinant TFIIB (2 mg)
were added to the reaction mixture in lane 4. In lanes 5 to 7, the same combi-
nation of factors was added except for the factor indicated above each lane. (B)
Immunoblot analysis of the extracts used in the experiment whose results are
shown in panel A with a-RAP74 and a-RAP30 antibodies, anti-C-terminal domain
antibodies directed against the largest subunit of RNA polymerase II, and anti-
TFIIB antibodies. Ten microliters of extract was loaded per lane. Ctr., control.
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merase II, we observed little or no transcription from both the
Ad2ML and the U1 promoter (Fig. 7A, lane 6). This result
suggests that depletion with the anti-TFIIF antibodies also re-
moved RNA polymerase II. Indeed, consistent with the known
association of TFIIF with RNA polymerase II, the amounts of
both factors were severely reduced in extracts treated with
anti-TFIIF antibody beads as determined by immunoblotting
(Fig. 7B). More surprisingly, a mixture lacking TFIIB did not
restore U1 transcription even though it restored transcription
from the Ad2ML promoter efficiently (Fig. 7A, lane 7). As
shown in the bottom gel of Fig. 7B, the amounts of TFIIB were
reduced in the TFIIF-depleted extract, although much less so
than the amounts of either TFIIF or RNA polymerase II.
These results indicate that the Ad2ML and U1 promoters
differ in their requirements for TFIIB. One possibility is that
transcription from the U1 promoter simply requires higher
levels of TFIIB. Indeed, even different mRNA promoters re-
quire different concentrations of TFIIB for optimal transcrip-
tion. Thus, at concentrations of TFIIB that still stimulate tran-
scription of the Drosophila Krüppel and Jockey promoters,
transcription from the Drosophila alcohol dehydrogenase and
Ad2E4 promoters is repressed, probably by a squelching effect
(89).

TFIIE stimulates transcription from the RNA polymerase II
snRNA U1 promoter. TFIIE regulates the activity of TFIIH,
plays a direct role in promoter melting, and can help recruit
TFIIA and TBP to the TATA box of mRNA promoters (61,
93). To determine if TFIIE is involved in RNA polymerase II
snRNA gene transcription, we depleted nuclear extracts using
polyclonal antibodies directed against the p34 subunit of TFIIE.
Because both TFIIE and TFIIH requirements are more ap-
parent with linear templates than with supercoiled templates
(66, 83), we linearized the templates by digestion with a re-
striction enzyme. As shown in Fig. 8, treatment of the extract
with the anti-TFIIE antibody beads depleted TFIIE from the
extracts (Fig. 8B) and inhibited transcription from linearized
templates containing the Ad2ML or the U1 promoter (Fig. 8A,
compare lanes 5 to 7 with lanes 2 to 4). We then tested the
effect of adding back TFIIE. As shown in Fig. 9A and B,
treatment with anti-TFIIE antibody beads inhibited transcrip-
tion (Fig. 9A, lane 3) and efficiently depleted TFIIE (Fig. 9B,
lane 3), as expected, and for both the Ad2ML promoter and
the U1 snRNA promoter, addition of recombinant TFIIE re-
sulted in recovery of a significant but low level of transcription
(Fig. 9A, lanes 4 to 6). These results suggested that other
factors required for U1 transcription had been depleted
along with TFIIE. Indeed, as shown in Fig. 9C, addition of
RNA polymerase II and all of the GTFs (excluding TBP) to
the TFIIE-depleted extract restored full levels of transcription
from the Ad2ML and U1 promoters (compare lanes 3 and 4).
Importantly, addition of these same GTFs without TFIIE re-
sulted in much lower levels of transcription (lane 5). Together,
these results suggest that TFIIE is involved in RNA polymer-
ase II transcription of snRNA genes.

Figure 9D shows the levels of the two TFIIE subunits, the
largest RNA polymerase II subunit, and TFIIB, present in the
extracts treated with the anti-TFIIE antibodies. As expected,
both TFIIE subunits were efficiently depleted (lane 3). In ad-
dition, however, there were small decreases in the amounts of
the largest RNA polymerase II subunit and TFIIB. Consistent
with these small decreases, omission of RNA polymerase II or
TFIIB from the combination of GTFs had a deleterious effect
on transcription from the Ad2ML and U1 promoters (Fig. 9C,
lanes 6 and 8). Notably, however, omission of RNA polymer-
ase II was more detrimental to transcription from the Ad2ML
promoter than to transcription from the U1 promoter, whereas

the reverse was true for omission of TFIIB. Thus, as observed
above for TFIIF-depleted extracts, the Ad2ML and the U1
promoters have different quantitative requirements for various
factors, in particular TFIIB.

DISCUSSION

Which of the GTFs are required for RNA polymerase II
transcription of snRNA genes is not known. Here we show that
efficient transcription from the human U1 snRNA promoter
requires TFIIA, TFIIB, TFIIF, and TFIIE.

