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Eukaryotic transcriptional activators have been proposed to func-
tion, for the most part, by promoting the assembly of preinitiation
complex through the recruitment of the RNA polymerase II tran-
scriptional machinery to the promoter. Previous studies have
shown that transcriptional activation is critically dependent on
transcription factor IIH (TFIIH), which functions during promoter
opening and promoter escape, the steps following preinitiation
complex assembly. Here we have analyzed the role of TFIIH in
transcriptional activation and show that the excision repair cross-
complementing (ERCC) 3 helicase activity of TFIIH plays a regula-
tory role to stimulate promoter escape in activated transcription.
The stimulatory effect of the ERCC3 helicase is observed until
�10-nt RNA is synthesized, and the helicase seems to act through-
out the entire course of promoter escape. Analyses of the early
phase of transcription show that a majority of the initiated com-
plexes abort transcription and fail to escape the promoter; how-
ever, the proportion of productive complexes that escape the
promoter apparently increases in response to activation. Our
results establish that promoter escape is an important regulatory
step stimulated by the ERCC3 helicase activity in response to
activation and reveal a possible mechanism of transcriptional
synergy.

Transcription by RNA polymerase II (RNAPII) is a multistep
process that includes preinitiation complex (PIC) assembly,

promoter opening, promoter escape, and elongation (1–4).
Numerous in vivo and in vitro studies have revealed that the
promotion of PIC assembly is a major step of regulation by
transcriptional activators (5, 6); however, several studies have
indicated that activators also may function after PIC assembly
(7–12). The steps after PIC assembly can be divided into
promoter opening, promoter escape, and elongation steps. After
PIC assembly, promoter opening ensues as the region from �9
to �2 becomes melted, followed by the formation of the first
phosphodiester bond (13, 14). As RNAPII elongates the initi-
ated transcript, the melted region extends gradually from the
�9��2 region to the �9��9 region, which abruptly shifts to the
�3��11 region when promoter escape is complete (13, 14).
Promoter escape is a rate-limiting step in basal transcription in
vitro (4, 15), and RNAPII may abort and reinitiate transcription
during promoter escape to release short transcripts (14, 16, 17).

In basal transcription, promoter opening and promoter escape
require general transcription factor IIH (TFIIH) and �� hydro-
lysis of (d)ATP on linear templates (18). TFIIH consists of nine
subunits including excision repair cross-complementing (ERCC)
3 (XPB), ERCC2 (XPD), and MO15, which have 3�-5� helicase,
5�-3� helicase, and C-terminal domain kinase activities, respec-
tively (19, 20). Both promoter opening and promoter escape
require the ERCC3 helicase activity and (d)ATP hydrolysis (21,
22), which can be circumvented by the negative supercoiling of
the template DNA (18). In addition to the role in basal tran-
scription, TFIIH is critically important for activated transcrip-
tion. Indeed, TFIIH is essential for efficient transcriptional
activation in vitro by various activators (23–25) and seems to
suppress promoter proximal pausing in activated transcription

(25). Moreover, negative regulator of activated transcription
(NAT) and FBP interacting repressor (FIR) specifically repress
activated transcription through TFIIH (26–28). Finally, acti-
vated transcription is affected dramatically in the presence of
nonhydrolyzable ATP analogues (29). Thus, various transcrip-
tional regulators may control transcription by regulating the
enzymatic activities of TFIIH that require the hydrolysis of ATP.

Here we show that the ERCC3 helicase activity of TFIIH
increases the efficiency of promoter escape in activated tran-
scription. The helicase activity acts throughout the entire course
of promoter escape and apparently increases the fraction of
productive transcriptional complex in response to activation.
The presence of at least two steps (PIC assembly and promoter
escape) that are stimulated by activation suggests a possible
mechanism for transcriptional synergy.

