MOLECULAR AND CELLULAR BIOLOGY, Sept. 1995, p. 4856-4866
0270-7306/95/$04.00+0
Copyright © 1995, American Society for Microbiology

Vol. 15, No. 9

Analysis of the Role of TFIIE in Basal Transcription and
TFIIH-Mediated Carboxy-Terminal Domain Phosphorylation
through Structure-Function Studies of TFIIE-a

YOSHIAKI OHKUMA, SHIGERU HASHIMOTO,} C. KATHY WANG,
MASAMI HORIKOSHI,+ anpo ROBERT G. ROEDER*

Laboratory of Biochemistry and Molecular Biology, The Rockefeller University, New York, New York 10021

Received 9 February 1995/Returned for modification 16 March 1995/Accepted 25 May 1995

The general transcription factor TFIIE recruits TFIIH at a late stage of transcription initiation complex
formation and markedly stimulates TFIIH-dependent phosphorylation of the carboxy-terminal domain (CTD)
of RNA polymerase II. To study this function of TFIIE in more detail, systematic deletion mutations were
introduced into the large subunit of TFIIE (TFIIE-a) and were analyzed with regard to their effects on
TFIIH-dependent CTD phosphorylation, TFIIE-dependent basal and enhancer-dependent transcription, and
interactions of TFIIE-a with both TFIIE-g and TFIIH. The amino (N)-terminal half of TFIIE-«, which
possesses several putative structural motifs, was sufficient for the phosphorylation and transcription activities
and for TFIIE-f interactions, whereas a site effecting both strong interactions with TFIIH and large stimu-
latory effects on transcription and CTD phosphorylation was localized to an acidic region near the carboxy (C)
terminus. The fact that these activities appear to be tightly linked supports the idea that TFIIE interacts
physically and functionally with TFIIH and that CTD phosphorylation is essential for transcription under
normal conditions. The present results suggest that TFIIE, via its effect on TFIIH, may act as a checkpoint for

formation of a preinitiation complex.

Productive transcription initiation events play a key role in
the regulation of gene expression. A number of potentially
distinct steps can be recognized: (i) formation of a preinitiation
complex on the promoter; (ii) transition, accompanied by pro-
moter melting, to an active (competent) initiation complex;
(iii) transcription initiation per se (formation of the first phos-
phodiester bond); and (iv) transition to a productive elonga-
tion complex (promoter clearance) (for reviews, see references
42 and 69). In eukaryotes, the formation of a productive
(pre)initiation complex, which is defined here as one leading
ultimately to a functional elongation complex, may involve at
least seven general transcription factors (TFIIA, -1IB, -IID,
-IIE, -IIF, -1IG/J, and -1IH) in addition to RNA polymerase II
(Pol IT) (for reviews, see references 8, 52, and 78). At present,
most efforts have been directed toward understanding preini-
tiation complex formation by characterizing both general tran-
scription factors (for a review, see reference 8) and various
sequence-specific transcription regulators (for a review, see
reference 43) which affect productive preinitiation complex
formation. While early steps, such as TFIIA-stabilized inter-
actions of natural TFIID or the derived TATA box-binding
protein (TBP) with the TATA box, and subsequent TFIIB
recruitment, are fairly well characterized, analysis of the later
steps is not yet complete. This is due, in part, to the increas-
ingly complex interactions as more factors are incorporated
into the preinitiation complex.

One of the general transcription factors involved in late
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steps of preinitiation complex formation is TFITH (14). This
multisubunit factor and its rat and yeast homologs (for a re-
view, see reference 8) have a kinase activity which phosphory-
lates both the carboxy-terminal domain (CTD) of Pol II and
several general transcription factors, as well as ATPase and
helicase activities (11, 38, 46, 59, 61). The former kinase activ-
ity has recently been identified as the CDK-activating kinase
(CAK) (12, 53). That these activities could regulate productive
transcription events is suggested by the following. First, early
studies on the timing of CTD phosphorylation suggested that it
might be involved in the transition from initiation to elonga-
tion events (3, 32, 50). Second, transcription from the adeno-
virus 2 major late promoter was shown to require hydrolysis of
the B-y bond of ATP or dATP (2, 56), even when an initiation-
competent proteolyzed form (IIB) of Pol II lacking the CTD
was employed (32). Third, formation of a functional preinitia-
tion complex was shown to be more efficient with the nonphos-
phorylated form of the CTD-containing Pol II (IIA) than with
the phosphorylated form (II0) (3, 37). Fourth, earlier studies
of open complex formation (promoter melting) have sup-
ported a role for ATPase and possibly helicase activities prior
to initiation (25-27, 71, 78). More recent studies have sug-
gested conditional requirements for TFIIH in transcription
that are dependent on the nature (e.g., superhelical density) of
the templates, although the results have not been completely
consistent (references 17, 49, 66, and 70 versus reference 14).
Thus, there are indications (based on different specificities, for
example) that at least two of the three TFIIH activities, the
kinase and ATPase activities, may be differentially regulated
and may function during different steps of the transcription
process. A recent study by Goodrich and Tjian (17) supports a
role for TFIIH in promoter clearance.

Of special relevance in the present report is the general
transcription factor TFIIE, a heterotetrameric o,f3, structure
(23, 47, 48, 51, 63) involved in recruitment of TFIIH to the
(pre)initiation complex. TFIIE has been demonstrated to stim-
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ulate both CTD phosphorylation by TFIIH (38, 46) and TFIIH-
dependent ATP hydrolysis (46) even in the absence of tran-
scription initiation and, most recently, has been implicated in
promoter clearance in conjunction with TFIIH (16). To further
elucidate the mechanisms involved in initiation and early elon-
gation events, we have constructed a series of deletion mutants
of TFIIE-a and tested their abilities to mediate CTD phos-
phorylation as well as both basal and activated transcription. In
addition, we have identified regions of TFIIE-a which are
essential for physical interactions with TFIIE-B and TFIIH.
Our results indicate that TFIIE-stimulated CTD phosphoryla-
tion can occur before transcription initiation, in agreement
with the results described by Laybourn and Dahmus (32), and
that the ability of TFIIE-o mutants to stimulate CTD phos-
phorylation is correlated with their ability to form a hetero-
meric complex with TFIIE-B, to interact with TFIIH, and to
effect basal transcription. This suggests that the function (pro-
cessivity) of Pol II in productive initiation complexes might be
potentiated by phosphorylation events that release the CTD
from associations with DNA and TBP or TFIID (cf. reference
67) even before transcription initiation.