TFIIB, including the N-terminal domain, is required for U1
transcription. On mRNA promoters, a platform for recruit-
ment of RNA polymerase II is created by the binding of TBP
and TFIIB to the TATA box. TFIIA stabilizes the complex but
is not absolutely required. In contrast, TFIIB is essential be-
cause it then recruits the RNA polymerase II-TFIIF complex
through interactions with both RNA polymerase II and the
small subunit of TFIIF (61). TFIIB is composed of two func-
tional domains, a protease-resistant C-terminal domain and a
protease-sensitive N-terminal domain. The C-terminal domain
is sufficient for association with TBP bound to a TATA box,
but it cannot direct basal RNA polymerase II transcription (3,
7, 22, 26, 91) or recruit the RNA polymerase II-TFIIF complex
(22). Our data indicate that U1 transcription requires TFIIB,
including the N-terminal domain, as well as TFIIF. This sug-
gests that TFIIB performs the same role on both mRNA and
RNA polymerase II snRNA promoters, namely, bridging DNA
binding factors with the RNA polymerase II-TFIIF complex. It
is striking, however, that transcription from the U1 promoter is

FIG. 8. Depletion of TFIIE inhibits RNA polymerase II transcription from
the Ad2ML and the U1 snRNA promoters. (A) In vitro transcription reactions
from linearized templates were performed with untreated nuclear extract (NE;
lane 1) or NE treated with increasing amounts of control (nonimmune) antibody
beads (lanes 2 to 4) or with increasing amounts of anti-TFIIE antibody beads
directed against the p34 subunit of TFIIE (a-IIEp34; lanes 5 to 7) at beads-to-
extract ratios of 0.1:1, 1:1, and 2:1, respectively. (B) Immunoblot analysis of the
extracts used to obtain the results shown in panel A with antibodies directed
against the p34 and p56 subunits of TFIIE. The locations of the TFIIE subunits are
indicated at the left. Ten microliters of extracts was loaded per lane. Ctr., control.
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more sensitive to small decreases in the TFIIB concentration
brought about by the anti-TFIIF and anti-TFIIE depletions
than transcription from the Ad2ML promoter (Fig. 7B and
9D). This suggests that TFIIB recruitment to the U1 promoter
may be less efficient than recruitment to the Ad2ML promoter.
The affinity of TFIIB for various mRNA promoters is deter-
mined in part by contacts with the DNA sequence upstream of
the TATA box (45). The Ad2ML promoter has a good TFIIB
binding site, but this may not be the case for the U1 promoter.
In addition, the protein-protein contacts that mediate TFIIB
recruitment to the Ad2ML and U1 promoters are likely to be
different.

TFIIA and TBP are required for U1 transcription. The
RNA polymerase II core snRNA promoters do not contain a
TATA box. Instead, they consist of the PSE, which recruits
SNAPc and thus presumably nucleates the assembly of the
initiation complex. TBP is required for RNA polymerase II
snRNA gene transcription, but how it is recruited to the
TATA-less RNA polymerase II snRNA promoters is not clear.
Neither TFIID nor TFIIIB can complement a TBP-depleted
extract (73, 95), and recombinant TBP has some activity but
fails to reconstitute efficient transcription (73). In addition, as

shown here, recombinant TBP also fails to reconstitute effi-
cient transcription in a TFIIA-depleted extract, even though it
does reconstitute efficient transcription from the Ad2ML pro-
moter. Significantly, however, a combination of TBP and
TFIIA restores efficient transcription, suggesting that TFIIA
somehow allows the utilization of TBP by the U1 promoter.
Together, these data are consistent with TFIIA playing a much
more crucial role in the recruitment of TBP to basal snRNA
promoters than in the recruitment of TBP to basal TATA-
containing mRNA promoters. Because TFIIB is also required
for U1 transcription, it is likely that SNAPc, TBP, TFIIA, and
TFIIB are all involved in the establishment of the platform that
can recruit the RNA polymerase II-TFIIF complex.

TFIIE and TFIIH in U1 snRNA gene transcription. In the
stepwise assembly of transcription complexes on mRNA pro-
moters, the recruitment of the RNA polymerase II-TFIIF com-
plex is followed by the recruitment of TFIIE and TFIIH. We
have shown that TFIIE is involved in RNA polymerase II
transcription of snRNA genes; however, we were unable to
show convincingly that TFIIH is required. Indeed, although
treatment of extracts with anti-TFIIH antibodies reduced U1
transcription dramatically, we could restore transcription from