Materials and Methods
Purification of TFIIH Mutants. Oligonucleotide-mediated mutagen-
esis was used to introduce a lysine-to-alanine mutation in
ERCC3, RECC2, and MO15 cDNAs. Each mutated cDNA was
subcloned into the baculovirus expression vector, pAcAB3
(PharMingen), with other TFIIH subunits as described (29).
Production of recombinant baculoviruses as well as the purifi-
cation of recombinant TFIIH mutants were done essentially as
described (29).

DNA Templates. For preparing 560-bp premelted templates, the
region including the GAL4-binding sites, core promoter, and
G-less cassette of pG5HMC2AT was amplified by PCR. The
amplified DNA fragment was subcloned into the SmaI site of
either M13mp18RF or M13mp19RF, which produced the non-
template or template strand, respectively, when isolated as
single-stranded DNA (ssDNA). The M13mp18 ssDNA was used
to create mutated nontemplate strands by oligonucleotide-
mediated mutagenesis. The ssDNAs from M13mp18 or -19
derivatives were cut with SmaI after annealing with a set of
30-mer oligonucleotides complementary to each ssDNA encom-
passing SmaI sites. Pairs of the SmaI-cut 560-nt ssDNA frag-
ments corresponding to the template and nontemplate strands
were annealed and then purified by 5% PAGE. The isolated
double-stranded DNA templates were sequenced directly on
both strands to confirm the mismatch.

PCR-based methods were used to create a series of
pG5HMC2AT�nG or pG5HMC2AT�nA, which has the first G
or A residue, respectively, at the nth position. EagI and HindIII
sites were first created immediately upstream of the initiation
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site and at the 3� end of the G-less cassette, respectively. Then,
EagI-HindIII fragments containing appropriate mutations were
prepared and used to replace the EagI-HindIII region of
pG5HMC2AT. All the adenine residues between the �1 and �n
positions, when present, were changed into thymidine residues.
All templates were sequenced entirely to confirm correct mu-
tagenesis and showed indistinguishable transcriptional activities
from the original pG5HMC2AT except the template 6A, which
reproducibly showed 20% less activity. However, the template
6A showed the same level of activation.

In Vitro Transcription Assays. Transcription assays were carried out
essentially as described (29) with the SmaI-linearized templates
except for that shown in Fig. 1D, in which negatively supercoiled
templates were used. In all reactions, the template and factors
were preincubated at 30°C for 50 min before the addition of
nucleotides, and the reaction was incubated further for 15 min,
or as diagramed in the figures. The levels of transcription were
quantified by using Fujix Bas 2000. For transcription using the
premelted templates, 10 ng of premelted template was sup-
plemented with 160 ng of linearized pUC19 to adjust the total
amount of DNA, and wild-type PC4 was replaced with a mutant
form of PC4, W89A, which has alanine in place of tryptophan
at the 89th residue. The mutant PC4 has a reduced binding
to ssDNA but can support activation as efficiently as wild-type
PC4 (30).

Analysis of Transcripts Terminated by 3�-O-methylguanosine 5�-
Triphosphate (3�-O-methyl GTP). For the analyses of the short
transcripts from pG5HMC2AT�nG templates, transcription
reactions were done essentially as described except that the
reactions contained 1 �M CTP to obtain clearly visible tran-
scripts. The reactions were stopped by heat treatment at 68°C for
3 min and then treated with 5 units of calf intestinal alkaline
phosphatase at 37°C for 1 h. The RNA products were separated
on a denaturing 23% polyacrylamide gel in 1� TBE (89 mM

Tris-borate, 20 mM EDTA), pH 8.8, in which short transcripts
were resolved better than 1� TBE, pH 8.3. pH 8.3.

Kinetic Analyses of Promoter Escape. Transcription reactions were
set up in a 250-�l reaction, and 25-�l aliquots were withdrawn
at the indicated time points. The reaction included 400 �Ci (1
Ci � 37 GBq) of [�-32P]CTP for each reaction (four times the
amount of radioactivity than standard in vitro transcription
reactions) to measure the level of transcription accurately. The
levels of transcripts at each time point were quantified and
analyzed by nonlinear regression using GraphPad PRISM soft-
ware (San Diego) to obtain the rate constants.