MATERIALS AND METHODS

DNA templates. For basal transcription assays, the adenovirus type 2 major
late promoter containing plasmid pML(C,AT)A-50 served as a template (57). To
assay transcription activation, the plasmid pGSHM(C,AT) was used as the test
template (4), with the plasmid pML(C,AT)A-53Sh providing the base line con-
trol (68). pGSHM(C,AT) contains five GAL4-binding sites preceding the human
immunodeficiency virus TATA box and the AAML promoter initiator element in
front of a G-less cassette. Both pML(C,AT)A-50 and pG5HM(C,AT) give 380-
nucleotide (nt) transcripts, and pML(C,AT)A-53Sh gives a 330-nt transcript.

Construction of histidine-tagged expression vectors. The oligonucleotide 5'-
ATCTGGGTCTGCCATATGTAGCAACGAACTCCA-3" was used to create
an Ndel site at the first methionine of the open reading frame of human TFIIE-a
c¢DNA in p2EYC by site-directed mutagenesis (21, 30). The Ndel-BamHI frag-
ment of this clone (p2EA) was subcloned into the 6HisT-pET11d vector as
described elsewhere (19).

The plasmid containing cDNA encoding the p62 subunit of TFIIH (pBS62)
was kindly provided by J.-M. Egly (13). A duplex oligonucleotide (5'-CCATC
CTGCTTCTTTTGACGCACTTTCTTTACAATCAGCAAAACTTCTT
CAGATGAGGTTGCCA-3'; 5'-TATGGCAACCTCATCTGAAGAAGTTTT
GCTGATTGTAAAGAAAGTGCGTCAAAAGAAGCAGGATGGAGCT-3')
and a BamHI (Klenow fragment digested)-Sacl fragment from pBS62 were used
to subclone the p62 cDNA into the 6HisT-pET11d vector as described above.

Construction of TFIIE-a mutants. Mutants of the TFIIE-a cDNA (p2EA)
were constructed by the described procedure of oligonucleotide-mediated mu-
tagenesis (30). A restriction site was designed in each oligonucleotide to enable
selection of mutant plasmids as described elsewhere (21), which was then con-
firmed by sequencing. The Ndel-BamHI fragments of all mutants were subcloned
into 6HisT-pET11d. N-terminal and internal deletions were constructed by de-
leting the indicated amino acid residues and C-terminal deletions by creating
termination codons at the residues shown in Fig. 1.

Expression and purification of recombinant proteins. Recombinant human
TFIIE-a and its mutants in 6HisT-pET11d were expressed in Escherichia coli
BL21(DE3)pLysS by induction with IPTG (isopropyl-B-p-thiogalactopyrano-
side) (62). Since TFIIE-a and all mutants were highly soluble, lysates were
prepared as described elsewhere (47). For large-scale preparations, lysates from
1 to 4 liters of IPTG-induced bacterial culture were fractionated by 33% satu-
ration of (NH,),SO,. Almost all expressed proteins were thus precipitated,
resuspended with buffer B (20 mM Tris-HCI [pH 7.9 at 4°C], 10 mM 2-mercap-
toethanol, 20% [vol/vol] glycerol, 0.5 mM phenylmethylsulfonyl fluoride
[PMSEF]) containing 500 mM KCl (BB500), and then purified on an Ni-nitrilo-
triacetic acid (NTA) column (Qiagen; 1-ml column volume) as described else-
where (47). After washing with 10 column volumes of the same buffer (BB500)
and then washing with 10 column volumes of BB500 containing 20 mM imida-
zole-HCI (pH 7.9), expressed proteins (>95% pure by Coomassie blue staining
of a sodium dodecyl sulfate [SDS]-polyacrylamide gel) were eluted with BB500
containing 100 mM imidazole-HCI (pH 7.9). For miniscale preparations, lysates
(1 ml) from 50 to 100 ml of culture were directly suspended in Eppendorf tubes
with 100 wl of an Ni-NTA resin and incubated for 4 h at 4°C. The resin samples
were washed five times with 1 ml of BB500 and three times with 1 ml of BB500
containing 20 mM imidazole-HCI (pH 7.9), and expressed proteins were eluted
twice with 200 I of BB500 containing 100 mM imidazole-HCI (pH 7.9). Typical
preparations were >75% pure. The large-scale preparation was carried out for
recombinant human TFIIE-B, resulting in >95% purity. The purification of
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recombinant human TFIIB and TBP (TFIIDT) has been described in detail
elsewhere (39, 65).

Recombinant human p62 (one of the TFITH subunits) in 6HisT-pET11d was
also expressed in E. coli BL21(DE3)pLysS by induction with IPTG (62). The
expressed p62 was insoluble and solubilized in 8 M urea with sonication. The
recombinant protein was then purified by preparative SDS-10% polyacrylamide
electrophoresis (PAGE) and recovered by electroelution. The purity (>99%)
and quantity of the gel-purified recombinant protein were determined by SDS-
PAGE.

In vitro transcription assay. General transcription factors (TFIIF, TFIIG/J,
and TFIIH) were purified either from HeLa nuclear extract or from cytoplasmic
S100 fraction as previously described (48, 64), with the following modifications.
TFIIF and TFITH were purified through five columns: phosphocellulose (P11),
DEAE-cellulose (DES52), high-performance liquid chromatography (HPLC)-
DEAE 5PW, HPLC-SP 5PW, and HPLC-heparin SPW (46). The DEAE-HPLC
TFIIF fraction (64), which contained both TFIIF and TFIIH activities, was
dialyzed, loaded onto an HPLC-SP 5SPW column, and eluted in a gradient at 280
mM KCI. Peak fractions were diluted to a KCl concentration of 100 mM and
loaded onto an HPLC-heparin SPW column. TFIIF was eluted at 320 mM KCl,
and TFITH was eluted at 370 mM KCI. To prepare TFIIG/J, the dialyzed P11
0.85 M KCl fraction was applied onto a DE52 column twice, and the flowthrough
fraction was loaded onto a heparin-Sepharose column and eluted with 0.5 M
KCI. Pol II was highly purified from HeLa nuclear pellets through DE52, A25,
P11, and HPLC-DEAE 5PW chromatography as described elsewhere (64). In
vitro transcription was carried out as described elsewhere (48). For transcrip-
tional activation assays, 20 ng of TFIID containing flag-tagged TBP (4) was used
instead of TBP. For activators, 40 ng of either GAL4-VP16 (55) containing the
C-terminal acidic activation domain of VP16 (residues 413 to 490) fused to the
N terminus of GAL4 (residues 1 to 94) or GAL4-CTF1 (28) containing the
C-terminal proline-rich activation domain of CTF1 (residues 399 to 499) fused to
GALA4 (residues 1 to 94) was used.

Raising antiserum against human TFIIE-a and the p62 subunit of TFIIH.
Two hundred micrograms (100 wl) of purified TFIIE-a (>99% pure) was mixed
with the same volume (100 pl) of complete Freund adjuvant (Difco) and injected
into each rabbit. Two weeks after the first injection, the second injection was
carried out with 100 pg (100 pl) of purified TFIIE-a in 100 wl of incomplete
Freund adjuvant (Difco). The third injection was carried out 2 weeks later by the
same method used for the second injection. Blood was collected 8 days after the
third injection.