FIG. 9. TFIIE stimulates transcription from the RNA polymerase II snRNA U1 promoter. (A) Addition of E. coli-expressed TFIIE to TFIIE-depleted extract.
Nuclear extract (NE) was treated with control (nonimmune) antibody beads (lane 2) or anti-TFIIE antibody beads directed against the p34 subunit of TFIIE (a-IIEp34;
lanes 3 to 6) at a 2:1 beads-to-extract ratio and used in transcription reactions with linearized Ad2ML and U1 templates. In lanes 4 to 6, 0.5, 1.5, and 3 ml of E.
coli-expressed TFIIE was added to the reaction mixtures. (B) Immunoblot analysis of the extracts used to obtain the results shown in panel A with antibodies directed
against the p34 and p56 subunits of TFIIE. (C) Addition of GTFs to TFIIE-depleted extracts. Nuclear extract was treated with control (nonimmune) antibody beads
(lane 2) or a-TFIIEp34 antibody beads (lanes 3 to 10) at a 1:1 beads-to-extract ratio and used in parallel transcription reactions with linearized Ad2ML and U1
templates. In the reaction whose results are shown in lane 4, a combination of recombinant TFIIE (1 ml), purified RNA polymerase II (pol II; 1.5 ml), recombinant
TFIIA (1 ml), recombinant TFIIB (2 mg), recombinant TFIIF (1 ml), and purified TFIIH (2 ml) was added. In lanes 5 to 10, the same combination of GTFs was added
except for the factor indicated above each lane. (D) Immunoblot analysis of the extracts used to obtain the results shown in panel C with antibodies directed against
the p34 and p56 subunits of TFIIE, the largest subunit of RNA polymerase II, and TFIIB. Ten microliters of extract was loaded per lane. Ctr., control.
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linear templates nearly as efficiently with a mixture of GTFs
missing TFIIH as with a mixture of GTFs containing TFIIH
(data not shown). In contrast, addition of TFIIH was needed to
reconstitute transcription from the Ad2ML promoter. Because
we cannot exclude the presence of trace amounts of TFIIH in
the RNA polymerase II preparation, we can only conclude that
in our assay, U1 transcription either did not require TFIIH
or required much lower levels than transcription from the
Ad2ML promoter. If U1 transcription indeed did not require
TFIIH, what would then be the role of TFIIE? Two of TFIIE’s
functions are to recruit TFIIH and cooperate with TFIIH to
bring about promoter melting, late in preinitiation complex
assembly. However, TFIIE has also been shown to stimulate
basal mRNA transcription from supercoiled templates in the
absence of TFIIH (28, 83, 93). Consistent with this observa-
tion, TFIIE enhances the binding of TBP to the TATA box
as well as the cooperative binding of TFIIA and TBP to the
Ad2ML promoter and the small TFIIE subunit interacts di-
rectly with TFIIA (93). Thus, TFIIE may also play a role early
in preinitiation complex assembly. It is quite possible that for
RNA polymerase II transcription of snRNA promoters, TFIIE
helps in the recruitment of TFIIA, TBP, and/or SNAPc to the
promoter.

TFIIB is not involved in RNA polymerase III transcription
from the U6 promoter. We also tested the roles of many of the
GTFs in RNA polymerase III transcription from both the U6
snRNA promoter and the VAI promoter. RNA polymerase III
transcription from the VAI promoter and other promoters
with gene-internal elements requires the TBP-containing com-
plex TFIIIB, which in mammalian cells consists minimally of
TBP and the human TFIIB-related factor (BRF) (59), proba-
bly the same protein as another homolog of yeast BRF re-
ferred to as human TFIIIB90 (69). However, we found that hu-
man BRF is not required for transcription from the human U6
promoter in vitro (59). We therefore wondered whether the
U6 promoter recruits instead the related protein TFIIB. Our
results clearly indicate that this is not the case, which is con-
sistent with the idea that recruiment of TFIIB to a promoter is
the decisive step towards specific recruitment of RNA poly-
merase II.

A role for TFIIA in U6 transcription? TFIIA has been re-
ported previously to be required for U6 transcription in vitro,
as well as for transcription from several promoters with gene-
internal elements, including the VAI promoter (57, 87). We
were unable to demonstrate a TFIIA requirement for tran-
scription from the VAI promoter, consistent with other obser-
vations from both yeast and mammalian systems (8, 33). With
the U6 promoter, however, depletion with anti-TFIIA antibod-
ies severely inhibited transcription but efficient transcription
could be reconstituted by addition of recombinant TBP. There
are at least two possible interpretations for these results. It is
possible that TFIIA plays an antirepressor role for basal U6
transcription in much the same way as it does for basal RNA
polymerase II transcription from the Ad2ML promoter, for
example, by displacing a repressor such as Mot1. Indeed, Mot1
is capable of repressing transcription from the human U6 pro-
moter in vitro (8). Addition of excess recombinant TBP would
then relieve the need for TFIIA. It is also possible that deple-
tion with anti-TFIIA antibodies removes all of the TBP com-
petent for U6 transcription; some TBP associates with TFIIA
on the anti-TFIIA beads (data not shown), consistent with the
previous observation that endogenous Drosophila IIA associ-
ates with TBP in the absence of DNA (12, 84, 92). A removal
of the TBP competent for U6 transcription by the anti-TFIIA
antibodies would imply that all such TBP is complexed with
TFIIA in extracts. This in turn would suggest either that the

TFIIA-TBP complex has to be broken apart to liberate TBP
for U6 transcription or, more likely, that the complex is re-
cruited as such to the U6 promoter. Thus, although we could
not demonstrate a role for TFIIA in U6 transcription in our
assay, it remains possible that TFIIA is indeed recruited to the
U6 promoter in vivo.
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