Results
Requirement of the ERCC3 Helicase Activity for Activated Transcrip-
tion. To test the roles of three enzymatic activities of TFIIH in
activated transcription, we created three recombinant TFIIH
mutants, hereafter termed K41A, K346A, and K48A, each of
which has a lysine-to-alanine substitution at the 41st, 346th, or
48th residues within the ATP-binding sites of MO15, ERCC3,
or ERCC2, respectively (Fig. 1 A and B; ref. 29). Each TFIIH
mutant then was analyzed in in vitro transcription assays
containing GAL4-VP16 and a coactivator, PC4. The reactions
included pG5HMC2AT, which contained five GAL4-binding
sites upstream of the core promoter and pML�53C2AT as an
internal control (Fig. 1C; refs. 23 and 29), both in a negatively
supercoiled form that obviates the requirement of TFIIH
in basal transcription. In the absence of TFIIH, only little
activation was observed (Fig. 1D, lanes 1 and 4); however, in
the presence of wild-type TFIIH, K41A, and K48A, �15-fold
activation was observed (Fig. 1D, lanes 5 and 8, lanes 9 and 12,
and lanes 17 and 20). By contrast, K346A mediated a markedly
reduced activation (4-fold; Fig. 1D, lanes 13 and 16). The low
level of activation observed with K346A is unlikely to be
caused by the reduced recruitment of TFIIH to the promoter,
because K346A interacted with VP16 as efficiently as wild-
type TFIIH (data not shown; ref. 31). In addition, the ERCC3
helicase activity stimulates transcription not by counteracting
the repressive activity of PC4 but by acting in conjunction with
the coactivator activity of PC4, because the effect of the
ERCC3 helicase activity in activated transcription is observed
even with a mutated PC4, W89A, which has much reduced
repressive activity (data not shown; ref. 30). Together these
results indicate that the ERCC3 helicase activity, but neither
the MO15 kinase nor the ERCC2 helicase activity, plays an
important role for activated transcription.

Effect of the ERCC3 Helicase Activity on Premelted Templates in
Activated Transcription. Because the ERCC3 helicase is required
for promoter opening and promoter escape in basal transcription
(21, 22), we next determined which of the two steps (i.e.,
promoter opening and promoter escape) is enhanced by the
ERCC3 helicase during activated transcription. To this end, we
created the templates in which bases �5 to �2, �7 to �2, or �9
to �2 were mismatched (Fig. 2A). The mismatch between �5
and �2 is a minimal region that obviates the requirement of
TFIIH for basal transcription on a linear template (13), and the
mismatch between �9 and �2 corresponds to the promoter
region melted immediately before initiation (14). As shown in
Fig. 2B and quantified in Fig. 2C, transcription occurred in the
absence of the ERCC3 helicase activity and was stimulated by
GAL4-VP16 and PC4 on the templates �5��2, �7��2, and
�9��2 (Fig. 2 B and C, lanes 7 and 8, lanes 11 and 12, and lanes
15 and 16) but not on the wild-type template (Fig. 2 B and C,
lanes 3 and 4). Importantly, basal transcription showed only a
minor reduction (Fig. 2 B and C, lanes 5, 7, 9, 11, 13, and 15),
whereas activated transcription showed a 50–60% reduction on
the premelted templates in the absence of the ERCC3 helicase

Fig. 1. TFIIH mutants and their transcriptional activities. (A) Mutations of
ATP-binding sites in the MO15, ERCC3, and ERCC2 subunits of TFIIH. The lysine
residues mutated to alanine are indicated. (B) Silver-stained gel of purified
TFIIH mutants. The positions of TFIIH subunits are indicated on the right. WT,
wild type. (C) Test (pG5HMC2AT) and control (pML�53C2AT) templates used
for in vitro transcription. (D) Activated transcription assays in the presence of
TFIIH mutants. The positions of the transcripts from the test (390-nt) and
control (290-nt) templates are indicated on the right.
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activity (Fig. 2B, lanes 6, 8, 10, 12, 14, and 16). Thus, in addition
to the essential role on linear templates (18), the ERCC3
helicase activity is important for stimulating transcription and is
implicated in enhancing the steps other than promoter opening
in activated transcription, most likely the promoter escape step.

