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ABSTRACT We found that transcription factor IIF me-
diates the association of RNA polymerase II with promoter
sequences containing transcription factors IID, IIB, and ITIA
(DAB complex). The resulting DNA-protein complex con-
tained RNA polymerase II and the two subunits of transcription
factor IIF (RAP 30 and RAP 74). Cloned human RAP 30 was
sufficient for the recruitment of RNA polymerase II to the DAB
complex. This ability of RAP 30 to recruit RNA polymerase to
a promoter is also a characteristic of o factors in prokaryotes.

Transcription is a complex multistep reaction that can be
separated into tightly regulated initiation, elongation, and
termination steps. An early indication of the complexity of
eukaryotic transcription came from the finding that three
distinct RNA polymerases with complex subunit structures
existed in eukaryotic cells (1). RNA polymerase II, the en-
zyme responsible for the synthesis of messenger RNA, cannot
initiate transcription in vitro at the specific sites utilized in vivo
unless it is supplemented with accessory factors present in cell
extracts (2-4). The development of assay systems that mea-
sure promoter-specific transcription has allowed the identifi-
cation and classification of two functionally different groups of
RNA polymerase II transcription factors: specific factors and
general factors. The general transcription factors, together
with RNA polymerase 11, are sufficient for specific transcrip-
tion initiation in vitro at all class II promoters thus far inves-
tigated (5-8). Specific transcription factors bind to upstream
DNA elements and thereby activate or repress basal transcrip-
tion by as yet unknown mechanisms (9, 10).

Elucidation of the mechanisms that govern transcription
initiation requires detailed knowledge of the physical pro-
cesses underlying basal transcription. Toward this goal,
efforts have concentrated in the purification of the general
factors and in the development of assays that allow dissection
of the events leading to promoter-specific formation of tran-
scription-competent complexes by the general factors and
RNA polymerase II.

Initially, the human general transcription factors (TFs)
were resolved into four chromatographic fractions, transcrip-
tion factor I1A (TFIIA), TFIID, TFIIB, and TFIIE (11-17).
Related studies have described analogous factors from rat
liver (18-21) and Drosophila (22-24). The contributions of
these protein fractions to preinitiation complex formation
have been analyzed by using a variety of assay systems.
Template challenge and kinetic experiments indicated that
the first step in promoter activation was the recognition of the
TATA box by TFIID, a process that seemed to be facilitated
by TFIIA (DA complex) (14, 25, 26). Template commitment
by TFIID and TFIIA has been confirmed by footprinting (27,
28) and gel mobility shift experiments (28, 29). Kinetic
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experiments also suggested that RNA polymerase II bound
directly to the DA complex followed by association of factors
IIB and IIE (14, 26). However, direct association of RNA
polymerase II with a IID/IIA DNA-protein complex (DA
complex) has not been confirmed (27, 28). Gel shift assays
have been successfully used to resolve complexes formed by
the general factors and RNA polymerase II at specific
promoter regions (28, 29). Using this method, Buratowski et
al. (28) showed that TFIIB binds to the IID/IIA DN A-protein
complex followed by RNA polymerase II and finally TFIIE.

We have reexamined the assembly process by using mo-
bility shift assays and highly purified transcription factors and
RNA polymerase II. Further purification of the original
TFIIE protein fraction resulted in its resolution into two
general transcription factors, TFIIE and TFIIF (30). TFIIE
and TFIIF have been purified to homogeneity (31, 32). TFIIF
is a heterodimer of 30- and 74-kDa subunits, which are
identical to RAP 30 and RAP 74 (33, 34). TFIIE is also a
heterodimer, but it is composed of 56- and 34-kDa subunits
(32). The gene encoding TFIID has been isolated from a
variety of sources (35-44), and recombinant TATA binding
proteins are now available in a pure form. TFIIB has also
been purified to homogeneity, and the cDNA encoding TFIIB
has been isolated (45). Using this combination of highly
purified factors and recombinant factors, we have found that
association of RNA polymerase II with the promoter required
two conditions: (i) a DNA-protein complex containing
TFIID, -IIA, and -IIB (DAB complex, refs. 28 and 29; this
complex serves as the recognition site for RNA polymerase
II) and (ii) the action of transcription factor IIF, which
recruits the polymerase into the DAB complex.