Seventy-five micrograms (500 wl) of the purified p62 (>99% pure) was mixed
with the same volume (500 pl) of complete Freund adjuvant, and the mixture was
injected into each rabbit. Four weeks after the first injection, the rabbits were
given booster injections of 50 pg (500 pl) of the purified p62 mixed with the same
volume (500 pl) of incomplete Freund adjuvant. Blood was collected 4 weeks
after the second injection.

Coimmunoprecipitation of TFIIE-B with TFIIE-a mutants. Histidine-tagged
TFIIE-B was expressed in E. coli in the presence of 0.1 mCi of [**SJmethionine
(Amersham) per ml and 200 pg of rifampin per ml. Labeled TFIIE-B was
solubilized by sonication and purified by using the Ni-NTA column as described
above. Labeled TFIIE-B (50 ng) was incubated with deletion mutants of TFIIE-«
(200 ng) in 100 pl of BB100 containing 0.5% Tween 20, 0.005% NaN3, and 0.2
mg of bovine serum albumin per ml for 1 h at 30°C. Then, the reaction volume
was increased to 200 wl with 1X phosphate-buffered saline (136.9 mM NaCl, 5.4
mM KCl, 85.8 mM Na,HPO,, 2.9 mM KH,PO,) containing 1% Tween 20,
0.01% NaNj;, and 0.25% skim milk, and 2 pl of either rabbit preimmune serum
or polyclonal antiserum against TFIIE-a was added. After incubation for 5 h at
4°Cwith rotation, 5 pl (packed volume) of protein A-Sepharose (Pharmacia) was
added. After an additional 1-h incubation at 4°C, the protein A-Sepharose was
precipitated, washed with 500 pl of washing buffer I (10 mM Tris-HCI [pH 7.9 at
4°C], 500 mM NaCl, 0.1% Tween 20), and washed twice with 500 pl of washing
buffer II (10 mM Tris-HCI [pH 7.9 at 4°C], 150 mM NaCl, 0.1% Tween 20).
Finally, the protein A-Sepharose beads were boiled in SDS sample buffer and
analyzed by SDS-10% PAGE. Coimmunoprecipitated TFIIE-B was detected by
autoradiography after enhancement with Amplify (Amersham).

Coimmunoprecipitation of TFIIE-a mutants with TFIIH. Polyclonal antisera
against the p62 subunit of TFITH (0.02 pl) and 5 ul (packed volume) of protein
G-agarose (Pierce) were incubated in buffer C (20 mM Tris-HCI [pH 7.9 at 4°C],
0.5 mM EDTA, 10 mM 2-mercaptoethanol, 20% [vol/vol] glycerol, 0.002%
[vol/vol] Nonidet P-40, 200 pg of bovine serum albumin per ml, 0.5 mM PMSF)
containing 100 mM KCI (BC100) for 2 h at 4°C with rotation. The protein
G-agarose beads were precipitated and washed twice with 500 wl of washing
buffer I and twice with 500 wl of buffer C containing 1 M KCl (BC1000). The
heparin-HPLC TFIIH fraction (200 ng) was then added with 400 ul of BC1000,
and the mixture was incubated with anti-p62-protein G beads for 4 h at 4°C with
rotation. The beads were washed twice with 500 pl of BC1000, twice with 500 .l
of washing buffer I, and three times with 500 pl of BC100 to remove weakly
associated contaminants. The beads precipitated TFIIH with both ATPase and
CTD kinase activities (46a). Finally, various TFITE-a mutants (200 ng) were
incubated with TFIIH-prebound anti-p62-protein G beads in 500 .l of BC100 for
4 h at 4°C with rotation. The beads were washed three times with 500 wl of
BC200, boiled in SDS sample buffer, and analyzed by SDS-11% PAGE. Coim-
munoprecipitated TFIIE-a mutants were detected by immunoblotting as de-
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FIG. 1. Structures of deletion mutants of human TFIIE-o. The schematic diagrams of TFIIE-a mutants are presented. The numbers on the left indicate the actual
amino acid residues deleted and are used to denote each mutant (the deleted portion of TFIIE-« is indicated by a gap). (A) N-terminal and C-terminal deletion mutants.
All mutants were designed according to the putative structural motifs and characteristic sequences as shown in panel C. (B) Internal deletion mutants. These mutants
were also constructed according to the proposed structures of TFIIE-a (Fig. 1C). Two mutants (A3-11 and A415-439) are the same as the mutants presented in panel
A. (C) Schematic diagram of representative structures of TFIIE-a. The o homology region (o), leucine repeat (LR), zinc finger (ZF), helix-turn-helix (HTH),
alanine-rich region (A-rich), a region that consists of serine, threonine, aspartic acid, and glutamic acid residues (S,T,D,E), and acidic region (D,E-rich) are indicated (47).

scribed below. Proteins were transferred to a Millipore Immobilon-P polyvinyli-
dene difluoride membrane. This membrane was blocked in a 5% nonfat milk
solution containing 25 mM Tris-HCI (pH 7.5) and 150 mM NaCl and incubated
with anti-TFIIE-a polyclonal antiserum (1:3,000 dilution) in rinse solution (10
mM Tris-HCI [pH 7.5], 1 mM EDTA, 150 mM NaCl, 0.1% [vol/vol] Tween 20,
0.4% nonfat milk) and then with horseradish peroxidase-conjugated anti-rabbit
second immunoglobulin G (1:10,000 dilution; Amersham). Then, the membrane
was developed with an enhanced chemiluminescence detection kit (Amersham)
and was detected by PDB-1 film (Kodak).

Kinase assay. In addition to transcription factors and DNA added as described
in the legends to Fig. 7 and 8, the kinase reaction mixture (25 wl) contained 5
mM HEPES (N-2-hydroxylethylpiperazine-N’-2-ethanesulfonic acid)-KOH (pH
7.8), 20 mM Tris-HCI (pH 7.9 at 4°C), 7 mM MgCl,, 60 mM KCI, 12% (vol/vol)
glycerol, 2% (wt/vol) polyethylene glycol 8000, 2 mM 2-mercaptoethanol, 0.1
mM EDTA, 240 pg of bovine serum albumin per ml, 5 pM ATP, and 3 pnCi of
[y->*P]ATP. Phosphorylation reactions were done at 30°C for 1 h and stopped by
the addition of 75 pl of phosphorylation stop solution (10 mM EDTA, 0.1%
Nonidet P-40, 0.05% SDS). Phosphorylated proteins were precipitated with
trichloroacetic acid and analyzed by SDS-PAGE (5.5 or 10% acrylamide).