To ensure that promoter escape is enhanced by the ERCC3
helicase activity in activated transcription, we examined the
effect of K346A on the short transcripts produced during
promoter escape. When transcription initiation was allowed on
the template �9��2 with only ATP and CTP, the ERCC3
helicase activity did not affect the activation of initiation (ApC
formation; Fig. 3, lanes 1–4), which is likely to reflect the
recruitment of PIC by GAL4-VP16. When four nucleotides were
included to elongate ApC, short transcripts from 2 to 11 nt
appeared in addition to the full-length transcript (Fig. 3, lanes
5–8). Notably, in activated transcription, the short transcripts
accumulated more in the absence (Fig. 3, lane 8) than in the
presence of the ERCC3 helicase activity (Fig. 3, lane 6), indi-
cating that in response to activation the helicase stimulates the
extension of these short transcripts into longer ones, the step that
corresponds to promoter escape. This reduced efficiency of
promoter escape in the absence of the ERCC3 helicase activity
accounts for the reduction of the full-length transcript in acti-
vated transcription (Fig. 2B, lanes 14 and 16). Together these
results show that the ERCC3 helicase activity is required for
efficient extension of the short transcripts produced during
promoter escape in response to activation.

Promoter Escape on Nonpremelted Templates in Activated Transcrip-
tion. Although the results discussed above strongly suggest that
promoter escape is stimulated in activated transcription, the
stimulation can possibly be caused by the intrinsic inefficiency of

promoter escape on the premelted templates, the ssDNA region
of which may impede promoter escape artificially by holding
back RNAPII (32). To rule out this possibility, we used non-
premelted templates and systematically analyzed the effect of
activation on the early phase of transcription. Each template
contained a guanine (G) residue at a defined position within the
G-less cassette (Fig. 4A), on which transcription terminates at
the G residue by incorporating 3�-O-methyl GTP (14). After PIC
was assembled, transcription was allowed by adding ATP and
CTP, or ATP, CTP, UTP, and 3�-O-methyl GTP (Fig. 4B). Short
transcripts were separated on a 23% denaturing polyacrylamide
gel, and after the levels of transcription were quantified, the fold
activation was determined for each pair of the short transcripts.

As shown in Fig. 4C, the short transcripts less than 9 nt in
length (lanes 2–6G) were produced in far excess of those equal
to or longer than 9 nt (lanes 9G-20G), consistent with the fact
that RNAPII can abort and reinitiate before the �9 position
(14). More importantly, when fold activation was quantified for
each transcript, 2-, 3-, 4-, 5-, and 6-nt transcripts were stimulated
by 2–4-fold, whereas 9-, 12-, 15-, and 20-nt transcripts were
stimulated by �10-fold in activated transcription (Fig. 4D),
indicating that promoter escape is stimulated in response to
activation. The values of fold stimulation for transcripts equal to
or longer than 9 nt were only slightly less than those of 390-nt
transcripts (Fig. 1D, lanes 5 and 8), indicating a very small effect,
if any, of GAL4-VP16 on the elongation step in our assays. These
results confirm the conclusion from the premelted templates
that transcriptional activation involves the facilitation of pro-
moter escape.

Careful inspection of the autoradiogram reveals that in addi-
tion to the G-terminated transcript, short transcripts that range
from 2 to 8 nt are present also (Fig. 4B). Quantification of these
transcripts in the transcription reactions using the template 20G,
for example, has revealed that the molar ratio of the short
transcripts to the 20G transcript is �20:1 in basal transcription
and �5:1 in activated transcription. The results indicate that
even when all nucleotides are present to allow the formation of
the 20G transcript, a majority of the initiated complexes abort
transcription prematurely, producing the short transcripts in far
more excess than the 20G transcript. However, the proportion of
the active complexes that escape the promoter and produce the
20G transcript clearly increases in response to activation.

