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The general transcription factor TFIIE plays important roles in transcription initiation and in the transition
to elongation. However, little is known about its function during these steps. Here we demonstrate for the first
time that TFIIH-mediated phosphorylation of RNA polymerase II (Pol II) is essential for the transition to
elongation. This phosphorylation occurs at serine position 5 (Ser-5) of the carboxy-terminal domain (CTD)
heptapeptide sequence of the largest subunit of Pol II. In a human in vitro transcription system with a
supercoiled template, this process was studied using a human TFIIE (hTFIIE) homolog from Caenorhabditis
elegans (ceTFIIEa and ceTFIIEb). ceTFIIEb could partially replace hTFIIEb, whereas ceTFIIEa could not
replace hTFIIEa. We present the studies of TFIIE binding to general transcription factors and the effects of
subunit substitution on CTD phosphorylation. As a result, ceTFIIEa did not bind tightly to hTFIIEb, and
ceTFIIEb showed a similar profile for binding to its human counterpart and supported an intermediate level
of CTD phosphorylation. Using antibodies against phosphorylated serine at either Ser-2 or Ser-5 of the CTD,
we found that ceTFIIEb induced Ser-5 phosphorylation very little but induced Ser-2 phosphorylation normally,
in contrast to wild-type hTFIIE, which induced phosphorylation at both Ser-2 and Ser-5. In transcription
transition assays using a linear template, ceTFIIEb was markedly defective in its ability to support the
transition to elongation. These observations provide evidence of TFIIE involvement in the transition and
suggest that Ser-5 phosphorylation is essential for Pol II to be in the processive elongation form.

In eukaryotes, transcription of protein-encoding genes by
RNA polymerase II (Pol II) is the first step in expression of
those genes (for reviews, see references 4, 35, 44, and 51). Two
sequential stages are now recognized in the establishment of
Pol II processivity: transcription initiation and the transition
from initiation to elongation. At initiation, five general tran-
scription factors (TFIIB, TFIID, TFIIE, TFIIF, and TFIIH)
together with Pol II form the preinitiation complex (PIC) on
the core promoter. Two models of PIC formation have been
proposed on the basis of recent analyses. One model involves
stepwise association of the general transcription factors and
Pol II on promoter DNA, while the other model entails pro-
moter sequences binding to a preassembled Pol II holoenzyme
that contains most of the general transcription factors as well
as SRB (suppressor of RNA polymerase B)- and Med-contain-
ing complex (reviewed in references 3 and 22). In vitro analyses
of stepwise assembly of the PIC using purified factors have
demonstrated that TFIIE joins the complex at a position near
the transcription start site (between positions 214 and 22),
after Pol II and TFIIF have joined the complex (25, 49). TFIIE
then recruits TFIIH, and these two factors stabilize and acti-
vate the PIC, resulting in isomerization of double-stranded

(ds) promoter DNA (promoter melting) upon transcription
initiation. TFIIE and TFIIH are also involved in the transition
from initiation to elongation, the stage during which they act to
remove from the complex general transcription factors that
have already completed their roles in the initiation step (pro-
moter clearance) (reviewed in reference 35).

Human TFIIE (hTFIIE) consists of an a2b2 heterotetramer
of 57-kDa a- and 34-kDa b-subunits (41). hTFIIEa is highly
acidic (pI, 4.5) and possesses several putative structural motifs
and characteristic sequences (40). The region essential for
basal transcription is located within the N-terminal half of the
molecule, in which all of the structural motifs reside (37, 38).
The acidic region near the C terminus is the only region in the
C-terminal half that has a stimulatory effect on basal transcrip-
tion; this region binds directly to TFIIH. In contrast, hTFIIEb
is highly basic (pI, 9.5) and possesses several putative structural
motifs and characteristic sequences different from those of
hTFIIEa (36, 48, 57). The internal region of hTFIIEb is es-
sential for basal transcription. It has been found that TFIIEb
binds to single-stranded (ss) DNA through the basic region
near its C terminus; the other general transcription factors,
TFIIB and TFIIFb (RAP30), bind to this region as well (42).
In addition, we have recently determined the three-dimen-
sional structure of the central core region in TFIIEb that binds
to dsDNA (43).

Human TFIIH consists of nine subunits and has three ATP-
dependent catalytic activities: kinase activity that phosphory-
lates the carboxy-terminal domain (CTD) of the largest sub-
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unit of Pol II, DNA-dependent ATPase activity, and DNA
helicase activity (reviewed in reference 59). TFIIE regulates
these TFIIH activities, stimulating the CTD kinase and
ATPase activities and repressing the helicase activity (8, 31,
39). At transcription initiation, TFIIE binds to Pol II, TFIIB,
and TFIIF, recruits TFIIH into the PIC to stabilize and acti-
vate the PIC, and binds to stabilize the ssDNA region in pro-
moter melting. Recent studies have provided support for this
model. (i) Photo-crosslinking studies demonstrated that
TFIIEb binds directly to the core promoter region (between
positions 214 and 22), where the promoter melts upon tran-
scription initiation (49). (ii) Two-dimensional crystallography
of yeast TFIIE (yTFIIE) with Pol II demonstrated that yTFIIE
binds to the active center of Pol II, which is located near the
transcription initiation site on the promoter (25). (iii) Short
mismatched heteroduplex DNA around the transcription ini-
tiation site in topologically relaxed linear templates was shown
to alleviate the requirement for TFIIE, TFIIH, and ATP (10,
20, 45, 61).

The above description summarizes our current understand-
ing of the roles of TFIIE and TFIIH before and during tran-
scription initiation. In contrast to initiation, extensive studies
of the later stages of transcription have yet to be carried out.
Functional involvement of TFIIE and TFIIH in the transition
from initiation to elongation has been suggested by studies
using a negatively supercoiled immunoglobulin heavy chain
(IgH) promoter and the short mismatched heteroduplex linear
promoter described above (10, 13, 19, 20, 46, 62). It has been
suggested that TFIIE and TFIIH may suppress abortive initi-
ation, which produces short transcripts (around 2 to 15 nucle-
otides) by releasing the general factors TFIID and TFIIB from
the PIC, and may convert Pol II to its elongation-competent
form (10, 21, 24). It has been demonstrated that this elonga-
tion-competent Pol II is hyperphosphorylated (34, 70). Since
TFIIH is the only kinase that can phosphorylate the CTD in
the in vitro reconstituted active Pol II complex, TFIIH has
been a primary candidate for the biologically relevant CTD
kinase (31, 39).

The CTD contains multiple repeats of the heptapeptide
sequence YSPTSPS, which occurs 52 times in the largest sub-
unit of human Pol II (7, 71). Several lines of evidence indicate
that the integrity of the CTD is essential for basal and activated
transcription. The unphosphorylated form of Pol II (Pol IIa) is
preferentially recruited into a PIC reconstituted with purified
general transcription factors (30). CTD phosphorylation may
initially occur between transcription initiation and the transi-
tion from initiation to elongation, converting Pol IIa to the
phosphorylated form (Pol IIo) (34, 35, 59). Recently, it has
been demonstrated that CTD phosphorylation is also impor-
tant for recruiting the mRNA processing enzymes to the nas-
cent transcript, presumably reflecting the fact that mRNA pro-
cessing (splicing, capping, and polyadenylation) occurs during
and/or after transcription (6, 33).

To further investigate the mechanisms of transcription ini-
tiation and the transition to elongation and the TFIIE func-
tions during these steps, we isolated TFIIE cDNAs from the
nematode Caenorhabditis elegans (ceTFIIE cDNAs) and ex-
pressed two subunits of ceTFIIE in bacteria, both together and
independently, based on the idea that the basic transcriptional
mechanisms might be conserved among eukaryotic species. We

compared the ceTFIIE subunits with respect to their abilities
to substitute for their human counterparts in a human in vitro
transcription system, their specificities of binding to the gen-
eral transcription factors, their effects on CTD phosphoryla-
tion by TFIIH and, finally, their abilities to convert Pol II to the
elongation form. Importantly, we demonstrated for the first
time that TFIIE is directly involved in the transition from
transcription initiation to elongation and suggested, through
the use of transcription transition assays together with analyses
of the sites of phosphorylation in the CTD heptapeptide repeat
sequence, that TFIIE-induced phosphorylation of serine at
position 5 (Ser-5) in the CTD heptapeptide repeat might be
essential for this transition.