Consistent with the demonstration that the RAP 30 subunit
of TFIIF has a region of similarity with o’ (46), a bacterial
factor that increases the affinity of the core RNA polymerase
for its recognition site at the promoter (47, 48), the studies
presented here demonstrated that RAP 30 functions analo-
gously to ¢’° in facilitating the association of RNA polymer-
ase II with promoter sequences.

MATERIALS AND METHODS

Specific Transcription Assay and Transcription Factors. Re-
action mixtures (40 ul) were incubated at 30°C for 60 min and
contained 20 mM Hepes-KOH buffer (pH 7.9), 8 mM MgCl,,
50-60 mM KCl, 10 mM ammonium sulfate, 12% (vol/vol)

Abbreviations: TF, transcription factor; DA, complex of TFIID and
TFIIA at the TATA motif; DAB, DNA-protein complex formed at
the TATA motif of the adenovirus major late promoter that includes
TFIIA, -IID, and -1IB; DABPoIF, DNA-protein complex that in-
cludes the DAB complex, RNA polymerase II, and TFIIF; Ad-MLP,
adenovirus major late promoter.
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glycerol, 10 mM 2-mercaptoethanol, 2% (wt/vol) polyethylene
glycol 8000, RNase T1 (20 units), 0.6 mM ATP, 0.6 mM CTP,
15 uM [a-?P]JUTP (10,000 cpm/pmol), and 0.5 ug of
pML(C,AT)A-50 DNA (13). Transcription factors added to the
reactions were TFIIA [Sephacryl S-200 fraction, 0.2 ug (29)],
recombinant yeast TFIID [S-Sepharose fraction, 30 ng (29)],
TFIIB [phenyl-Superose fraction, 30 ng (45)], TFIIE [Mono S
fraction, 50 ng (32)], TFIIF [Mono S-2 fraction, 40 ng (31)],
TFIIH!I (Mono S fraction, 100 ng), and RNA polymerase 11
[DEAE-SPW fraction, 0.2 ug (49)], which contained a mixture
of the IIO and IIA forms of the large subunit. Reaction
products were separated on a 4% polyacrylamide/urea gel.
Gels were dried and exposed to x-ray films.

DNA Binding Assay. The protein components, as indicated
in the legend to Fig. 1B, were incubated with a DNA fragment
(=0.5 ng, 5000 cpm) containing sequences from the adeno-
virus major late promoter (Ad-MLP) extending from residues
—40 to +13. Reaction conditions were as described (29).
Protein-DNA complexes were separated by electrophoresis
through a 4% polyacrylamide gel containing 3% glycerol with
40 mM Tris/40 mM boric acid/1 mM EDTA, pH 8.2, as the
running buffer. Electrophoresis was performed at 100 V until
the bromophenol blue dye reached the bottom of the gel.

ITFIIH is a recently identified general transcription factor derived
from the TFIIF protein fraction. The only experiment in this report
that utilized TFIIH is the one shown in Fig. 1A. The purification and
characterization of TFIIH will be published elsewhere (O.F. and
D.R., unpublished data).
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RESULTS

TFIIF Is Required for the Specific Association of RNA
Polymerase II with the DAB Complex. We have recently
characterized a preinitiation complex intermediate that con-
tained TFIID, -IIA, and -IIB (DAB complex) (29). The addi-
tion of TFIIF and RN A polymerase II resulted in the formation
of a DNA-protein complex (DABPolF complex) migrating
slower than the DAB complex on a native polyacrylamide gel
(Fig. 1B, see lane 5). In the absence of TFIIF (Fig. 1B, lane 4)
or RNA polymerase II (see below), no slower migrating
complex was observed. Addition of any combination of the
remaining components required for specific transcription to a
DNA binding assay containing DAB complexes failed to
modify the migration of the DAB complex (data not shown).