Requirement of the ERCC3 Helicase Activity Throughout the Entire
Promoter Escape for Activation. Recent studies show that once the
initiation occurs, ATP hydrolysis (and hence the ERCC3 heli-

Fig. 2. Activated transcription from the premelted templates. (A) Premelted
templates used for transcription. The DNA sequences of the premelted regions
and the position of the initiation site (�1) are indicated. (B) Basal (�) or
activated (�) transcription from the premelted templates in the presence of
wild-type TFIIH (WT) or TFIIH with a mutated ERCC3 (K346A), respectively. (C)
Quantification of the relative levels of transcription. The data from three
independent experiments are represented as means � SD. The unit for tran-
scriptional levels is arbitrary.

Fig. 3. Effect of ERCC3 on promoter escape from premelted templates.
Transcription reactions were performed by using the template �9��2 in the
presence of ATP and CTP (lanes 1–4), or ATP, CTP, UTP, and 3�-O-methyl GTP
(lanes 5–8). The position of the initiation product (ApC) is indicated on the left,
and the short transcripts are indicated on the right. WT, wild type.
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case) is required only during escape commitment that corre-
sponds from the initiation to 3-nt RNA synthesis (4, 14). We
therefore tested whether the ERCC3 helicase activity was re-
quired for activation only during escape commitment or rather
throughout the entire promoter escape. To this end, we devised
an experiment in which adenosine 5�-O-(3-thiotriphosphate)
(ATP-�S) was added to inhibit the ERCC3 helicase activity at
defined points during promoter escape. We used similar tem-
plates as that for Fig. 4 except that each G residue was replaced
with an adenine (A) residue so that transcription could be stalled
before the A residue in the absence of ATP (Fig. 5A). These
templates showed essentially the same levels of transcription in
standard transcription reactions using ATP, although the tem-
plate 6A showed 20% less transcription levels with essentially the
same level of fold activation (data not shown), indicating that the
effect of the altered A residues on transcription is minimal. After
PIC was assembled on each template, transcription was stalled
at a defined position during the incubation in the presence of
AMP, dATP, UTP, and CTP (Fig. 5B). At this stage, AMP

served as the initiating nucleotide of transcription, and dATP
provided �� hydrolysis for the ERCC3 helicase; however, nei-
ther nucleotides could be incorporated into elongating RNA.
Little read-through transcription occurred during the stall, as
evidenced by the absence of the 390-nt transcript (Fig. 5B, no
chase). Then, ATP-�S and 3�-O-methyl GTP were added to
elongate RNA into the 390-nt full-length transcript (Fig. 5B).
Because ATP-�S was added in a 20-fold molar excess over
dATP, transcription resumed in the absence of �� hydrolysis of
dATP.

When RNAPII was stalled at or before the �8 position,
further elongation of transcript was inhibited markedly by
ATP-�S (Fig. 5 B and C). Interestingly, the inhibition was more
pronounced for RNAPII stalled at the �2 and �3 positions,
which corresponds to escape commitment (4), than that stalled
at the �4, �5, and �8 positions. By contrast, when RNAPII was
stalled at the �11 position and beyond, further elongation
proceeded efficiently without dATP hydrolysis (Fig. 5 B and C).
The same sets of experiments were done by using the TFIIH
mutants, K41A and K48A, in place of wild-type TFIIH, and
essentially the same results were obtained (data not shown),

Fig. 4. Effect of GAL4-VP16 on promoter escape from nonpremelted tem-
plates. (A) DNA sequences of pG5HMC2AT�nG templates. The G residue in
bold indicates the position at which transcription terminates by 3�-O-methyl
GTP. WT, wild type. (B) Short transcripts in the early phase of basal and
activated transcription. The positions of transcripts terminated at the G resi-
due are indicated. Asterisks indicate the transcripts from 3 to 11 nt in length
that correspond to the same transcripts indicated in Fig. 3. (C) Quantification
of the short transcripts. The values are means � SD of the relative molar
amount of each transcript from three independent experiments. (D) Fold
activation for each pair of basal and activated transcription. The values are
means � SD from three independent experiments.