MATERIALS AND METHODS

Cloning of C. elegans TFIIE cDNAs. The putative ceTFIIEb coding sequence
was identified using a TBLASTN homology search of the C. elegans translated
expressed sequence tag (EST) databank (Sanger Centre, Cambridge, United
Kingdom) to locate regions with significant homology to the hTFIIEb amino acid
sequence. Since there was an NdeI site approximately 25 bp upstream of the stop
codon, four oligonucleotides were designed to perform two PCRs in order to
amplify the N- and C-terminal halves independently. To amplify the N-terminal
half of ceTFIIEb, the oligonucleotide CEB1T (59-CTGATCATATGGACCCG
GAATTGTTAAGGC-39) was designed to create an NdeI site (underlined) at
the first methionine codon and to disrupt a BamHI site by changing the third
nucleotide of the second aspartate codon (T to C, bold and underlined) and was
used in conjunction with the oligonucleotide CEB2B (59-GTCATTGTAGAAG
ACGAC-39). To obtain the C-terminal half, the oligonucleotide CEB1B (59-CT
TGAGGATCCAGAAGTGTGTAATTAAAATC-39) was designed to create a
BamHI site (underlined) after the stop codon and was used in conjunction with
the oligonucleotide CEB2T (59-GTGGATTATATGAAGAAACG-39). PCRs
were performed using a C. elegans mixed-stage cDNA library (a kind gift from
Yuji Kohara). After 50 cycles of PCR with an annealing temperature of 50°C, the
PCR products (approximately 630 bp for the N-terminal portion and 640 bp for
the C-terminal portion) were purified, blunt ended with the Klenow fragment of
Escherichia coli DNA polymerase I, phosphorylated with T4 polynucleotide
kinase, and subcloned into the SmaI site of pBluescript SK(2) (Stratagene). The
nucleotide sequences of the cloned PCR products were confirmed using an
ALFred DNA sequencer (Amersham Pharmacia Biotech).

Using the same strategy, several regions with high homology to the hTFIIEa
amino acid sequence were identified. Since the extent of homology was lower
than in the case of TFIIEb, it was difficult to identify the entire putative coding
region of ceTFIIEa from C. elegans genomic sequences, although the putative N
and C termini were identified. The oligonucleotide CEA1T (59-CAAGTCATA
TGTCATCTGGCCCAG-39) was designed to create an NdeI site (underlined) at
the first methionine codon, and the oligonucleotide CEA1B (59-GAGCTGGA
TCCGAGACTTAATGAATAG-39) was designed to create a BamHI site (un-
derlined) after the stop codon. No product was obtained from the C. elegans
mixed-stage cDNA library when these two oligonucleotides were used as the
PCR primers. Several oligonucleotides which matched internal coding regions
were synthesized and used in PCRs with CEA1B. The longest product was about
980 bp and was obtained with the oligonucleotide CEA2T (59-CAACGTGGTG
CGCTAC-39), which matches a region approximately 100 amino acids internal
from the N terminus. It was discovered by PCR and cDNA screening that the
mixed-stage cDNA library was oligo-(dT)-primed and does not contain any
clones which extend as far as the N-terminal region of the ceTFIIEa. Therefore,
two different C. elegans embryonic cDNA libraries (kind gifts from Yuji Kohara
and Hideyuki Okano) were used to obtain cDNA clones encoding the missing
N-terminal region of ceTFIIEa. N-terminal cDNAs (600 bp) were obtained by
PCR from both embryonic libraries using the N-terminal oligonucleotide
CEA1T and the oligonucleotide CEA3B (59-GGTGTCATTTGTTCGTTG-39).
After 50 cycles of PCR with an annealing temperature of 55°C, the PCR products
were purified, blunt ended, and phosphorylated as described above and sub-
cloned into the SmaI site of pBluescript SK(2) (Stratagene). The nucleotide
sequences of the cloned PCR products were determined as described above.

Construction of ceTFIIE expression vectors. Plasmids containing either the N-
or C-terminal portion of the ceTFIIEb (ceTFIIEb cDNA) open reading frame
were digested with either NdeI and PstI (N-terminal clone; 0.54 kb) or PstI and
BamHI (C-terminal clone; 0.33 kb). These fragments were subcloned into the
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pET3a and 6HisT-pET11d vectors to construct expression plasmids containing
the entire coding region of ceTFIIEb cDNA, expressing nontagged ceTFIIEb
(ceTFIIEb) and six-histidine-tagged ceTFIIEb (6H-ceTFIIEb), respectively
(17). Similarly, plasmids containing either the N- or C-terminal portion of the
open reading frame of ceTFIIEa (ceTFIIEa cDNA) were digested with NdeI
and SacI (N-terminal clone; 0.41 kb) or with SacI and BamHI (C-terminal clone;
0.89 kb). These fragments were subcloned into the pET3a and 6HisT-pET11d
vectors to construct nontagged (ceTFIIEa) and six-histidine-tagged (6H-ceTFIIEa)
ceTFIIEa expression plasmids containing the full coding region of ceTFIIEa cDNA
(17).

Construction of coexpression plasmids encoding two TFIIE subunits was per-
formed essentially as described previously (15). Both C. elegans and human
TFIIEa expression plasmids (in pET11d) with six-histidine tags at the N termini
of the inserted DNAs (40) were digested with XbaI and BamHI, and the resulting
fragments containing TFIIEa cDNAs were blunt ended as described above. C.
elegans and human TFIIEb expression plasmids (in pET3a) (57) were digested
with XbaI, blunt ended as described above, and then treated with calf intestine
alkaline phosphatase. Finally, TFIIEa cDNA fragments were subcloned into the
(blunted) XbaI sites of the TFIIEb expression plasmids to place both cDNAs in
tandem in the same orientation. Four different chimeric 6H-TFIIE coexpression
plasmids (ceTFIIEa-ceTFIIEb, ceTFIIEa-hTFIIEb, hTFIIEa-ceTFIIEb, and
hTFIIEa-hTFIIEb) were constructed in this manner.

The HA-pET11d vector was constructed as described elsewhere (42). Hem-
agglutinin (HA)-tagged ceTFIIEb (HA-ceTFIIEb) and ceTFIIEa (HA-ceTFIIEa)
expression plasmids were prepared by subcloning the NdeI-BamHI fragments of
either ceTFIIEb or ceTFIIEa cDNA into the same sites of the HA-pET11d
vector.

Glutathione S-transferase (GST) fusion constructs were made in pGEX-
2TL(1) as described previously (42). Expression plasmids containing GST-fused
human TFIIH subunits were prepared as follows. cDNA encoding the TFIIH
subunits XPB (ERCC3), p52, p44, Cdk7 (MO15), and cyclin H was digested with
NdeI and BamHI and subcloned into pGEX-2TL(1), digested with the same
restriction enzyme. XPD (ERCC2) cDNA was digested with NdeI and HindIII
and subcloned into pGEX-2TL(1) digested with the same restriction enzyme.
p62 cDNA was digested with NdeI and SspI and subcloned into pGEX-2TL(1)
digested with NdeI and SmaI. p34 cDNA was digested with NdeI and EcoRI and
subcloned into pGEX-2TL(1) digested with the same restriction enzymes. Fi-
nally, MAT1 cDNA was digested with NcoI and BamHI and subcloned into
pGEX-2TL(1) digested with the same restriction enzymes.

Expression and purification of recombinant proteins. Recombinant proteins
were expressed in E. coli BL21(DE3)pLysS by induction with isopropyl-b-D-
thiogalactopyranoside (IPTG) (55). For general purification, soluble bacterial
lysates were used. For miniscale preparations, lysates (1 ml) representing 50 to
100 ml of culture were mixed directly with 1 ml of buffer B (20 mM Tris-HCl [pH
7.9 at 4°C], 0.5 mM EDTA, 10% [vol/vol] glycerol, 1 mM phenylethylsulfonyl
fluoride [PMSF], 2-mg/ml antipain, 2-mg/ml aprotinin, 1-mg/ml leupeptin, 0.8-
mg/ml pepstatin, 10 mM 2-mercaptoethanol) containing 500 mM NaCl (BB500)
and 100 ml of Ni-nitrilotriacetic acid (NTA) agarose resin (Qiagen) and incu-
bated for 4 h at 4°C. The resin samples were washed twice with 1 ml of BB500,
twice with 1 ml of buffer D (20 mM Tris-HCl [pH 7.9 at 4°C], 20% [vol/vol]
glycerol, 1 mM PMSF, 10 mM 2-mercaptoethanol) containing 500 mM KCl
(BD500), and twice with 500 ml of BD500 containing 20 mM imidazole-HCl (pH
7.9). Bound proteins were eluted twice with 300 ml of BD500 containing 100 mM
imidazole-HCl (pH 7.9). Typical preparations were .80% pure as judged by
Coomassie blue staining of a sodium dodecyl sulfate (SDS)-polyacrylamide gel.

For large-scale preparations of 1 to 4 liters of IPTG-induced bacterial cultures,
lysates were mixed with 10 ml of BB500 and purified on a Ni-NTA column (1-ml
column volume; Qiagen) as described previously (55). After washing with 2
column volumes of the same buffer (BB500), 10 column volumes of BD500, and
finally 2 column volumes of BD500 containing 20 mM imidazole-HCl (pH 7.9),
expressed proteins (.95% pure, judging by Coomassie blue staining of an SDS-
polyacrylamide gel) were eluted with 2 column volumes of BD500 containing 100
mM imidazole-HCl (pH 7.9). Large-scale preparations were carried out for four
different coexpressed chimeric forms of TFIIE. Purification of recombinant
human TATA-binding protein (TBP), TFIIB, TFIIF, and TFIIE has been de-
scribed in detail elsewhere (32, 38, 42, 60).