RESULTS

Putative structural motifs of TFIIE-« are essential and suf-
ficient to support basal transcription. The predicted amino
acid sequence of TFIIE-a reveals several putative structural
motifs and characteristic sequences: a bacterial o factor ho-
mology region (residues 13 to 49), a leucine repeat motif (res-
idues 38 to 66), a zinc finger motif (residues 121 to 157), a
helix-turn-helix motif (residues 159 to 182), alanine-rich se-
quences (residues 221 to 240 and 335 to 349), a sequence

consisting of serine, threonine, aspartate, and glutamate (res-
idues 352 to 365), and an acidic region (D and E rich [residues
378 to 393]), as shown in Fig. 1C (45, 47). On the basis of this
information, a systematic series of deletion mutants (N termi-
nal, C terminal, and internal) was constructed (summarized in
Fig. 1A and B). For structure-function analyses of TFIIE-a,
bacterially expressed mutants were purified and analyzed by
SDS-PAGE (Fig. 2A and 3A). The deletion mutant of the
acidic domain (A377-393) shows the fastest migration in SDS
gels among the internal deletion mutants (Fig. 3A). This may
be because of the removal of the heavy negative charge. The
basal transcription activity of each deletion mutant was mea-
sured by complementation of a reconstituted transcription sys-
tem containing the adenovirus type 2 major late promoter and
all general transcription factors except TFIIE. As shown in Fig.
2B, N-terminal deletion mutant A3-11 was almost as active as
the wild type; however, mutants with further deletions from the
N terminus showed no basal transcription activity. In contrast
and somewhat surprisingly, all mutants with C-terminal dele-
tions extending to residue 174 supported basal transcription
activity, albeit at a reduced level that largely reflects loss of
sequences between residues 377 and 395 (see below as well).
Additional mutants with C-terminal deletions extending to res-
idues 122 and 159 were expressed efficiently but showed no
transcription activity (see Fig. SA and B). Thus, the minimal
functional region of TFIIE-« is localized between residues 12
and 173.
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FIG. 2. Basal transcription activities of purified N-terminal and C-terminal
deletion mutants of TFIIE-a. (A) SDS-PAGE of TFIIE-a mutants. The N- and
C-terminal deletion mutants (diagrammed in Fig. 1A) were purified as described
in Materials and Methods, analyzed on a 10% polyacrylamide gel, and stained
with Coomassie blue. Vector lysate means the vector lysate purified by the same
procedure. The sizes of molecular mass markers are indicated on the right side
(in kilodaltons). Arrows indicate the position of contaminating polypeptides. (B)
Analysis of basal transcription activities. Reaction mixtures (25 pl) containing
200 ng of the adenovirus type 2 major late promoter template, pML(C,AT)A-50
(55), Pol II, and all general transcription factors except TFIIE (48) were com-
plemented with buffer only (—a—p), 2 ng of TFIIE-B (—a), or 4 ng of various
TFIIE-o mutants together with 2 ng of TFIIE-B. The arrow indicates the position
of the specific transcript.

To further investigate the importance of the individual in-
ternal sequences for basal transcription, internal deletion mu-
tants were analyzed (Fig. 3). As shown in Fig. 3B, mutations
which selectively delete the o homology (A16-39), leucine re-
peat (A40-70), zinc finger (A119-143 and A149-157), and helix-
turn-helix (A160-189) structures, as well as intervening se-
quences (e.g., A70-99 and A95-119), all abolished transcription.
These results are consistent with those from the C-terminal
deletion analyses, with one exception; internal deletion mutant
A184-203 did not show basal transcription activity, while the
C-terminal deletion mutant A174-439, which also lacks resi-
dues 184 to 203, still supported transcription activity. One
explanation for this inconsistency is that the closer apposition
of separate peptide fragments in mutant A184-203 results in
inhibitory conformational changes.

The strong sequence conservation of the N-terminal half
(residues 1 to 218) of TFIIE-a between humans and Xenopus
laevis (45) further supports the functional importance of the
N-terminal domain (residues 12 to 173). However, while the
C-terminal half of TFIIE-a was not absolutely required for
activation, deletion of the acidic domain (residues 378 to 393)
decreased transcription activity by 90% (compare also mutant
A377-439 with A395-439 in Fig. 2B and mutant A377-393 with
A394-414 in Fig. 3B). This result suggests that the acidic do-
main interacts with some component(s) of the general tran-
scription machinery. Deletion of the other characteristic C-
terminal sequences (e.g., A-rich and S, T, D, and E regions)
had little or no effect on basal transcription. However, it is still
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FIG. 3. Basal transcription activities of purified internal deletion mutants of
TFIIE-a. (A) SDS-PAGE of TFIIE-a mutants. The internal deletion mutants
(diagrammed in Fig. 1B) were purified and analyzed on a 10% polyacrylamide
gel stained with Coomassie blue. Arrows indicate the positions of contaminating
polypeptides. The asterisk indicates the position of a degradation product in
A40-70. (B) Analysis of basal transcription activities. A complementation assay of
TFIIE-« activity was carried out as described in the legend to Fig. 2B. The arrow
indicates the position of the specific transcript.

possible that these sequences are important for interactions
with specific transcriptional regulators.

Regions essential for TFIIE-o~TFIIE-f interactions are lo-
cated in the N-terminal half of TFIIE-a. To localize the re-
gions of TFIIE-a involved in interactions with TFIIE-B,
TFIIE-o mutants were incubated with >°S-labeled TFIIE-B
and coimmunoprecipitated by using anti-TFIIE-a polyclonal
antibody. The reactivities of this antibody to all mutants were
established in advance by both immunoprecipitation and West-

- - - - - - ———

FIG. 4. Characterization of TFIIE-B interaction domains in TFIIE-a. (A)
N-terminal and C-terminal deletion mutants. In vivo-labeled **S-TFIIE-8 (50
ng) was incubated with 200 ng of E. coli lysate of vector-transformed cells, 200 ng
of TFIIE-a (wild type), and 200 ng of various TFIIE-a mutants as indicated at
the top of the panel. TFIIE-B was coimmunoprecipitated with TFIIE-a mutants
by using either rabbit preimmune sera (p) or immune sera (i) against TFIIE-« as
indicated in Materials and Methods. Immunocomplexes were analyzed by SDS-
PAGE, and **S-TFIIE-B was detected by autoradiography. Input >>S-TFIIE-B
was run in parallel on the rightmost lane. The arrow indicates the position of
TFIIE-B. (B) Internal deletion mutants. The procedure described for panel A
was used to detect coimmunoprecipitated **S-TFIIE-B.
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FIG. 5. Identification of the minimal functional domain of TFIIE-a. (A)
SDS-PAGE of further C-terminal deletion mutants. Further deletions were
constructed from the C terminus. Two mutants (A122-439 and A159-439), which
are diagrammed in Fig. 1A, were purified and analyzed on a 12% polyacrylamide
gel stained with Coomassie blue. Sizes of molecular mass markers are indicated
on the left side (in kilodaltons). Arrows indicate the positions of A122-439,
A159-439, and A174-439. The asterisk shows the position of a contaminant. The
mock-purified TFIIE-a fraction was run in the first lane. (B) Analysis of basal
transcription activities. Complementation transcription assays of TFIIE-a activ-
ity were carried out as described in the legend to Fig. 2B. The N-terminal
deletion mutant AS5-350 was used as a negative control, and the C-terminal
deletion mutant A174-439 and the wild type were used as positive controls (Fig.
2B). The arrow indicates the position of specific transcripts. (C) TFIIE-B inter-
actions. Coimmunoprecipitation assays were carried out as described in the
legend to Fig. 4. In this case, A5-350 and A174-439 were also used as negative and
positive controls (Fig. 4A), respectively. The arrow indicates the position of
TFIIE-B. p and i, preimmune and immune sera, respectively.