The TFIIF protein fraction used in the above experiment
was highly purified and composed of only those polypeptides
known to be associated with TFIIF activity (31, 34) (Fig. 1D).
However, to reduce the possibility that a minor contaminant
in the TFIIF preparation was responsible for delivering RNA
polymerase II to the DAB complex, the TFIIF protein fraction
was fractionated on a phenyl-Superose micro column, and the
protein was eluted with a salt gradient. The 30-kDa subunit of
TFIIF (RAP 30) (33) was detected in fractions 16-22 by
Western blot analysis using antibodies against a RAP 30
peptide (Fig. 1C). The same column fractions (16-22) con-
tained TFIIF transcription activity (Fig. 1A) and allowed the
formation of a DNA-protein complex migrating slower than
the DAB complex in the mobility shift assay (Fig. 1B).
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FiGc. 1. TFIIF is required for the formation of the DABPolF DNA-protein complex. (A) Chromatography of TFIIF on a phenyl-Superose
micro column. TFIIF [Mono S-2 fraction (31)] was chromatographed on a phenyl-Superose micro column using the SMART system (Pharmacia).
The protein fraction (2 ml) was dialyzed for 2 hr with buffer C (50 mM Hepes, pH 7.9/20% glycerol/1 mM EDTA/10 mM 2-mercaptoethanol)
containing 1.2 M ammonium sulfate. The column was equilibrated with the above buffer, and the sample was loaded at a flow rate of 100 ul/min.
TFIIF activity was eluted with a 2-ml linear gradient of ammonium sulfate (1.2-0 M) in buffer C. Fractions of 50 ul were collected, and an aliquot
(2 pl of a 1:10 dilution in buffer C containing 0.1 M KCl and bovine serum albumin at 50 u.g/ml) was assayed for TFIIF in the specific transcription
assay as described (8). Fraction numbers are indicated at the top of the gel. ‘“+,”” Positive control for TFIIF activity. Lane 1, TFIIF
transcriptional activity of the input fraction (3 ul). (B) Column fractions were assayed for their ability to form the DABPolF DN A-protein
complex using the gel mobility shift assay. The probe used was a DNA fragment labeled in the coding strand, which contained sequences from
the Ad-MLP (—40 to +13). Aliquots (as described above) of individual column fractions, indicated at the top of the gel, were added to binding
reaction mixtures containing TFIIA (Sephacryl S-200, 0.8 ug), TFIIB (phenyl-Superose, 0.05 ug), recombinant yeast TFIID (Superose-12 fraction,
0.04 ug), and RNA polymerase 11 (Mono Q, 0.04 ug) (lanes 6-19). Control reactions contained different combinations of factors, as indicated (lanes
1-5). Lane 1, the input fraction was added to a binding reaction in which all the other factors were omitted. (C) Aliquots (2 ul) of the column fractions
indicated at the bottom of the gel were analyzed by Western blot using antibodies against a peptide derived from the small subunit of TFIIF (RAP
30). Lanes labeled ‘‘+°* and I contained a positive control (20 ul) and the input fraction (20 ul), respectively. (D) Silver staining of the TFIIF protein
fraction used in the experiment described in B, lane 5, and in the phenyl-Superose microchromatography. The dark material below the 68-kDa
marker is an artifact that was also observed in lanes containing no protein (8). M, molecular size markers (in kDa).
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Formation of the slower migrating DN A-protein complex
(DABPoIF complex), as well as the amount of complex
formed, was dependent on the concentration of TFIIF and
RNA polymerase II added (Fig. 2A, lanes 3-12). The asso-
ciation of RNA polymerase II with the DAB complex was
specifically dependent on TFIIF. TFIIE and BTF3, two other
general initiation factors that bind to RNA polymerase II (30,
50), were unable to replace TFIIF in guiding the association
of RNA polymerase II with the DAB DNA-protein complex
(data not shown). The formation of the DABPoIF complex
was dependent on TFIID and TFIIB. The omission of TFIID
from the DNA binding assay resulted, as expected, in no
complex (Fig. 2, lane 13). The omission of TFIIB resulted in
the accumulation of the DA complex, whereas no DABPoIF
complex could be detected (Fig. 2, lane 14). The formation of
the DABPoIF complex was also dependent on the TATA
motif, as the complex could be blocked by competition with
an oligonucleotide containing the Ad-MLP TATA motif
(5'-TATAAAA-3’) but not by an oligonucleotide containing a
mutated TATA motif (5'-GAGACAC-3’) (data not shown).