HA-tagged and GST fusion proteins were expressed in E. coli
BL21(DE3)pLysS by IPTG induction. Cells were harvested from 50 to 100 ml of
culture, resuspended in 1 ml of BB500, and sonicated. Soluble lysates were
separated from insoluble debris by ultracentrifugation at 20,000 3 g using a 50.2
Ti rotor (Coulter-Beckman) and stored at 280°C until use.

In vitro transcription assays. The general transcription factor TFIIH was
purified either from HeLa nuclear extracts or from cytoplasmic S100 fractions as

previously described (39). All other general transcription factors (TBP, TFIIB,
TFIIF, and TFIIE) were purified essentially as follows: the recombinant proteins
were expressed in E. coli, solubilized by sonication, and purified on a Ni-NTA
agarose column. Pol II was purified to near-homogeneity from HeLa nuclear
pellets by DE52, A25, P11, and high-performance liquid chromatography-DEAE
5PW columns. In vitro transcription was carried out as described previously (38).
The plasmid pML(C2AT)D-50, which contains the adenovirus type 2 major late
(AdML) promoter and gives a 390-nucleotide (nt) transcript, was used as a
template for basal transcription assays (53). Autoradiography was performed at
280°C with Fuji RX-U X-ray film. The incorporation of [a-32P]CTP into tran-
scripts was quantified using a Fuji BAS2500 Bio-Imaging analyzer.

Generation of antibodies against C. elegans TFIIE subunits. Both 6H-ceTFIIE
subunits were expressed independently in E. coli, solubilized by sonication, and
purified on a Ni-NTA agarose column. Since 6H-ceTFIIEb was mostly soluble
(.80% in soluble lysate) and 6H-ceTFIIEa was mostly insoluble (.90% in
pellet), 6H-ceTFIIEb was purified from bacterial lysates and 6H-ceTFIIEa was
purified from bacterial pellets after solubilization with 4 M guanidine-HCl (pH
7.5). Two milligrams of each purified protein was subjected to SDS-polyacryl-
amide gel electrophoresis (PAGE), and the appropriate bands were excised from
the gel after Coomassie blue staining.

To raise rabbit polyclonal antibodies against ceTFIIEa, 500 mg of 6H-ceTFIIEa
was mixed with complete Freund’s adjuvant (Difco) and injected intramuscularly
into each of two rabbits. Two weeks after the first injection, a second injection of
250 mg of 6H-ceTFIIEa mixed with incomplete Freund’s adjuvant (Difco) was
given by two methods, intramuscularly and subcutaneously. A third injection,
identical to the second, was given after a further 2 weeks. Blood was collected 8
days after the third injection. The antibody generated recognized both natural
and recombinant ceTFIIEa in solution and on Western blots.

Polyclonal antibodies against ceTFIIEb were raised in rats. One hundred
micrograms of 6H-ceTFIIEb was mixed with complete Freund’s adjuvant
(Difco) and injected both subcutaneously and intraperitoneally into each of five
rats. Two weeks after the first injection, a second injection of 100 mg of 6H-
ceTFIIEb mixed with incomplete Freund’s adjuvant (Difco) was given in the
same manner. Third and fourth injections, identical to the second, were given at
two-week intervals. Blood was collected 8 days after the fourth injection. The
antibody generated recognized both natural and recombinant ceTFIIEb in so-
lution and on Western blots.

Preparation of C. elegans embryonic nuclear extracts. The Bristol N2 wild-type
strain of C. elegans was grown in liquid culture essentially as described previously
(56). Liquid cultures were started by seeding two 9-cm plates of N2 into 1 liter
of S medium (10 mM potassium citrate [pH 6], 50 mM potassium phosphate [pH
6], 50 mM EDTA, 5 mg of cholesterol/ml, 3 mM CaCl2, 3 mM MgSO4, 25 mM
FeSO4, 10 mM MnCl2, 10 mM ZnSO4, 1 mM CuSO4) in a 2-liter flask with a
culture paste of E. coli OP50 from a 2-liter culture. Worms were grown at 22°C
with shaking at 350 rpm for 4 days, and growth was monitored until most worms
were gravid hermaphrodites. Growth synchronization of C. elegans was then
carried out essentially as described previously (28), except that the culture vol-
ume was 6 liters. Final recovery of embryos was 2.8 g. To prepare embryonic
nuclear extracts, the embryos were harvested and homogenized as described
previously (28).

Coimmunoprecipitation and depletion of C. elegans TFIIE from the nuclear
extract. Rat polyclonal antisera against ceTFIIEb (0.5 ml) and 6 ml (packed
volume) of protein G-Sepharose 4FF (Amersham Pharmacia Biotech) were
incubated in buffer C (20 mM Tris-HCl [pH 7.9 at 4°C], 0.5 mM EDTA, 20%
[vol/vol] glycerol, 0.5 mM PMSF, 10 mM 2-mercaptoethanol, 0.002% [vol/vol]
Nonidet P-40) containing 100 mM KCl (BC100) and 200 mg of bovine serum
albumin (BSA)/ml for 2 h at 4°C with rotation. The protein G-Sepharose beads
were precipitated and washed twice with 500 ml of buffer C containing 1 M KCl
(BC1000) and twice with 500 ml of BC500. One hundred and fifty microliters of
C. elegans nuclear extract (2.1 mg of protein/ml) pre-equilibrated with BC500 was
then incubated with the prepared anti-ceTFIIEb antibody-protein G beads in a
500-ml reaction volume for 4 h at 4°C with rotation. This step was repeated three
times, and the resulting supernatant was used as a ceTFIIE-depleted nuclear
extract. To check for complete depletion of ceTFIIE, the beads were washed
twice with 500 ml of BC500 and twice with 500 ml of BC100 and boiled in SDS
sample buffer, and the proteins released from the beads were analyzed by SDS–
10% PAGE.

Coimmunoprecipitated ceTFIIE subunits were detected by Western blotting
with either anti-ceTFIIEa rabbit antiserum (1:3,000 dilution) or anti-TFIIEb rat
polyclonal antiserum (1:3,000 dilution) after transfer to an Immobilon-P polyvi-
nylidene difluoride membrane (Millipore) as described previously (38). Signals
were detected using the enhanced chemiluminescence detection system (Amer-
sham Pharmacia Biotech) and RX-U film (Fuji Film) after incubation of the
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immunoblots with horseradish peroxidase-linked secondary antibodies against
rabbit or rat IgG as appropriate.

Primer extension reaction. In vitro transcription reactions were performed
essentially as described previously (28) except that the reaction temperature was
24°C, 200 ng of the AdML promoter pMLH1 (14) was used as a supercoiled
DNA template, and the reaction mixture volume was 50 ml. C. elegans embryonic

nuclear extract (42 mg of total protein) or ceTFIIE-depleted nuclear extract was
used for each reaction. Transcription was stopped by the addition of 75 ml of 450
mM sodium acetate (pH 5.3)–10 mM EDTA–0.5% SDS–yeast tRNA (50 mg/ml).
Primer extension reactions were carried out as described previously (29). A
synthetic oligonucleotide (59-CTGACAATCTTAGCGCAGAAGTCATG-39)
was 59 end labeled with [g-32P]ATP and T4 polynucleotide kinase and used as a

FIG. 1. Sequence analysis of C. elegans TFIIEb. (A) Comparison of ceTFIIEb (ceIIEb) with hTFIIEb (hIIEb). The serine-rich sequence
(Ser-rich), a region similar to the small subunit of TFIIF, TFIIFb (IIFb), a hydrophobic region (Hydrophobic), a BR-HLH and a BR-HL are
indicated (42). In the middle panel, identity (above) and similarity (below) between ceIIEb and hIIEb over each structural motif and characteristic
sequence region are indicated as percentages. The numbers presented above and below the diagram indicate the amino acid residues that delimit
each structure. (B) Sequence alignment of TFIIEb from five different species. Amino acid sequences of TFIIEb from human (H), X. laevis (X),
D. melanogaster (D), C. elegans (C), and yeast S. cerevisiae (Y) were aligned. Completely identical residues are shaded in black, and residues
identical in four species are shaded in gray. Conserved similar residues are shown in bold type. Identical and similar amino acids were assigned
as described previously (36). Putative structural motifs and characteristic sequences are shown as described for Fig. 1A and boxed (boxes a to f),
except that a s3 homology region (box d, s3 homology) is additionally indicated. A hyphen indicates a gap.
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FIG. 2. Sequence analysis of C. elegans TFIIEa. (A) Comparison of ceTFIIEa (ceIIEa) with hTFIIEa (hIIEa). The region with s subdomain
homology and a leucine repeat (s, LR), a zinc finger motif (ZF), a helix-turn-helix motif (HTH), a hydrophobic region (Hydrophobic), two regions
rich in alanine and glycine residues (Ala, Gly-rich), and the first and second acidic regions (2nd acidic) are indicated (38). Identity (above) and
similarity (below) between ceIIEa and hIIEa over each structural motif and characteristic sequence region are indicated as shown in Fig. 1A. (B)
Sequence alignment of TFIIEa from five different species. Amino acid sequences of TFIIEa from four species were aligned as shown in Fig. 1B.
Identical and similar amino acids were assigned as described previously (37). Putative structural motifs and characteristic sequences are shown as
described for panel A and boxed (boxes a to j), except that two overlapping s subdomain homology regions (box a, s 2.1–2.2 homology, and box
b, s 4.1–4.2 homology) and two alanine, glycine-rich regions (box g, 1st alanine, glycine-rich, and box h, 2nd alanine, glycine-rich) are additionally
indicated. A hyphen indicates a gap.
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primer. The products (92 nt) were analyzed on 12% denaturing polyacrylamide-
urea gels. Autoradiography was performed at 280°C with Fuji RX-U X-ray film.