ern blotting (immunoblotting) (data not shown). As shown in
Fig. 4A and B and 5C, and by comparison with the data in Fig.
2B, 3B, and 5B, all mutants which were active in basal tran-
scription also showed an interaction with TFIIE-B. Interest-
ingly, all but two of the mutants which were transcriptionally
inactive also failed to interact with TFIIE-B, the exceptions
being mutants A119-143 and A149-157. Although each lacks a
part of the putative zinc finger domain, both still interact with
TFIIE-B (Fig. 4B). Taken together, these results indicate that
two distinct domains (residues 12 to 118 and 158 to 214), which
are separated by the zinc finger region, are essential for inter-
action with TFIIE-B.

All deletion mutants of TFIIE-a which support basal tran-
scription also support transcriptional activation by various
activators. Although recent studies have implicated TFIID
(both TBP and associated proteins) and TFIIB as targets for
transcription activators (6, 16, 18, 20, 22, 29, 35, 36, 75), this
does not exclude other general initiation factors from being
alternate or simultaneous targets. Since TFIIE-a contains
structural motifs of documented importance for other regula-
tory factors, the possible function of these elements in activa-
tor-dependent transcription was tested through the use of
TFIIE-a mutants that retained basal transcription activity. The
analyses in Fig. 6A and B show effects of the acidic activator
GAL4-VP16 on the selected N- and C-terminal and internal
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deletion mutants, respectively. All mutants tested supported
transcriptional activation by 5- to 10-fold, although the basal
transcription level varied for each mutant. The results for
GAL4-AH were identical to those for GAL4-VP16 (data not
shown). Even when the proline-rich activator GAL4-CTF1 was
used, all transcriptionally active N- and C-terminal deletion
mutants supported activation at levels almost equivalent to
those observed with GAL4-VP16 (Fig. 6C). These results dem-
onstrate that the C-terminal half of TFIIE-a modulates basal
transcription but apparently is not directly involved in GALA4-
based activator function under the conditions tested. It seems
likely, therefore, that the N-terminal half is important for both
basal and activated transcription. The best way to distinguish
the region important for activation from the region for basal
transcription will be to identify mutants (possibly point mu-
tants) that possess basal transcription but are refractory to
activation.

Effects of TFIIE-a mutations on TFIIH-dependent CTD
phosphorylation correlate with effects on basal transcription.
TFIIE strongly stimulates phosphorylation of the CTD of Pol
IT by TFIIH (38, 46) and is required for the maximal level of
phosphorylation of the CTD that is observed during formation
of the preinitiation complex (46). Thus, given the possible
effect of CTD phosphorylation on both preinitiation complex
formation (including Pol II entry) and preinitiation complex
function (initiation or early elongation events), one or both
subunits of TFIIE might help to directly regulate these events.
To investigate this possibility for TFIIE-a and to map the
regions which are essential for TFIIH-mediated phosphoryla-
tion, the abilities of the deletion mutants of TFIIE-« to stim-
ulate CTD phosphorylation during preinitiation complex for-
mation (in the presence of the promoter, all initiation factors,
and Pol ITA) were determined.

As shown in Fig. 7A and B, all mutants capable of interact-
ing with TFIIE-B also stimulated CTD phosphorylation under
these conditions. These included the zinc finger mutants
(A119-143 and A149-157) that are completely inactive in basal
transcription and the C-terminal acidic region mutant (A377-
393) that shows a 10-fold reduction in basal transcription.
Although phosphorylation of the CTD in the presence of pro-
moter DNA is completely dependent on entry (at a late step)
of TFIIE into the preinitiation complex (38, 46), phosphory-
lation (by TFIIH) of the CTD in the absence of promoter
DNA is enhanced by TFIIE regardless of the presence of the
other general factors (46). Therefore, the effects of TFIIE-«
mutations on CTD phosphorylation were also analyzed in the
absence of DNA, with only TFIIH, TFIIE-B, and Pol II (Fig.
8). Of the mutants that were analyzed, all of those which were
fully or partially active in transcription also stimulated DNA-
independent phosphorylation, with the notable exception of
the A377-393 mutant. This mutant lacks the acidic region and,
as shown above (Fig. 3B), showed a significantly reduced (by
90%) basal transcription activity. This suggests that TFIIE-«
binds directly to TFIIH and/or Pol II via interactions involving
the acidic region (see below). The failure of the A377-393
mutation to inhibit CTD phosphorylation in the presence of
DNA and the other general transcription factors (Fig. 7B, lane
19) may simply reflect concerted interactions between the fac-
tors (e.g., additional contacts of TFIIB and/or TFIIF with
TFIIH and/or Pol II) that compensate for loss of the intrinsic
ability of the TFIIE-a mutant to interact with TFIIH and/or
Pol II (see below).