The DABPoIF complex migrated as a doublet in low ionic
strength polyacrylamide gels (Fig. 2A4). This doublet was not
produced in our experiments by the association of different
forms of RNA polymerase II (110, IIA, or IIB) with the DAB
complex, as suggested by others (51), because the doublet
band in this experiment was obtained using homogeneous
RNA polymerase IIA. Interestingly, when TFIIA was omit-
ted from the DNA binding reaction, the complex migrated as
one band (DBPoIF) (Fig. 2A, lane 15) equal to the faster
migrating form of the DABPoIF complex (Fig. 2A, lane 16).
Moreover, the faster migrating complex could be converted
to the slower migrating complex by the addition of TFIIA (P.
Cortes and D.R., unpublished results). Therefore, we con-
cluded that the DABPoIF complex doublet results from the
presence or absence of TFIIA.

The results presented above describe the resolution of the
putative preinitiation complex intermediate, DABPoIF. DNase
I footprinting analysis indicated that association of RNA poly-
merase II and TFIIF extended the DNase I protection pattern
of the DAB complex from —17 to sequences downstream of the
transcriptional start site to approximately +17 (Fig. 2B). The
nuclease protection upstream of the TATA motif was also
extended from —40 to —42 (Fig. 2B). This protection pattern
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resembles that of complexes 4 and 5 described by Buratowski
et al. (28), which resulted from the binding of RNA polymerase
1I to the DAB complex, suggesting that the protein fractions
utilized by Buratowski et al. (28) contained TFIIF.

Both Subunits of TFIIF Are Integral Components of the
DABPolF Complex. The data presented above indicate that
the binding of RNA polymerase II to promoter sequences is
dependent on TFIIB, -IID, and -IIF. Both the 30-kDa and
78-kDa subunits of TFIIF are important for its activity (8, 12).
Thus, the contribution of each of these polypeptides to the
association of RNA polymerase II with the DAB complex
was investigated using antibodies.

The incubation of TFIIF with antibodies directed against a
peptide derived from the 30-kDa subunit of TFIIF (alIF30)
resulted in a drastic decrease in the amount of DABPolF
complex formed (Fig. 3A, lane 4). However, if the antibodies
were added 1 min after the addition of TFIIF to the DNA
binding assay containing RNA polymerase II and DAB com-
plex, the extent of inhibition was reduced (Fig. 34, lane 5), and
almost no inhibition was observed when the antibodies were
added after a 15-min incubation of TFIIF with the DAB
complex and RNA polymerase II (Fig. 3A, lane 6). These
results are in agreement with observations demonstrating that
the binding of RN A polymerase II to the preinitiation complex
is rapid (15). A different situation was observed when anti-
bodies directed against a peptide derived from the 74-kDa
component (RAP 74) of TFIIF were used. The anti-RAP 74
antibodies did not inhibit the formation of the DABPoIF
DNA-protein complex (Fig. 3A, lanes 7-9) but resulted in a
supershift of the complex (Fig. 3B, lanes 2—4). This supershift
was specific for TFIIF because the anti-RAP 74 antibodies had
no effect on DNA binding assays performed in the absence of
TFIIF (Fig. 3B, lanes 5-7). Thus, the 74-kDa subunit of TFIIF
is part of the DABPolF DNA-protein complex.

The analysis performed above (Fig. 34) did not allow us to
determine whether RAP 30 was part of the DABPoIF com-
plex. Because of the similarity between the RAP 30 subunit
of TFIIF and ¢’ (46), the association of RAP 30 with the
DABPoIF complex was further analyzed. Proteins present in
the DABPoIF complex were extracted, precipitated, and
separated by electrophoresis on a denaturing SDS/
polyacrylamide gel. The proteins were then transferred to a
nitrocellulose membrane and incubated with anti-RAP 30

FiG. 2. Association of RNA polymerase II

with the DAB complex depends on TFIIF. (A)

Binding reactions were performed as described

in Fig. 1B and contained different combinations

of factors as indicated along the top of the gel.