GST-pull down assay. GST fusion proteins were used for protein interaction
assays. Each protein to be tested (200 ng) was incubated with lysates containing
400 ng of GST fusion proteins together with 5 ml (packed volume) of glutathione-
Sepharose (Amersham Pharmacia Biotech) in a 500-ml reaction mixture in
BC100 containing 200 mg of BSA/ml for 4 h at 4°C with rotation. The glutathi-
one-Sepharose resin was then washed twice with 500 ml of buffer C containing
200 mM KCl (BC200) and once with 500 ml of BC100 and boiled in SDS sample
buffer. The proteins released from the resin were analyzed by SDS-PAGE and
Western blotting as described above.

Kinase assay. Kinase assays were carried out as described elsewhere (39) using
the general transcription factors together with Pol II and a DNA fragment
containing AdML promoter sequences from 239 to 129. Phosphorylation reac-
tions were carried out at 30°C for 1 h and stopped by the addition of 75 ml of
phosphorylation stop solution (10 mM EDTA, 0.1% Nonidet P-40, 0.05% SDS).
Phosphorylated proteins were precipitated with trichloroacetic acid, analyzed by
SDS–5% PAGE (5.5% acrylamide), and detected by autoradiography performed
at 280°C with Fuji RX-U X-ray film. The extent of 32P-phosphorylation of the
CTD of the Pol II largest subunit was quantified using a Fuji BAS2500 Bio-
Imaging analyzer.

Transcription transition assay. To measure the effects of various TFIIE con-
structs on the transition from initiation to elongation, the pML(C2AT)100 insert
was constructed by PCR using the 59 oligonucleotide ML100-1T (59-GACTAT
CTAGAGTGTTCCTGAAGGGGG-39) to create an XbaI site (underlined) at
the 59 end of the AdML core promoter and the 39 oligonucleotide ML100-1B
(59-CGATCTCCCGGGAAATATAGAAGAAGGAG-39) to create a SmaI site
(underlined) at the 39 end of the short (97 bp) G-less cassette. The product of a
PCR using these promers and pML(C2AT)D-50 as a template was subcloned into
the SmaI site of pBluescript SK(2) (Stratagene) to yield the pML(C2AT)100
transcription template, which gives a short 107-nt transcript. To provide a linear
template, pML(C2AT)100 was digested with SmaI. PICs for use in the transcrip-
tion transition assays were performed in a 15-ml reaction mixture containing
either no TFIIE or 15 ng of one of the four different TFIIE proteins, together
with all other general transcription factors, Pol II, and 100 ng of the
pML(C2AT)100 template (linear or supercoiled). These mixtures were incubated
for 45 min at 28°C under the in vitro transcription conditions, except that no
nucleoside triphosphates were added. Transcription was then initiated by addi-
tion of 15 ml of reaction mixture containing 6 mCi of [a-32P]CTP (400 Ci/mmol;
Amersham Pharmacia Biotech), 50 mM ATP, 50 mM UTP, 12.5 mM CTP, 40 mM
39-O-methyl GTP, and 0.15 U of RNase T1 (Amersham Pharmacia Biotech).
After transcription, reactions were stopped by heat treatment for 3 min at 68°C
and treated with 4 U of calf intestine alkaline phosphatase for 20 min at 37°C to
reduce the background signal due to nonincorporated [a-32P]CTP. The reactions
were stopped, and transcripts were then ethanol precipitated and analyzed on
10% denaturing polyacrylamide-urea gels. Autoradiography was performed at
280°C with Fuji RX-U X-ray film. The incorporation of [a-32P]CTP into tran-
scripts was quantified using a Fuji BAS2500 Bio-Imaging analyzer.

Transcription initiation reaction. Initiation reactions were performed essen-
tially as described previously (13, 20). Each reaction (15 ml) contained 40 mM
Hepes-KOH (pH 8.4), 12 mM Tris-HCl (pH 7.9 at 4°C), 60 mM KCl, 4 mM
MgCl2, 0.3 mM EDTA, 12% (vol/vol) glycerol, 0.3 mM PMSF, 6 mM 2-mercap-
toethanol, and 150 mg of BSA/ml. By preincubation for 45 min at 28°C, the
preinitiation complex was formed with 10 ng of the 158-bp AflIII-ScaI fragment
of pMLH1 (containing the AdML promoter sequence from 2111 to 147) (14)
together with Pol II and all general transcription factors, except that TBP was
used instead of TFIID and hTFIIE was replaced with various combinations of
chimeric TFIIE. Transcription initiation was then carried out for 45 min at 28°C
by addition of 5 ml of reaction mixture containing 60 mM ATP and 10 mCi
[a-32P]CTP (800 Ci/mmol; NEN) in the same buffer composition. Reactions
were stopped by heat treatment for 3 min at 68°C and treated with 10 U of calf
intestine alkaline phosphatase for 20 min at 37°C. After inactivation for 10 min
at 75°C, transcripts were analyzed on 20% denaturing polyacrylamide-urea gels.
Autoradiography was performed at 280°C with Fuji RX-U X-ray film.

Nucleotide sequence accession numbers. The EMBL accession numbers for
the ceTFIIEa and ceTFIIEb cDNA sequences are Y08816 and Y08815, respec-
tively.

RESULTS

Isolation of C. elegans TFIIE cDNAs. In order to examine the
relationship between TFIIE structure and its role in transcrip-

FIG. 3. Identification of natural C. elegans TFIIE. (A) Coimmuno-
precipitation of natural ceTFIIEa with ceTFIIEb. To demonstrate
association of natural ceTFIIEa with ceTFIIEb, 80 mg of C. elegans
embryonic nuclear extract was incubated with anti-ceTFIIEb anti-
body–protein G-Sepharose, and natural ceTFIIEb was precipitated.
After SDS-PAGE on a 10% polyacrylamide gel, coprecipitated
ceTFIIEa was detected with anti-ceTFIIEa rabbit antibody after
Western blotting. Lane 1, 5% input of embryonic nuclear extract (4
mg); lane 2, recombinant ceTFIIEa (20 ng); lane 3, nuclear extract
treated with preimmune serum (80 mg); lane 4, nuclear extract treated
with anti-ceTFIIEb serum (80 mg). An arrow indicates the position of
ceTFIIEa (ceIIEa). (B) Coimmunoprecipitation of natural ceTFIIEb
with ceTFIIEa. The same strategy as detailed for panel A was em-
ployed to study the association of natural ceTFIIEb with ceTFIIEa.
Eighty micrograms of nuclear extract was incubated with anti-ceTFIIEa
antibody–protein G-Sepharose, and natural ceTFIIEa was precipi-
tated. Coprecipitated ceTFIIEb was detected by anti-ceTFIIEb rabbit
antibody after Western blotting. Lane 1, 25% input of embryonic
nuclear extract (20 mg); lane 2, nuclear extract treated with preimmune
serum (80 mg); lanes 3 and 4, increasing amounts of nuclear extract
treated with anti-ceTFIIEb serum (40 and 80 mg, respectively); lane 5,
recombinant ceTFIIEb (200 ng). An arrow indicates the position of
ceTFIIEb (ceIIEb). (C) Transcription complementation assay of
ceTFIIE. ceTFIIE was depleted from nuclear extracts by treatment
with anti-ceTFIIEb antibody–protein G-Sepharose. In the same way,
mock-depleted nuclear extracts were prepared by treatment with pre-
immune IgG–protein G-Sepharose. Complementation of natural
ceTFIIE was studied by adding increasing amounts of purified recom-
binant ceTFIIE and carrying out primer extension reactions. Lane 1,
ceTFIIE-depleted nuclear extracts (42 mg); lane 2, mock-depleted
nuclear extracts (42 mg); lanes 3 to 5, ceTFIIE-depleted nuclear ex-
tracts (42 mg) with increasing amounts of recombinant ceTFIIE (5, 10,
and 20 ng, respectively); lane 6, C. elegans nuclear extracts (42 mg).
Arrows indicate the positions of the reverse transcript (92 nt) and the
primer.
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tion, we have been isolating human TFIIE homologs from
different species and studying their structural and functional
similarities to their human counterparts. We isolated both sub-
units of a TFIIE homolog from Xenopus laevis (xTFIIE), and
other groups isolated homologs from Drosophila melanogaster
(dTFIIE) and yeast Saccharomyces cerevisiae (yTFIIE) (11, 36,
37, 68). When the functional exchangeabilities of these TFIIE
homologs with human TFIIE were tested, xTFIIE and dTFIIE
were functionally exchangeable in the human in vitro reconsti-
tuted transcription system but yTFIIE was not. In amino acid
sequence comparison with their human counterparts, xTFIIE
has 79% identity in xTFIIEa and 84% in xTFIIEb and dTFIIE
has 46% identity in dTFIIEa and 59% in dTFIIEb, whereas
yTFIIE has only 22% identity in yTFIIEa and 23% in
yTFIIEb. Judging from these data, the border of a functional
exchangeability may evolutionarily lie between Drosophila and
yeast, indicating that an hTFIIE homolog from C. elegans will
be of use in the examination of structure-function relationships
in TFIIE.