Fig. 5. Hydrolyzable �� bond of ATP is required throughout promoter
escape in activated transcription. (A) DNA sequences of pG5HMC2AT�nA
templates. The first A residue in the G-less cassette is indicated in bold. WT,
wild type. (B) Diagram illustrating the experimental design for stalling RNAPII
before each A residue in transcription reactions. The templates, transcription
factors, and nucleotides were added at the indicated time points. Transcrip-
tion was performed on each template in the absence (�) or presence (�) of
GAL4-VP16 and PC4. (C) Quantification of transcripts. The values are means �
SD from three independent experiments. (D) Fold activation for each tem-
plate. The values are means � SD from three independent experiments.
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indicating that the effect of ATP-�S is solely due to the inhibition
of the ERCC3 helicase activity. We then quantified the effect of
ATP-�S during promoter escape by calculating fold activation
for each template (Fig. 5D). Transcription stalled at the �2 and
�3 positions increased by 3–5-fold, and that stalled at the �4,
�5, and �8 positions increased by 8–10-fold in response to
activation. By contrast, transcription stalled at the �11, �14, or
�19 positions, where RNAPII has already escaped the pro-
moter, increased by 12–14-fold. Thus, the effect of the ERCC3
helicase is not necessarily limited to escape commitment but
seems to persist throughout the entire course of promoter
escape.

Kinetics of Promoter Escape in Activated Transcription. Because
promoter escape is a rate-limiting step in basal transcription (4,
15), we determined whether the rate constant of promoter
escape is increased in activated transcription by measuring the
time course of a single round of promoter escape. PIC was
assembled on the template 20G, and ATP and CTP were added
to initiate transcription. Then, UTP was added to allow RNAPII
to transcribe to the �19 position in the absence of GTP for a
defined period (Fig. 6A). At the �19 position, RNAPII had
escaped the promoter but had not moved far enough to allow
another RNAPII to reinitiate transcription on the same tem-
plate, thus enabling the measurement of a single round of
promoter escape. Consistent with the previous results (4, 12, 15),
the promoter escape step was found to be slow; the level of the
19-nt transcript increased gradually and reached near plateau
only after 10–15 min (Fig. 6B). The relative levels of the 19-nt
transcript then were plotted against time, and the rate constants
were determined (Fig. 6C). The observed rate constant for basal
transcription was 2.5 � 0.3 � 10�3 s�1, whereas that for activated

transcription was 3.7 � 0.2 � 10�3 s�1. Thus, the observed rate
constant of promoter escape is not influenced greatly by acti-
vation, indicating that promoter escape is enhanced by extent
rather than rate in response to activation.

Discussion
Based on our observations here, we propose a model for
transcriptional activation by GAL4-VP16 (Fig. 7). GAL4-VP16
together with PC4 stimulates at least two steps for transcriptional
activation; first, the steps before initiation (PIC assembly, pro-
moter opening, and initiation; refs. 5, 6, and 33) and second,
promoter escape that corresponds to a transient step, from
initiation to �10-nt RNA synthesis, until RNAPII adopts a
stable elongation complex. The stimulation of promoter escape
in activated transcription is mediated via the ERCC3 helicase,
the activity of which is required throughout the entire course of
promoter escape for maximal activation (Fig. 5).