In lanes 3-7, a constant amount of TFIIA, -1IB,

-—42 _ID, and -IIF and increasing amounts of RNA

polymerase IIA (5, 10, 20, and 40 ng, respec-

% tively) were added to the binding reactions. In

VA lanes 812, the same conditions as in lanes 3-7

-7 |were used, except that a constant amount of

RNA polymerase II (40 ng) and decreasing

amounts of TFIIF (4, 3, 2, 1, and 0 ul, respec-

tively) were added. Arrows indicate the posi-

-;+1 tions of complexes DA, DAB, DBPolF, and

DABPoIF. Reactions in lanes 13-15 were per-

formed as above except that TFIID, -IIB, or

-IIA was omitted, as indicated. (B) DNase I

LEIT protection pattern of complexes DAB and DAB-

PolF. Complexes were formed as described in

the legend to Fig. 1B. After a 30-min incubation,

the mixtures were treated with DNase I and

processed as described (29). The DNase I pro-

tection patterns of reactions containing no pro-

. tein, the DAB complex, and DABPolF complex
are shown in lanes 1, 2, and 3, respectively.
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FiG. 3. Both polypeptides of TFIIF are part of the DABPolF DN A-protein complex. (A) Binding reactions contained the transcription factors

indicated at the top of the panel. Antibodies against peptides derived from the small (alIF 30; 0.4 ug, lanes 4-6) and large (aRAP 74; 0.1 ug, lanes
7-9) subunits of TFIIF were added at the following times: with TFIIF, but the antibodies and TFIIF were incubated for 15 min prior to addition
to the DNA binding reactions (lanes 4 and 7), 1 min after addition of TFIIF to the DNA binding reaction (lanes S and 8), and 15 min after the addition
of TFIIF to the DN A binding reaction (lanes 6 and 9). A reaction containing control antibody is shown in lane 3. aB-Gal, anti-B-galactosidase. (B)
Different amounts of anti-RAP 74 antibodies were added to DNA binding reaction mixtures containing all the factors necessary to form the
DABPolF complex (lanes 1-4) or in the absence of TFIIF (lanes 5-7). (DABPolF)’, supershifted complex. (C) The proteins present in different
complexes, as indicated at the top of the gel, were extracted from native polyacrylamide gels and separated by electrophoresis on an SDS/PAGE
gel, and polypeptides (RAP 30 and largest subunit of RNA polymerase II) were visualized by Western blot analysis. The nitrocellulose filter was
first incubated with anti-RAP 30 antibodies (lanes 1-6). Then the same membrane was incubated with antibodies against exon 5 of the largest subunit
of RNA polymerase II (lanes 7-11). Immunoreactive material was visualized by an enhanced chemiluminescence detection method as described

by the manufacturer (Amersham). a-RAP 30, anti-RAP 30; a-Pol II, anti-polymerase II.

(Fig. 3C, lanes 1-6) or, in addition, with antibodies against
the largest subunit of RNA polymerase II (Fig. 3C, lanes
7-11). The result of this experiment demonstrated that the
30-kDa subunit of TFIIF was part of the DABPolF complex
(Fig. 3C, lanes S and 6). The association of RAP 30 with the
DNA-protein complex was dependent on RNA polymerase
II, as RAP 30-reacting material could not be detected if the
DAB complex was incubated with TFIIF in the absence of
RNA polymerase II (Fig. 3C, lane 4). In agreement with the
results presented above (Figs. 1 and 2), RNA polymerase
II-reacting material (largest subunit) could only be detected
when the DNA binding reactions contained TFIIF (Fig. 3C,
lanes 10 and 11). The incubation of RNA polymerase II with
the DAB complex in the absence of TFIIF (Fig. 3C, lane 8)
failed to yield a DNA-protein complex containing RNA
polymerase Il-reacting material. In view of our previous
observations demonstrating an interaction of RNA polymer-
ase II with TFIIF (30, 52), these results suggest that an RNA
polymerase II-TFIIF protein complex can recognize the
DAB complex, resulting in the formation of a DNA-protein
complex (DABPoIF) containing both of the subunits of TFIIF
as well as the largest subunit of RNA polymerase II.