Here we report the isolation of a putative C. elegans TFIIEb
(ceTFIIEb) that perfectly matched the open reading frame
predicted from the sequence of C. elegans genomic DNA
(chromosome II). The ceTFIIEb cDNA was about 0.9 kb in
length and encoded a highly basic 289-amino-acid protein (pI,
9.3) with a calculated molecular weight of 33.0 kDa. As shown
in Fig. 1A, comparison of the predicted amino acid sequence
of ceTFIIEb with that of hTFIIEb (57) revealed relatively high
conservation throughout the entire sequence (40% identity
and 62% similarity), except for the region corresponding to the
serine-rich sequence (residues 27 to 78; 24% identity and 43%
similarity). The region corresponding to the C-terminal 7
amino acid residues of hTFIIEb was missing in ceTFIIEb.
These results are consistent with our earlier conclusions, drawn
from the basal transcription activities of hTFIIEb deletion
mutants, that the N-terminal 50 amino acid residues are dis-

pensable, and the C-terminal 14 residues are stimulatory but
not essential, for transcription (42). Figure 1B shows an align-
ment of the amino acid sequences of TFIIEb homologs from
five different species. The lack of sequence conservation in the
serine-rich region was more obvious when this region was
compared among five species. On the whole, aromatic residues
and many hydrophobic residues were well conserved. In addi-
tion, charge-carrying acidic and basic residues (especially in
the TFIIFb [RAP30] homology region) were well conserved,
as were the basic region-helix-loop-helix (BR-HLH) and the
BR-HL motifs.

We then isolated a putative C. elegans TFIIEa (ceTFIIEa)
using the same strategies as for ceTFIIEb. The ceTFIIEa
cDNA was 1.5 kb in length and was identical to the open
reading frame predicted from the genomic sequence (chromo-
some IV). It included a stop codon (TAA) located 12 bases
upstream of the translation start codon (ATG) and nucleotide
sequences flanking this translation start codon which matched
the Kozak sequence (8 of 10 nt) and encoded a highly acidic
433-amino-acid protein (pI, 4.8) with a calculated molecular
weight of 49.1 kDa. Comparison of C. elegans and human (40)
TFIIEa sequences revealed 29% identity and 54% similarity
over the entire sequence (Fig. 2A). These values were approx-
imately 10% lower than the corresponding values for TFIIEb.
However, the region between residues 25 and 195 of
ceTFIIEa, which may correspond to a region necessary for
transcription in hTFIIEa (38), showed 37% identity and 64%
similarity to hTFIIEa, which represents a level of sequence
conservation similar to that observed for TFIIEb. The second
acidic region (residues 366 to 383), which corresponds to the
TFIIH binding region of hTFIIEa (residues 378 to 393), also
showed strong sequence conservation (39% identity and 67%
similarity), although the rest of the C-terminal half of
ceTFIIEa (residues 196 to 365 and 384 to 433) showed only
22% identity and 46% similarity to the human homolog (Fig.

FIG. 4. Characterization of recombinant C. elegans TFIIE. (A) SDS-PAGE analysis of four different recombinant TFIIE proteins, with subunits
from either human or C. elegans. Recombinant TFIIE subunits were coexpressed in four different combinations from the coexpression plasmids
described in Materials and Methods, purified, and analyzed by SDS–10% PAGE (lanes 1 to 4). The sizes of molecular mass markers are indicated
on the left (in kilodaltons). The approximate positions of TFIIEa (IIEa) and TFIIEb (IIEb) are indicated by arrows on the right. Asterisks indicate
degradation products derived from ceTFIIEa and hTFIIEb in lane 2. (B) Basal transcription activities of chimeric TFIIE. In vitro transcription
assays were carried out with increasing amounts of chimeric TFIIE proteins. Lane 1, no TFIIE (2); lanes 2 to 4, 10, 20, and 40 ng of TFIIE made
up of 6H-ceTFIIEa and nontagged ceTFIIEb (ceEaceEb); lanes 5 to 7, 10, 20, and 40 ng of TFIIE made up of 6H-ceTFIIEa and nontagged
hTFIIEb (ceEahEb); lane 8, 12 ng of TFIIE made up of 6H-hTFIIEa and nontagged ceTFIIEb (hEaceEb); lane 9, 12 ng of TFIIE made up of
6H-hTFIIEa and nontagged hTFIIEb (hEahEb); lanes 10 and 11, 3 ng of 6H-ceTFIIEb (ceEb) and 6H-hTFIIEb (hEb), respectively. The arrow
indicates the position of the specific transcript (390 nt).
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2A). Fig. 2B shows an alignment of the amino acid sequences
of TFIIEa from five different species; regions of higher se-
quence conservation, which may indicate functional domains,
were more obvious in this wider alignment. As was observed

for TFIIEb, many aromatic residues, most of which are located
in the N-terminal half and very near the C terminus (Tyr-414,
Phe-422, and Phe-426 in ceTFIIEa), were strongly conserved.
Hydrophobic residues, most of which are located in the N

FIG. 5. Binding assays using C. elegans TFIIEb. (A) Binding of hTFIIEb to the various general transcription factors. All of the human general
transcription factors (400 ng each) except for hTFIIEb, the TBP activation factors of TFIID, and the TFIIH subunits were fused to GST and
expressed in bacteria. GST-pull down assays were carried out with 200 ng of 6H-hTFIIEb. After SDS-PAGE on a 10% polyacrylamide gel and
Western blotting, bound 6H-hTFIIEb was detected with anti-hTFIIEb antibody. Lane 1, control bacterial lysate (no GST protein) (2); lane 2, GST
alone (no fusion protein) (G); lane 3, GST-TFIIB (B); lane 4, GST-hTFIIEa (Ea); lane 5, GST-TFIIFa (Fa); lane 6, GST-TFIIFb (Fb); lane 7,
GST-TBP (T); lane 8, GST-TFIIAa (Aa); lane 9, GST-TFIIAb (Ab); lane 10, GST-TFIIAg (Ag). An arrow indicates the position of 6H-hTFIIEb
(hIIEb). (B) Binding of ceTFIIEb to the various general transcription factors. GST-pull down assays were carried out as described for panel A,
except that HA-ceTFIIEb was used instead of 6H-hTFIIEb. After Western blotting, bound HA-ceTFIIEb was detected with anti-HA monoclonal
antibody (12CA5). An arrow indicates the position of HA-ceTFIIEb (ceIIEb). (C) Binding of hTFIIEb to the TFIIH subunits. The assay was done
as described for panel A. Four hundred nanograms of each GST-fused TFIIH subunit, with GST alone (lane 1) as a control, were used to examine
binding to hTFIIEb. An arrow indicates the position of 6H-hTFIIEb (hIIEb). (D) Binding of ceTFIIEb to the TFIIH subunits. GST-pull down
assays were carried out as described for panel C, except that HA-ceTFIIEb was used instead of 6H-hTFIIEb. An arrow indicates the position of
HA-ceTFIIEb (ceIIEb). Molecular mass markers are shown to the left.

FIG. 6. Binding assays using C. elegans TFIIEa. (A) Binding of hTFIIEa to the various general transcription factors. All of the human general
transcription factors (400 ng each) except for hTFIIEa, the TBP activation factors of TFIID, and the TFIIH subunits were fused to GST and
expressed in bacteria. GST-pull down assays were carried out as described for Fig. 5A using 200 ng of 6H-hTFIIEa. After Western blotting, bound
hTFIIEa was detected with anti-hTFIIEa antibody. Lane 1, GST alone (G); lane 2, GST-TFIIB (B); lane 3, GST-hTFIIEb (Eb); lane 4,
GST-TFIIFa (Fa); lane 5, GST-TFIIFb (Fb); lane 6, GST-TBP (T); lane 7, GST-TFIIAa (Aa); lane 8, GST-TFIIAb (Ab); lane 9, GST-TFIIAg
(Ag). Arrows indicate the position of 6H-hTFIIEa (hIIEa). (B) Binding of ceTFIIEa to the various general transcription factors. GST-pull down
assays were carried out as described for panel A using 200 ng of HA-ceTFIIEa. After Western blotting, bound HA-ceTFIIEa was detected with
anti-HA monoclonal antibody (12CA5). An arrow indicates the position of HA-ceTFIIEa (ceIIEa). (C) Binding of hTFIIEa to the TFIIH
subunits. Assays were carried out as described for panel A. Four hundred nanograms of each GST-fused TFIIH subunit, with GST alone (lane 1)
as a control, were used to examine binding to hTFIIEa. An arrow indicates the position of 6H-hTFIIEa (hIIEa). (D) Binding of ceTFIIEa to the
TFIIH subunits. Assays were carried out as described for panel C, except that HA-ceTFIIEa was used instead of 6H-hTFIIEa. An arrow indicates
the position of HA-ceTFIIEa (ceIIEa). Molecular mass markers are indicated to the left.
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terminus and especially in the leucine repeat region, were also
well conserved. In addition, the positions of four cysteine res-
idues in the zinc finger motif were perfectly conserved, includ-
ing the internal spacing (21 amino acid residues).