Interestingly, while deletion mutants lacking the putative
zinc finger motif (A119-143 and A149-157) also supported
stimulation of CTD phosphorylation under transcription con-
ditions (Fig. 7B, lanes 9 and 10), they failed to stimulate CTD
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FIG. 6. Effects of deletion mutants of TFIIE-a on transcriptional activation.
(A) N-terminal and C-terminal deletion mutants of TFIIE-a with GAL4-VP16.
Reaction mixtures (25 wl) contained 100 ng of pGSHM(C,AT), 50 ng of
PML(C,AT)A-53Sh, and all general transcription factors together with Pol II as
described elsewhere (48), except that 20 ng of purified flag-tagged TFIID was
used as natural TFIID (4). Twenty nanograms of mutant or wild-type TFIIE-a
was used for transcription as indicated on the top of the panel. In lanes 1 and 2,
TFIE-a was omitted (—IIE-a). The upper arrow (380 nt) indicates transcripts of
pG5SHM(C,AT), and the lower arrow (330 nt) indicates transcripts of
PML(C,AT)A-53Sh. The extent of activation was calculated by comparing tran-
scription levels in the absence (—) and presence (+) of 40 ng of GAL4-VP16
(G4-VP16), measured with a PhosphorImager (Molecular Dynamics). (B) Inter-
nal deletion mutants of TFIIE-a with GAL4-VP16. The procedure used was the
same as that described for panel A, except that 20 ng of the internal deletion
mutants was employed. (C) N-terminal and C-terminal deletion mutants of
TFIE-a with GAL4-CTF1. Forty nanograms of the proline-rich activator
GALA4-CTF1 (G4-CTF1) instead of GAL4-VP16 was used. All conditions were
as described for panel A.

phosphorylation by TFIIH in the absence of all other general
factors and promoter DNA (Fig. 8, lanes 9 and 10). This most
likely reflects a reduced intrinsic ability of these mutants to
interact directly with TFIIH and/or Pol II and supports the
view that other general factors may help recruit mutant TFIIE
and TFIIH to the preinitiation complex and allow phosphor-
ylation activity (cf. above). Additionally, two deletion mutants
(A16-39 and A40-70) which failed either to support basal tran-
scription or to interact with TFIIE-B were still able to stimulate
phosphorylation of the CTD (Fig. 8, lanes 5 and 6). These
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mutants could be missing regions that are normally inhibitory
for interactions with TFIIH and/or Pol II or they might contain
a newly created domain capable of interacting with TFIIE-B in
conjunction with Pol IT and TFIIH. Alternatively, their persis-
tent ability to bind independently to TFIIH (Fig. 9, lane 7 for
A40-70 and data not shown for A16-39) may still account for
their ability to stimulate CTD phosphorylation in the absence
of DNA (Fig. 8, lanes 5 and 6) but not under conditions which
necessitate proper entry into an initiation complex (Fig. 7B,
lanes 5 and 6). This region (residues 16 to 120) contains several
sets of heptad repeats of hydrophobic residues that may suffice
for protein-protein interactions (especially with TFIIE-B) even
after partial internal deletions within this region.

Carboxy-terminal acidic region of TFIIE-« is involved in
binding to TFIIH. In view of the results for basal transcription
and CTD phosphorylation presented above, it seemed possible
that TFIIE-a might interact directly with TFIIH. To test this
possibility, binding of various TFIIE-a mutants to TFIIH was
analyzed by coimmunoprecipitation with anti-TFIIH antibody
and by detection of precipitated mutants with anti-TFIIE-a
antibody after Western blotting of SDS-polyacrylamide gels
(Fig. 9). Interestingly, a small fragment (mutant A5-350) con-
taining mainly the C-terminal residues of TFIIE-a was suffi-
cient to bind to TFIIH (Fig. 9, lane 3), whereas mutants with
C-terminal deletion (A377-439, A300-439, and A174-439) ex-
tending to or beyond residue 376 could not (Fig. 9, lanes 4 to
6). Similarly, an analysis of internal deletion mutants demon-
strated that only mutant A377-393, which lacks the acidic re-
gion, could not bind to TFIIH (Fig. 9, lane 17). This clearly
indicates that TFIIE-a can directly and specifically bind to
TFIIH via the acidic region.

Deletions of the putative zinc finger motif (mutants A119-
143 and A149-157) did not affect binding to TFIIH (Fig. 9,
lanes 8 and 9). This is of special significance in view of the fact
that zinc finger mutations eliminate both basal transcription
(Fig. 3) and the ability of TFIIE to enhance CTD phosphory-
lation by TFIIH in the absence of other general factors (Fig. 8).
These results are consistent with the idea that TFIIE must be
involved in multiple interactions, i.e., minimally those through
which TFIIE is recruited to the preinitiation complex and
those which in turn recruit TFIIH, but possibly including dis-
tinct interactions which regulate the enzymatic function of
TFIIH (10, 46). While zinc finger motifs could be involved in
generalized protein-DNA binding as suggested earlier (for a
review, see reference 7), the presence of zinc finger motifs in
Pol II (for a review, see reference 77) and the demonstrated
contribution of zinc finger motifs to subunit interactions of
either RNA polymerase 1 (76) or RNA polymerase III (74)
raise the possibility that the TFIIE-a zinc finger motif is in-
volved in interactions with Pol II. Consistent with this view,
others have indicated that TFIIE can interact with Pol II (15)
and that a zinc finger mutation can alter TFIIE interactions
with the preinitiation complex (41).

A putative zinc finger domain is essential for productive
transcription initiation. The deletion mutants (A119-143 and
A149-157) lacking the putative zinc finger domain failed to
show basal transcription activity (Fig. 3B) but stimulated CTD
phosphorylation during preinitiation complex formation (Fig.
7B, lanes 9 and 10). These results suggest that these mutants
have the potential to form a nonfunctional initiation complex.
To examine this possibility, the effect of increasing amounts of
the mutants on basal transcription by wild-type TFIIE-a was
tested. As shown in Fig. 10A, these deletion mutants actively
suppressed basal transcription in a dose-dependent manner
(lanes 4 to 8 and 9 to 13). On the other hand, TFIIE-a mutants
lacking either the N-terminal half (A8-184) or the C-terminal
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FIG. 7. Effects of deletion mutants of TFIIE-a on CTD phosphorylation by
TFIIH during active initiation complex formation. (A) N-terminal and C-termi-
nal deletion mutants. Kinase assays (25-pl mixtures) were carried out as de-
scribed in Materials and Methods under the conditions of active initiation com-
plex formation. Factors added were as follows: recombinant human TBP (30 ng),
recombinant TFIIB (20 ng), heparin-HPLC-purified TFIIF (30 ng), heparin-
HPLC-purified TFIIH (30 ng), and DEAE-HPLC-purified Pol II (100 ng). Two
nanograms of DNA fragment containing adenovirus type 2 major late promoter
sequences from —39 to +29 also was added. Lane 1, reaction without TFIIE
(—a—B); lanes 2 to 20, 10 ng of TFIIE-B added; lane 2, reaction in the absence
of TFIIE-a (—a). Phosphorylated proteins were analyzed on an 5.5% SDS-
acrylamide gel and detected by autoradiography. Arrows indicate the positions of
the phosphorylated form of the largest subunit of Pol II (Ilo) and the unphos-
phorylated form (IIa). (B) Internal deletion mutants. All procedures were the
same as those described for panel A, except that the internal deletion mutants
were used.