We infer from the kinetic studies (Fig. 6) that the transcription
pathway branches into productive and nonproductive pathways
during promoter escape (Fig. 7). As discussed previously (15),
the discrepancy between the increase in the observed rate
constant (1.5-fold) and that in promoter escape (3–4-fold; Figs.
4 and 5) together with the low ratio of productive to total
initiation complexes (estimated to be �5% for basal transcrip-
tion and �20% for activation) suggests that the promoter escape
step consists of a branched pathway (Fig. 7). Thus, transcrip-
tional activation may occur by apparently diverting a higher
proportion of PICs to the productive pathway. Although we have
not determined the exact branch point, the presence of the
aborted transcripts from 3 to 8 nt in length (Figs. 3 and 4)
suggests that RNAPII could branch into the nonproductive
pathway at any point of promoter escape, which is consistent also
with the requirement of ATP until RNAPII has moved to the
��10 position.

The mechanism by which GAL4-VP16 stimulates promoter
escape via the ERCC3 helicase of TFIIH remains unknown.
Despite the direct interaction between TFIIH and GAL4-VP16
(31), we did not observe the stimulation of the ERCC3 helicase
activity by GAL4-VP16 using a standard helicase assay (data not

Fig. 6. Kinetic analysis of promoter escape in activated transcription. (A)
Diagram illustrating the experimental design for in vitro transcription reac-
tions. Ten-fold scales of transcription reactions were performed by using
pG5HMC2AT�20G (template 20G), and aliquots were withdrawn at the indi-
cated time points (60 � t). (B) Time course of promoter escape in the presence
(activation, Top) or absence (basal, Middle and Bottom) of GAL4-VP16 and
PC4. The Bottom (basal, long) indicates the 4-fold longer exposure of the
Middle. The position of the 19-nt transcript is indicated. (C) Quantification of
the time course of promoter escape. ka(obs) and kb(obs) indicate the observed
rate constants for activated transcription and basal transcription, respectively.
The values (means � SD) at each time point from three independent experi-
ments are plotted.

Fig. 7. Model for transcriptional activation by GAL4-VP16. GAL4-VP16,
together with PC4, stimulates the steps before initiation and the promoter
escape step. The stimulation of promoter escape occurs through the ERCC3
helicase activity of TFIIH, possibly by directing nonproductive transcription
complexes into the productive pathway. The productive complexes enter into
elongation and produce the full-length transcript, whereas the nonproduc-
tive complexes may only produce abortive transcripts.
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shown). This result may not be surprising, however, given the
recent observation that TFIIH does not interact with the melted
promoter region and therefore is unlikely to act as a conventional
helicase (34). Thus, to stimulate the ERCC3 helicase activity,
GAL4-VP16 may need to interact with TFIIH within PICs in a
stereo-specific manner. Understanding how GAL4-VP16 inter-
acts with TFIIH within PICs and effects the stimulation of the
helicase activity requires further studies.

The presence of at least two sequential steps that are regulated
by activators readily explains transcriptional synergy (35, 36). It
is widely known that transcriptional synergy occurs even with a
single type of activator such as GAL4-VP16 if bound multiply on
a promoter (37, 38), at which each activator is presumed to
contact a different target within each PIC and to stimulate a
distinct step of the transcriptional pathway (1, 39, 40). This
phenomenon seems to be the case in the current transcription
system in which two distinct steps are stimulated in activated
transcription (namely, the steps before initiation by 3–5-fold and
the promoter escape step by 3–4-fold, respectively), resulting in
the stimulation of overall transcription by 15–20-fold (Figs. 4 and
5). The mechanism for transcriptional synergy described here

also conforms to a preassembled holoenzyme model (41, 42)
needs not invoke sequential recruitment of individual general
transcription factors (43); activators would effect transcriptional
synergy by stimulating first the recruitment of holoenzyme and then
promoter escape. In agreement with this notion, holoenzymes
bound on a promoter but not actively transcribing the gene are
found on a subset of promoters in yeast (44).

Finally, our results provide an added significance to the
previous studies that describe the direct interaction of TFIIH
with several transcription factors. Hence, the regulation of
transcription during promoter escape via TFIIH may be more
widespread than is thought currently. Our model here (Fig. 7)
should provide a conceptual framework for analyzing those
interactions mechanistically.
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