Recombinant C. elegans TFIIE is identical to the natural
form. In order to confirm that we had isolated bona fide
ceTFIIE cDNAs, both ceTFIIEb and ceTFIIEa were ex-
pressed independently in bacteria with N-terminal six-histidine
tags and purified on a Ni-NTA agarose column. Polyclonal
antibodies were raised against recombinant ceTFIIE subunits
by immunizing experimental animals with specific bands ex-
cised from SDS-PAGE gels. Recombinant and natural
ceTFIIE subunits were compared with respect to migration on
SDS-PAGE, antibody recognition, and function in primer ex-

tension assays (Fig. 3). Each subunit of natural ceTFIIE was
immunoprecipitated from C. elegans embryonic nuclear ex-
tracts, and the precipitates were examined to determine
whether the other subunit was coimmunoprecipitated. Rat an-
ti-ceTFIIEb antiserum was used to coimmunoprecipitate nat-
ural ceTFIIEa, which produced a band of the same size as
recombinant ceTFIIEa on Western blots probed with rabbit
anti-ceTFIIEa antiserum (Fig. 3A, lane 4 versus lane 2). Nat-
ural ceTFIIEb was similarly coimmunoprecipitated with rabbit
anti-ceTFIIEa antiserum and produced a band of the same
size as recombinant ceTFIIEb on Western blots probed with
rat anti-ceTFIIEb antiserum (Fig. 3B, lanes 3 and 4 versus lane
5).

We next tested whether recombinant ceTFIIE could func-
tionally replace natural ceTFIIE in transcription using primer
extension analysis (Fig. 3C). Before doing this, we prepared
soluble recombinant ceTFIIE. Since it was reported that three
subunits of human replication protein A, which were almost
insoluble when expressed independently, could be expressed in
a soluble form by subcloning their cDNAs in tandem in bac-
terial expression vectors (15), we applied this method to
ceTFIIEa and hTFIIEa by adding a six-histidine tag at the N
terminus and coexpressing them with either ceTFIIEb or
hTFIIEb in bacteria. The four different subunit combinations
of TFIIE were then readily purified on a Ni-NTA agarose
column. Figure 4A shows SDS-PAGE analysis of these chi-
meric proteins. As expected, six-histidine-tagged ceTFIIEa
(6H-ceTFIIEa) formed a soluble complex with either ceTFIIEb
(Fig. 4A, lane 1) or hTFIIEb (lane 2), although several degraded
polypeptides were observed in the case of purified TFIIE with
ceTFIIEa and hTFIIEb (ceTFIIEa-hTFIIEb) (lane 2). 6H-
ceTFIIEa migrated slightly faster than 6H-hTFIIEa (58 kDa
versus 59 kDa) (Fig. 4A, lanes 1 and 2 versus lanes 3 and 4).
Finally, natural ceTFIIE was depleted from C. elegans embry-
onic nuclear extracts using rat anti-ceTFIIEb antiserum. As
shown in Fig. 3C, almost no transcription activity was observed
in this depleted extract (lane 1), whereas mock depletion with
rat preimmune serum did not alter the transcription activity of
the nuclear extract (lane 2 versus lane 6). Addition of increas-
ing amounts of recombinant ceTFIIE restored the transcrip-
tion activity of ceTFIIE-depleted embryonic nuclear extract
(Fig. 3C, lanes 3 to 5). These results indicate that recombinant
ceTFIIE was identical to natural ceTFIIE.

Transcriptional exchangeabilities of ceTFIIE subunits with
their human counterparts. We then tested the abilities of
ceTFIIE subunits to functionally replace their human counter-
parts using four different subunit combinations of TFIIE in a
human in vitro transcription system with a supercoiled tem-
plate (Fig. 4B). Although ceTFIIEb, when complexed with
hTFIIEa, showed approximately 30% of wild-type hTFIIE ac-
tivity (lanes 8 and 9), ceTFIIEa showed less than 5% of the
wild-type activity when complexed with hTFIIEb (lanes 5 to 7).
Moreover, wild-type ceTFIIE showed almost no activity re-
gardless of the amount added (lanes 2 to 4). These results
demonstrate that ceTFIIEb can partially replace hTFIIEb but
ceTFIIEa cannot replace hTFIIEa in a human in vitro tran-
scription system with a supercoiled template.

C. elegans and human TFIIEb show similar binding speci-
ficities to human general transcription factors. In an attempt
to determine why ceTFIIEb was only partially able to replace

FIG. 7. Effects of ceTFIIE subunits on CTD phosphorylation by
TFIIH during preinitiation complex formation. Kinase assays (25 ml)
were carried out as described in Materials and Methods. TFIIE pro-
teins were prepared and purified as described for Fig. 4A and in
Materials and Methods. (A) CTD phosphorylation of intact Pol II
during PIC formation. Lane 1, kinase reaction without TFIIE (2);
lanes 2 and 3, ceTFIIE (ceIIEaceIIEb); lanes 4 and 5, chimeric TFIIE
made up of ceTFIIEa and hTFIIEb (ceIIEahIIEb); lanes 6 and 7,
chimeric TFIIE made up of hTFIIEa and ceTFIIEb (hIIEaceIIEb);
lanes 8 and 9, hTFIIE (hIIEahIIEb). For lanes 2, 4, 6, and 8, 15 ng of
each TFIIE was added. For lanes 3, 5, 7, and 9, 30 ng of each TFIIE
was added. Phosphorylated proteins were analyzed on a 5.5% acryl-
amide-SDS gel and detected by autoradiography. Arrows indicate the
positions of the phosphorylated (IIo) and unphosphorylated (IIa)
forms of the largest subunit of Pol II. (B) Detection of the largest
subunit of Pol II after treatment with kinases. The kinase reaction was
carried out essentially as described for panel A, except that noniso-
topic ATP was used instead of [g-32P]ATP and a monoclonal antibody
(8WG16) against the CTD heptapeptide was used to detect the largest
subunit of Pol II. (C) Detection of phosphorylated Ser-2 in the CTD of
the largest subunit of Pol II. Reactions were carried out as described
for panel B, and phospho-Ser-2 in the CTD was detected using the
monoclonal antibody H5. (D) Detection of phosphorylated Ser-5 in
the CTD of the largest subunit of Pol II. Reactions were carried out as
described for panel B, and phospho-Ser-5 in the CTD was detected
using the monoclonal antibody H14.
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FIG. 8. Involvement of TFIIE in the transcription transition step. (A) Schematic representation of the transcription transition assay. Pol II and
the general transcription factors were preincubated on either linear or supercoiled AdML template pML(C2AT)100. Transcription was initiated
by the addition of nucleotides. Both templates give a 107-nt transcript. (B) Effects of ceTFIIE subunits on the transcription transition. Transcrip-
tion was carried out for 20 min (odd-numbered lanes) or 45 min (even-numbered lanes) in the presence of the various TFIIE proteins listed on
the top or in the absence of TFIIE. To the right of the panel, the sizes of markers are shown in nucleotides. Lane 1, reaction without TFIIE (2E);
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its human counterpart, the binding specificities of ceTFIIEb
and hTFIIEb for human general transcription factors were
compared using GST-pull down assays (Fig. 5). Both C. elegans
and human TFIIEb bound strongly to TFIIB, TFIIEa, and
TFIIEb (RAP30), weakly to TFIIFa (RAP74) and TBP, and
very weakly to TFIIAg (Fig. 5A and B). The human TFIIH
subunits were similarly tested (Fig. 5C and D); both C. elegans
and human TFIIEb bound to XPB, p62, and Cdk7, albeit
relatively weakly (Fig. 5C and D, lanes 2, 4, and 8). The only
difference detected between ceTFIIEb and hTFIIEb was that
hTFIIEb bound weakly to cyclin H (Fig. 5C, lane 9), whereas
ceTFIIEb did not bind to cyclin H but did bind weakly to p44
instead (Fig. 5D, lane 6). In addition, since we observed that
human Pol II bound predominantly to TFIIB and hTFIIEb,
the binding of human Pol II to ceTFIIEb was also tested;
weaker but significant binding (about half-efficiency relative to
that of hTFIIEb) was observed (Y. Ohkuma, data not shown).
Judging from these results, there was not much difference
between ceTFIIEb and hTFIIEb in binding to the human
general transcription factors. It therefore remains difficult to
explain the partial exchangeability of ceTFIIEb with hTFIIEb
simply from these binding results.