The Small Subunit of TFIIF (RAP 30) Is Sufficient for
Recognition of the DAB Complex by RNA Polymerase II. We
have described the cloning of the cDNA encoding human
RAP 30 (46). Since cloned RAP 30 binds to RN A polymerase
II (M.K. and J.G., unpublished results), we tested whether
RAP 30 produced in Escherichia coli could direct the asso-
ciation of RNA polymerase II with the DAB complex in the
absence of RAP 74 (Fig. 4). Binding assays containing TFIIA,
TFIIB, TFIID, RNA polymerase II, and recombinant RAP 30
(Fig. 4, lanes 4-6) produced complexes (DABPoIRAP30
complexes) with nearly the same mobility as the DABPolF
complex (Fig. 4, lane 7). The formation of this complex
depended on both RAP 30 (Fig. 4, lane 3) and RNA poly-
merase II (data not shown). Therefore, RAP 30 sufficed to
direct RNA polymerase II to a DAB-promoter complex.
There was some trailing of the DABPolRAP30 complex
caused, presumably, by the slow dissociation of the DAB-
PolRAP30 complex during electrophoresis (Fig. 4, lanes

4-6). This suggests that RAP 74 may contribute to the overall
stability of the DABPoIF complex.

DISCUSSION

Previous studies have indicated that a region of RAP 30 is
similar to the RNA polymerase-binding region of ¢’° (46, 53).
The rat liver By factor (19) appears to be closely related to,
or identical to, TFIIF (31) and RAP 30/74 (34) and cross-
reacts with antibodies against human RAP 30 and RAP 74 (S.
McCraken and J.G., unpublished observations). Both cloned
RAP 30 (M. K and J.G., unpublished results) and By (54)
behave like o’ (47, 48) in that they prevent the nonspecific
binding of RNA polymerase II to DNA. The studies pre-
sented here, showing that TFIIF modulates the specific
interaction of RNA polymerase II with promoter-bound
preinitiation complexes, represent functional evidence indi-
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FiG. 4. Cloned RAP 30 suffices to direct RNA polymerase Il to
the DAB complex. Binding reactions were performed as described in
Fig. 1B and contained different combinations of factors as indicated.
The amount of cloned RAP 30 produced in E. coli used in lanes 4-6
was 20 ng, 40 ng, and 100 ng, respectively.
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Fi1G. 5. Model for the assembly of the preinitiation complex
intermediate DABPoIF. Pol II, polymerase II.

cating equivalent roles for a eukaryotic general transcription
factor and the prokaryotic o factor in directing RNA poly-
merase II to promoter sites.

Previous studies on preinitiation complex formation sug-
gested that the entry of RNA polymerase II into the tran-
scription complex occurred either immediately after the
association of TFIID and TFIIA with the DNA template (14,
26) or by direct binding to the DAB complex (28). This
apparent contradiction with our findings can be explained by
the impurity of the protein fractions that were used in those
studies. Partially purified HeLa TFIID fractions similar to
those used in the studies of Reinberg e al. (14) and Fire et al.
(26) are now known to contain high levels of TFIIF and TFIIE
(O.F. and D.R., unpublished observations). Moreover, we
have consistently observed that partially purified fractions
similar to the ones utilized in the studies of Buratowski et al.
(28) contain variable amounts of cross-contaminating TFIIF
(33). In the experiments described in this report, we used
recombinant yeast TFIID and TFIIB, in combination with
TFIIF and RNA polymerase II protein fractions that were
highly purified and devoid of other general factor activities.

The results presented here support the model of complex
assembly that is illustrated in Fig. 5. According to our
studies, TFIIF (RAP 30/74) interacts with RNA polymerase
II in the absence of DNA (30, 52). The resulting RNA
polymerase II/TFIIF complex is competent for binding to an
available DAB complex. The association of RNA polymerase
II and TFIIF yields the intermediate DABPoIF complex,
which can be then recognized by TFIIE and TFIIH (7, ||).
During transcription initiation, RNA polymerase II exits the
promoter, resulting in the concomitant dissociation of TFIIE,
-IIF, and -ITH. Recycling of the polymerase for a second
round of transcription would then require reassociation with
TFIIF followed by its binding to the DAB complex and the
subsequent actions of TFIIE and TFIIH.
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