half (A174-439) had no effect on transcription even when
present at a 64-fold excess (Fig. 10A, lanes 14 to 18 and 19 to
23). The same effects were observed in activated transcription
when GAL4-AH was used (data not shown). Along with the
demonstrated ability of the zinc finger mutants to facilitate
CTD phosphorylation in the presence (but not the absence) of
template DNA and other general factors, these results clearly
indicate formation of a nonfunctional preinitiation complex
(which can sequester factors essential for forming active initi-
ation complexes). Moreover, the fact that CTD phosphoryla-
tion can occur without active transcription with the zinc finger
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FIG. 8. Effects of internal deletion mutants of TFIIE-a on CTD phosphor-
ylation by TFIIH in the absence of DNA. Kinase assays were carried out as
described in Materials and Methods with Pol II, TFIIH, TFIIE-B, and TFIIE-a
(or its mutants) in the absence of DNA. Twenty nanograms of the internal
deletion mutants was used. Arrows indicate the positions of the two forms of the
largest subunit of Pol II.
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FIG. 9. Direct binding of TFIIE to TFIIH via the C-terminal acidic region.
Various deletion mutants of TFIIE-a (200 ng) were incubated with TFIIH
prebound to anti-p62-protein G-agarose. Immunocomplexes were washed three
times with a buffer containing 200 mM KCI and were analyzed by SDS-PAGE
(11% acrylamide) as described in Materials and Methods. Coimmunoprecipi-
tated TFIIE-a mutants were detected by enhanced chemiluminescence (Amer-
sham) after transfer to an Immobilon P membrane (Millipore). The arrow
indicates the position of the immunoglobulin heavy chain (IgH). The sizes of
molecular mass markers are indicated on the left (in kilodaltons).

mutants is consistent with the experiments described by Lay-
bourn and Dahmus (32) showing CTD phosphorylation under
conditions which preclude initiation. Altogether, these obser-
vations indicate that a conformational change essential for
productive transcription may occur in Pol II, and probably in
the general transcription factors, upon interaction of Pol II
with TFIIE via the zinc finger domain.

DISCUSSION

This study has investigated the structure and function of
TFIIE by analyzing the effects of TFIIE-a mutations on basal
transcription, transcriptional activation, interactions with the
TFIIE-B subunit and with TFIIH, and stimulation of TFIIH-
dependent CTD phosphorylation. Since TFIIE has been found
to regulate TFIIH function (10, 38, 46), our present study has
focused mainly on characterization of the mechanism of tran-
scriptional enhancement by TFIIE in conjunction with TFIIH
activity.

Recent purification and functional characterization of hu-
man TFIIH and its homologs from other species demonstrate
that all possess kinase, ATPase, and helicase activities, possibly
indicating a conserved role in transcription initiation (10-13,
38, 46, 53, 59, 61). All of these activities require hydrolyzable
ATP (or dATP), except for the kinase activity, which also
shows some activity with GTP (61). Correspondingly, previous
studies have suggested that hydrolyzable ATP (or dATP) is
required for basal transcription (2, 56) at the following three
key steps: (i) modification of the preinitiation complex to form
a productive initiation complex, via phosphorylation of the
CTD of Pol II (31, 32) and possibly a subset of the general
transcription factors (46); (ii) unwinding of template duplex
DNA (promoter melting) at the transcription start site (71,
72); and (iii) dissociation of the general transcription factors
from the initiation complex to form a competent elongation
complex via promoter clearance (17, 24). Other studies have
suggested conditional requirements for ATP (or dATP) and
TFIIH that may be dependent on the nature and state of the
template (promoter strength and DNA topology, etc.), al-
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FIG. 10. Dominant negative effect on basal transcription by putative zinc finger deletion mutants of TFIIE-a. (A) Basal transcription assays were performed as
described in Materials and Methods. Reaction mixtures contained 100 ng of the DNA template pML(C,AT)A-50. Reactions were carried out without TFIIE-a (lane
1) and with increasing amounts of TFIIE-« (0.1 ng for lane 2, 0.25 ng for lane 3, and 1 ng for lanes 4 to 23). Two deletion mutants of the putative zinc finger domain
(A119-143 and A149-157) and the N-terminal deletion (A8-184) and C-terminal deletion (A174-439) mutants were used to characterize the effect on basal transcription
with 1 ng of wild-type TFIIE-a. The mutant A8-184 itself is negative in basal transcription, and the mutant A174-439 itself is positive; both were used as controls.
Increasing amounts of mutants were added as follows: no mutant (lanes 4, 9, 14, and 19), 1 ng (lanes 5, 10, 15, and 20), 4 ng (lanes 6, 11, 16, and 21), 16 ng (lanes 7,
12, 17, and 22), and 64 ng (lanes 8, 13, 17, and 23). Relative transcription activities (in percentages) were calculated on the basis of the activity without each mutant
being 100%. (B) Functional mapping of TFIIE-«. Functional features are summarized and mapped. Dashed lines, functional (essential) regions; dotted line, the
stimulatory region; brackets, the conditional regions; LR, leucine repeat; ZF, zinc finger; HTH, helix-turn-helix; — — —, acidic region. The N-terminal half is essential
for function, whereas the acidic region in the C terminal half is stimulatory. aa, amino acid.

though there is some inconsistency among these reports (ref-
erences 17, 49, 66, and 70 versus reference 14).
Structure-function relationships in TFIIE-a. Our muta-
tional analysis of TFIIE-a has shown a link between basal
transcription, TFIIE complex formation, and stimulation of
CTD phosphorylation by TFIIH (Table 1). As summarized in
Fig. 10B, the N-terminal half of TFIIE-a contains the o ho-
mology, leucine repeat, zinc finger, and helix-turn-helix struc-
tures. Two separated regions (residues 12 to 118 and 158 to
215) containing the leucine repeat and helix-turn-helix se-
quences are important for interaction with TFIIE-B. Remark-
ably, a high concentration of hydrophobic residues is located
on the same surface of putative a-helices (heptad repeats) in
both regions, including the leucine repeat domain (residues 38
to 66). The zinc finger domain may be important for interac-
tion with Pol II, as evidenced by CTD phosphorylation and
basal transcription assays with corresponding mutants (Fig. 7B,
8, and 10A). Other results indicate that the N-terminal half of
TFIIE-a is an essential domain for transcription and phos-
phorylation, while the C-terminal half (notably an acidic do-
main) may serve as a regulatory domain. TFIIE has been
demonstrated to mediate TFIIH recruitment during transcrip-
tion initiation complex formation (14) and to interact function-
ally with TFITH (17, 38, 46). As an extension of these obser-
vations, we have shown that the C-terminal acidic domain
(residues 378 to 393) of TFIIE-« is a direct binding site for
TFIIH (Fig. 9) and that mutation of this site also reduces basal
transcription by 90%. These data provide direct evidence for

both physical and functional associations of TFIIE and TFIIH
and, in addition, support the hypothesis that CTD phosphor-
ylation is functionally important for basal transcription under
physiological conditions (see below) requiring TFIIE and
TFIIH. These results are consistent with the evolutionary con-
servation of these regions within the sequence of the Xenopus
TFIIE-a homolog (45).