C. elegans TFIIEa does not bind efficiently to human
TFIIEb. In contrast to ceTFIIEb, ceTFIIEa was unable to
replace hTFIIEa in a human in vitro transcription system (Fig.
4B). To address this issue, the binding specificities of
ceTFIIEa and hTFIIEa for various human general transcrip-
tion factors were analyzed (Fig. 6). Of the general transcription
factors, hTFIIEa bound most strongly to hTFIIEb (Fig. 6A,
lane 3). However, ceTFIIEa did not bind well to hTFIIEb
(about 10% of the efficiency of hTFIIEa) (Fig. 6A and B,
compare lanes 3). In addition, ceTFIIEa bound more strongly
to TFIIAb than hTFIIEa did (Fig. 6A and B, lanes 8). Binding
to TFIIB, TFIIFb (RAP30), and TBP was similar for C. elegans
and human TFIIEa (Fig. 6A and B, lanes 2, 5, and 6), and both
also bound predominantly to p62 and weakly to p52 among the
nine TFIIH subunits (Fig. 6C and D, lanes 4 and 5). These
results indicate that a different binding affinity to hTFIIEb
might be a main reason for the inability of ceTFIIEa to sub-
stitute functionally for hTFIIEa.

The intermediate shift in the Pol II phosphorylation state
induced by C. elegans TFIIEb may be caused by defective
phosphorylation at serine-5 of the CTD heptapeptide se-
quence. In light of accumulated evidence suggesting a tight
connection between CTD phosphorylation and transcription
and our observation that ceTFIIEb is partially able to replace
its human counterpart in transcription, we investigated the
effects of four different chimeric forms of TFIIE on CTD
phosphorylation during PIC formation (Fig. 7A). Wild-type

hTFIIE fully stimulated CTD phosphorylation, causing the
largest subunit of Pol II to shift completely from the IIa to the
IIo form (lanes 8 and 9). In contrast, chimeric TFIIE contain-
ing hTFIIEa and ceTFIIEb (hTFIIEa-ceTFIIEb) caused an
intermediate shift of Pol II to a point between the IIa and IIo
forms (lanes 6 and 7), while neither wild-type ceTFIIE nor
TFIIE containing ceTFIIEa and hTFIIEb (ceTFIIEa-hTFIIEb)
produced any significant Pol II shift upon phosphorylation reac-
tion (lanes 2 to 5).

Recently, CTD phosphorylation sites have been reported
from studies using a GST-CTD fusion protein, CTD heptapep-
tide repeat peptides, and a free form of intact Pol II; for
example, TFIIH phosphorylates Ser-5, and Cdk8-cyclin C of
the SRB- and Med-containing complex NAT phosphorylates
Ser-2 and Ser-5 (58, 64). Since TFIIH is the only CTD kinase
to exist in the reconstituted active PIC at transcription, we
thought that phosphorylation of the CTD heptapeptide re-
peats (YSPTSPS; the first Tyr [Y] is here designated Tyr-1) of
Pol II in the active PIC must correspond to the conformational
change of Pol II to be processive. To identify the site(s) of
CTD phosphorylation, we carried out phosphorylation reac-
tions in the active PIC using intact Pol II and analyzed the
largest subunit of Pol II by Western blotting with the following
monoclonal antibodies: 8WG16, which preferentially detects
the hypophosphorylated form of the CTD; H5, which detects
phosphorylated Ser-2; and H14, which detects phosphorylated
Ser-5 (Fig. 7B to D) (47, 63). Using this method, we recently
observed that TFIIH phosphorylated both Ser-2 and Ser-5, but
Ser-5 phosphorylation was dependent almost entirely on
TFIIE both in solution and in the PIC (69). In the present
study, both wild-type TFIIE and chimeric TFIIE (hTFIIEa-
ceTFIIEb) actively phosphorylated Pol II, although the shift
induced by hTFIIEa-ceTFIIEb was relatively lower than that
induced by hTFIIE (Fig. 7B, lane 4 versus lane 5). In contrast,
neither ceTFIIE nor another chimeric TFIIE (ceTFIIEa-hT-
FIIEb) produced any significant shift (Fig. 7B, lanes 1 to 3).
When the phosphorylation sites were analyzed, active chimeric
TFIIE (hTFIIEa-ceTFIIEb) and wild-type hTFIIE phosphor-
ylated Ser-2 to a similar extent (Fig. 7C, lanes 4 and 5). How-
ever, intriguingly, this hTFIIEa-ceTFIIEb induced Ser-5 phos-
phorylation very little, in clear contrast to hTFIIE, which
strongly induced Ser-5 phosphorylation (Fig. 7D, lane 4 versus
lane 5).

C. elegans TFIIEb shows a severe defect in its ability to
support transcription at the transition from initiation to elon-
gation on a linear DNA template. Since ceTFIIEb showed a
partial transcriptional exchangeability with hTFIIEb on a su-
percoiled template and failed to induce Ser-5 phosphorylation
well in the CTD of Pol II, we thought this defect of Ser-5

lanes 2 and 3, ceTFIIE (ceEaceEb); lanes 4 and 5, chimeric TFIIE made up of ceTFIIEa and hTFIIEb (ceEahEb); lanes 6 and 7, chimeric TFIIE
made up of hTFIIEa and ceTFIIEb (hEaceEb); lanes 8 and 9, hTFIIE (hEahEb). Lanes 1 to 12, transcription on a linear template; lanes 13 to
18, transcription on a supercoiled template. Transcripts longer than 35 nt were considered to be elongating transcripts, and their amounts were
measured by a Fuji-BAS2500 phosphoimager. Transcription by wild-type TFIIE on the two different templates was defined as 100% (lanes 10 and
18). Relative transcription activities (%) are presented in the bottom panel. (C) Effects of ceTFIIE subunits on transcription initiation. The PIC
was preformed as described for panel A on the AflIII-ScaI fragment of pMLH1 (containing the AdML promoter sequence from 2111 to 147)
(14). Transcription initiation was then carried out for 45 min at 28°C by addition of [a-32P]CTP in the presence of the four different TFIIE proteins
or in the absence of TFIIE. The position of the dinucleotide transcript (adenylyl cytidine [ApC]) is indicated by an arrow. Lane 1, reaction without
TFIIE (2E); lanes 2, 4, 6, and 8, 8 ng of each TFIIE protein was added; lanes 3, 5, 7, and 9, 24 ng of each TFIIE protein was added. Abbreviations
for TFIIE proteins were the same as those used in panel B.
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phosphorylation was a potential reason for the partial ex-
changeability. Thus, we characterized its function in transcrip-
tion by focusing on the transition step to elongation. As shown
in Fig. 8A, the PICs were preformed by incubation of Pol II
with general transcription factors (with or without various
forms of TFIIE) and either a linear or supercoiled AdML
template [pML(C2AT)100]. Transcription was started by addi-
tion of nucleoside triphosphates at a low concentration to limit
Pol II processivity so as to allow study of the transition stage.
Although transcription occurred at a very low level (0.8% of
transcription in the presence of wild-type hTFIIE; Fig. 8B, lane
14 versus lane 18) even in the absence of TFIIE on the super-
coiled template, hTFIIE was stringently required for efficient
transcription on both linear and supercoiled templates (lanes
9, 10, 17, and 18). Chimeric TFIIE (hTFIIEa-ceTFIIEb)
showed 26% of wild-type hTFIIE transcription activity on the
supercoiled template (Fig. 8B, lane 16 versus lane 18), a level
consistent with the results shown in Fig. 4B. However,
hTFIIEa-ceTFIIEb showed only 5% of wild-type hTFIIE tran-
scription on the linear template (Fig. 8B, lane 8 versus lane 10).
The reason why we did not observe shorter (abortive) tran-
scripts as well as unincorporated [a-32P]CTP so much may be
that we treated samples with calf intestine alkaline phospha-
tase as described previously (21) and ethanol precipitated to
reduce the background. The hTFIIEb D278–291 mutant
showed similarly reduced transcription (about 20% of the wild-
type level) on both templates (Fig. 8B, lanes 11 and 12) (Oh-
kuma, data not shown; 42). This is clearly different from the
transcription activity of hTFIIEa-ceTFIIEb. To examine
whether this difference between linear and supercoiled tem-
plates reflects the difference at the transition stage to elonga-
tion, we carried out transcription initiation assays to see the
first phosphodiester bond formation (Fig. 8C). The activity of
hTFIIEa-ceTFIIEb was also about 30% of that of wild-type
hTFIIE at initiation (lanes 6 and 7 versus lanes 8 and 9). These
results strongly indicate that hTFIIEa-ceTFIIEb has a severe
defect in the transition activity from transcription initiation to
elongation and, in other words, TFIIE is directly involved in
this stage.

DISCUSSION

In this study, we isolated and characterized both subunits of
C. elegans TFIIE (ceTFIIE) for the purpose of elucidating
TFIIE functions in transcription. Since the essential transcrip-
tion mechanisms are conserved between human and C. elegans,
these ceTFIIE subunits were nice tools, as if they were two
useful human TFIIE subunit mutants, for studying TFIIE func-
tions by looking at the functional defects of those subunits in
the human in vitro transcription system. We showed that only
the smaller subunit, ceTFIIEb, could partially replace its hu-
man counterpart in the human system. By means of further
functional studies, we found that ceTFIIEa did not bind well to
hTFIIEb, which explains the inability of ceTFIIEa to substi-
tute for its human counterpart. We also found that in the
human in vitro system, ceTFIIEb was severely defective in its
ability to support the transition from initiation to elongation.
Importantly, CTD phosphorylation in the presence of chi-
meric TFIIE consisting of hTFIIEa and ceTFIIEb (hTFIIEa-
ceTFIIEb) resulted in an intermediate form of the largest sub-

unit of Pol II because hTFIIEa-ceTFIIEb did not efficiently
support phosphorylation of Ser-5 in the CTD repeat sequence.
Although many studies have suggested that CTD phosphory-
lation is important for Pol II processivity, this is, to our knowl-
edge, the first report to suggest that Ser-5 phosphorylation is
somehow related to transcription transition efficiency and that
this might be the basis of TFIIE involvement in this step.

Differences between TFIIEa and TFIIEb. Both ceTFIIE
subunits were expressed in bacteria and tested for the ability to
functionally replace their human homologs in a human in vitro
transcription system. By transcription analysis, we demon-
strated that ceTFIIEb could partially substitute for hTFIIEb in
transcription on a supercoiled template but that ceTFIIEa
could not replace hTFIIEa. In order to examine this functional
difference, we compared the binding of ceTFIIE and hTFIIE
subunits to human general transcription factors (Fig. 5 and 6).
The only differences observed between human and C. elegans
TFIIEb was the latter’s weak binding to the TFIIH subunits
cyclin H and p44 (Fig. 5C and D). In contrast, ceTFIIEa, as
opposed to hTFIIEa, failed to bind strongly to hTFIIEb (Fig.
6B, lane 3). This weak binding of ceTFIIEa to hTFIIEb is
probably the main reason for the inability of ceTFIIEa to
functionally replace hTFIIEa, while the partial ability of
ceTFIIEb to replace hTFIIEb cannot be simply explained by
these binding results. Further analyses revealed that ceTFIIEb
was unable to fully support Ser-5 phosphorylation in the CTD
of Pol II or the transition to transcription elongation (Fig. 7
and 8). These results, together with those of protein-DNA
cross-linking experiments (49) and our recent structural study
of the hTFIIEb core dsDNA-binding domain (43), strongly
suggest the following model for the different functional roles of
each subunit. TFIIEb may play a fundamental role: it is lo-
cated inside the PIC and makes contact with the promoter
region at the point where the dsDNA starts to open (between
positions 214 and 22 with the transcription start site defined
as 11). TFIIEa, on the other hand, appears to have evolved in
a more species-specific fashion and plays an antenna-like role
in receiving signals for transcriptional regulation; it is located
on the outside of the PIC and makes contact with regulatory
factors and SRB- and Med-containing complex in addition to
recruiting TFIIH into the PIC.

Stimulation of TFIIH-mediated CTD phosphorylation by
TFIIE coincides with induction of Ser-5 phosphorylation in
the CTD heptapeptide sequence. It is now widely recognized
that the CTD of Pol II is hyperphosphorylated during active
transcription elongation (34, 70) and that only hypophosphor-
ylated Pol II can form the PIC to initiate transcription (30, 66).
These observations clearly indicate that CTD phosphorylation
occurs between PIC formation and the transition from tran-
scription initiation to elongation. Since TFIIH is the only fac-
tor located inside the PIC that possesses a CTD kinase activity
in an in vitro reconstituted transcription system and is regu-
lated by TFIIE (31, 39), we believe that these two molecules
play central roles in the formation of processive Pol II com-
plexes.

Since ceTFIIEb was partially able to replace hTFIIEb in
transcription on the supercoiled AdML template (Fig. 4B and
8B), its effect on CTD phosphorylation during PIC formation
was examined (Fig. 7). An intermediate form of the Pol II
largest subunit with electrophoretic mobility between those of
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the IIa and IIo forms was produced in the presence of chimeric
TFIIE (hTFIIEa-ceTFIIEb) (Fig. 7A, lanes 6 and 7). Ser-2 in
the CTD repeat motif was phosphorylated by TFIIH even in
the absence of TFIIE (Fig. 7C, lane 1) but was stimulated in
the presence of four different forms of TFIIE (Fig. 7C, lanes 2
to 5), whereas Ser-5 phosphorylation was strongly induced by
wild-type hTFIIE (Fig. 7D, lane 5) and weakly by chimeric
TFIIE (hTFIIEa-ceTFIIEb) (Fig. 7D, lane 4). These results
indicate that ceTFIIEb showed only partial transcriptional
complementation of its human counterpart because of a defect
in supporting Ser-5 phosphorylation.

The transcription transition activity of TFIIE coincides with
Ser-5 phosphorylation in the CTD. Using two different forms
of the AdML template, we found that chimeric TFIIE
(hTFIIEa-ceTFIIEb) showed 26% transcription activity (rel-
ative to wild-type hTFIIE) on the supercoiled template (Fig.
8B, lane 16 versus lane 18) but, significantly, only 5% of wild-
type activity on the linear template (lane 8 versus lane 10). In
a transcription initiation assay, hTFIIEa-ceTFIIEb also
showed approximately 30% of the activity of wild-type hTFIIE
(Fig. 8C, lanes 6 and 7 versus lanes 8 and 9). These results
clearly indicate that hTFIIEa-ceTFIIEb was markedly defec-
tive in supporting the transition to elongation. This, to our
knowledge, is the first indication that induction of Ser-5 phos-
phorylation in the CTD by TFIIE may play a role in the
transition from transcription initiation to elongation. On the
contrary, Ser-2 phosphorylation was observed even in the ab-
sence of TFIIE (Fig. 7C, lane 2). This evokes two possibilities:
one is that there is no effect of Ser-2 phosphorylation on
transcription, and the other is that Ser-2 phosphorylation is
essential but requires, in addition, Ser-5 phosphorylation to
change Pol II to a fully processive transcription complex.

A long-lasting issue has been whether CTD phosphorylation
is essential for Pol II transcription. More recently, two lines of
studies, which support the importance of CTD phosphoryla-
tion in transcription, have been reported. (i) Reinberg and
colleagues have demonstrated a link between transcription and
CTD phosphorylation by showing that Cdk8 (the human
SRB10 homolog) targets not only the CTD of Pol II but also
cyclin H of TFIIH and that Cdk8 inactivates both transcription
and CTD kinase activities of TFIIH by phosphorylating cyclin
H (1). (ii) Two novel studies using the chromatin immunopre-
cipitation method have demonstrated that Ser-5, but not Ser-2,
phosphorylation was dependent on transcription and that Ser-
5-phosphorylated Pol II was primarily localized at promoter
regions (23, 54). In addition, two studies on human immuno-
deficiency virus type 1 gene transcription have reported that
the transcriptional activator of this gene, Tat, stimulates both
Ser-5 phosphorylation of the CTD of Pol II by Cdk9 and Pol II
processivity for transcription elongation (12, 73). These results
all support the idea that Ser-5 phosphorylation makes Pol II
processive in transcription. They also support our observation
that Ser-5 phosphorylation is a prerequisite for the transcrip-
tion transition step and further confirm the importance of
CTD phosphorylation of Pol II at Ser-5. Of course, further
evidence will be required to establish a causal link between
CTD phosphorylation and transcription, because it is still pos-
sible that something else, e.g., the helicase activity of TFIIH,
provides the essential function for the transition step and that
Ser-5 phosphorylation is just a consequence of an inactive Pol

II complex. Therefore, the current focus of our research is to
pursue the possibility that Ser-5 phosphorylation is directly
involved in this transcription transition.

Recent studies have also shown that pre-mRNAs are tar-
geted for capping through binding of the guanylyltransferase
component of the capping apparatus to the phosphorylated
CTD of Pol II (6, 33, 72). Mammalian guanylyltransferase
binds synthetic CTD peptides containing phosphoserine at ei-
ther Ser-2 or Ser-5 of the YSPTSPS repeat (16). However, only
CTD peptides containing phospho-Ser-5 stimulate guanylyl-
transferase activity, enhancing enzyme affinity for GTP and
increasing the yield of enzyme-GMP intermediate. CTD pep-
tides containing phospho-Ser-2, on the other hand, have no
effect on guanylyltransferase activity. Importantly, Rodriguez
et al. have proved genetically that only Ser-5-phosphorylating
Kin28 of yeast Cdk7 is able to recruit the capping enzyme
guanylyltransferase (Ceg1) and the polyadenylation factor
Pta1 to Pol II and that other CTD kinases, such as SRB10 of
yeast Cdk8, are not able to carry out this function (50). In
summary, our present results together with the recent genetic
and biochemical data clearly suggest that TFIIE and TFIIH
play important roles via Ser-5 phosphorylation during the tran-
sition from transcription initiation to elongation as well as in
subsequent RNA processing steps.
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