Functional role of TFIIE and TFIIH in transcription. An-
other question addressed was the step(s) at which TFIIE and
TFIIH may function. The CTD kinase and ATPase-helicase
activities of TFIIH appear to be differentially regulated on the
basis of the following observations. First, the IIB form of Pol 11
(Pol IIB), which lacks the CTD, still requires ATP (or dATP)
for transcription (32). Second, the CTD kinase and ATPase
activities have distinct DNA requirements (46, 54). Third, Sar-
kosyl inhibits both ATPase and helicase activities but does not
inhibit the kinase activity, whereas the kinase inhibitor stauro-
sporine inhibits only the kinase activity (54). Further, Goodrich
and Tjian (17) recently have reported an involvement of TFIIE
and TFIIH after the initial phosphodiester bond formation
(during promoter clearance), which could be related to cou-
pled ATPase and helicase activities of TFIIH.

Here, we have focused on TFIIH-driven CTD phosphoryla-
tion and its stimulation by TFIIE. This modification of Pol II
may induce drastic conformational changes in both crude (31)
and purified (46) in vitro reconstitution systems. This could be
a specific regulatory event for class II (Pol II transcribed)
promoters, because the CTD is a unique structure of hep-
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TABLE 1. Summary of structure-function studies
of TFIIE-a mutants

Activity result”

Type of deletion

mutant Basal a-B Phosphor-
transcription interaction ylation
N- or C-terminal
deletion mutant
Wild type ++ ++ ++
A3-11 ++ ++ ++
A4-42 - - -
A6-71 - - -
A7-116 - - -
A4-160 - - -
A8-184 - - -
A2-257 - - -
A5-350 - - -
A122-439 - - -
A159-439 - - -
A174-439 + + ++
A263-439 + ++ ++
A300-439 + ++ ++
A347-439 + ++ ++
A377-439 + ++ +
A395-439 ++ ++ ++
A415-439 ++ ++ +
Internal deletion mutant
Wild type ++ ++ ++
A3-11 ++ ++ ++
A16-39 - - (=)
A40-70 - - =)
A70-99 - - -
A95-119 - - -
A119-143 - ++ (++)
A149-157 - ++ (++)
A160-189 - - -
A184-203 - - -
A215-241 ++ ++ ++
A245-270 ++ ++ ++
A271-304 ++ ++ ++
A303-327 ++ ++ +4
A328-349 ++ ++ ++
A350-369 ++ ++ ++
A377-393 + ++ (++)
A394-414 ++ ++ ++

¢ ++, activities similar to those of the wild type; +, weak-positive activities; —,
negative activities. Phosphorylation results were equivalent under transcription
conditions (all factors plus DNA) and in the presence of only TFIIE, TFIIH, and
Pol II, except for the mutants under the last condition for the results indicated
in parentheses (see also text).

tapeptide repeats found only in eukaryotic Pol II and not other
RNA polymerases (for a review, see reference 9). In vivo
studies indicate that almost all stalled Pol II molecules are in
the nonphosphorylated (ITA) form and, conversely, that almost
all elongating Pol II molecules are in the phosphorylated (110)
form (44, 73). In addition, in vitro experiments have shown that
CTD phosphorylation can occur subsequent to formation of a
functional preinitiation complex but before transcription initi-
ation (3, 32, 38, 46). Significantly, and with relation to the
above observations, we observe a tight functional link between
basal transcription activity and stimulation of CTD phosphor-
ylation. Thus, TFIIE might have dual regulatory roles for TFITH
enzymatic activities: one (after TFIIH recruitment) in the stim-
ulation of phosphorylation of the CTD (and possibly some
general transcription factors) either before, coincident with, or
just after transcription initiation and a second (after initiation)
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in promoter clearance involving the ATPase and helicase ac-
tivities of TFITH.

One limitation of many current studies of TFIIE and TFIIH
is that in vitro systems reconstituted with purified factors gen-
erally show no requirement for either the CTD or CTD kinase
activity for productive transcription (33, 60). In contrast, tran-
scription appears to be selectively blocked at the level of elon-
gation in crude systems in the absence of the CTD or CTD
kinase activity (5, 33). Coupled with studies documenting the
in vivo function of the CTD (1, 34, 58), these results may
indicate the presence (in the context of the normal nuclear
environment) of constraints to elongation (mediated by un-
known factors) that are reversed by phosphorylation of the
CTD. The present studies are consistent with a model in which
TFIIE- and TFIIH-mediated CTD phosphorylation events, un-
der conditions in which they are essential for productive tran-
scription (5, 33, 58, 60), are linked to other initiation or pro-
moter clearance events mediated by TFIIE and TFIIH.

Alternative pathways for productive transcription. Taking
all the data into consideration, models for alternative pathways
for productive transcription events can be proposed. Recently,
Goodrich and Tjian (17) have proposed a novel pathway on the
basis of dinucleotide priming and abortive initiation assays. In
this pathway, abortive transcription occurs following formation
of a minimal preinitiation complex (TBP, TFIIB, TFIIF, and
Pol II), after which TFIIE and TFIIH are recruited and serve
to convert the stalled complex to a competent elongation com-
plex through a promoter clearance step involving ATP hydro-
lysis and TFIIH helicase functions. The alternative pathway
suggested here, and implicit in previous studies (32, 38, 40, 52),
invokes formation of a complete preinitiation complex (with
TFIIE and TFIIH) prior to transcription initiation. On natural
templates dependent on TFIIE and TFIIH for efficient tran-
scription, and under physiological conditions, TFIIH-mediated
phosphorylation could play an important role earlier than the
point of promoter clearance suggested in the model described
by Goodrich and Tjian (17), or it might simply occur prior to
initiation and be of functional significance only later. In the
presence of ATP (or dATP), TFIIH phosphorylates the CTD
of Pol IT (38, 52) and possibly other general factors as well (52),
releasing it from promoter-bound TBP and forming an elon-
gation-competent initiation complex. Nucleoside triphosphates
are then utilized for actual transcription initiation (initiated
complex), which is followed directly by ATP-dependent DNA
unwinding (mediated by another TFIIH activity) and ulti-
mately promoter clearance and productive elongation. These
alternative pathways may be variably utilized, depending on
template topology, the strength of individual promoters, and
the relative concentrations of various general factors and in-
teracting activators. Although further studies are required to
validate these models, the recent demonstration that addition
of TFIIE and TFIIH to a naturally initiated (with four nucle-
oside triphosphates) and stalled minimal complex does not
result in productive elongation (51a) favors (for the promoter
studied) the latter of the two models. The initiation-elongation
mechanisms are currently being characterized by further mu-
tations of the TFIIE-B subunit as well as of the TFIIE-a
subunit.
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