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The p89/xeroderma pigmentosum complementation group B (XPB) ATPase-helicase of transcription factor
IIH (TFIIH) is essential for promoter melting prior to transcription initiation by RNA polymerase II (RNA-
PII). By studying the topological organization of the initiation complex using site-specific protein-DNA
photo-cross-linking, we have shown that p§9/XPB makes promoter contacts both upstream and downstream of
the initiation site. The upstream contact, which is in the region where promoter melting occurs (positions —9
to +2), requires tight DNA wrapping around RNAPIIL. The addition of hydrolyzable ATP tethers the template
strand at positions —5 and +1 to RNAPII subunits. A mutation in p89/XPB found in a xeroderma pigmen-
tosum patient impairs the ability of TFIIH to associate correctly with the complex and thereby melt promoter

DNA. A model for open complex formation is proposed.

RNA polymerase II (RNAPII) is the multisubunit enzyme
that synthesizes eukaryotic mRNA. The two largest RNAPII
subunits, Rpb1 and Rpb2, which are homologous to the B’ and
B subunits of prokaryotic RNA polymerases, possess the cat-
alytic activity of the enzyme (5, 71). Rpb1 contains a repeated
heptapeptide in its carboxyl-terminal domain (CTD) that be-
comes highly phosphorylated during the passage from initia-
tion to elongation of transcription (8). Initiation of transcrip-
tion by RNAPII in vitro requires a set of general transcription
initiation factors including TATA-binding protein (TBP), tran-
scription factor IIB (TFIIB), TFIIE, TFIF, and TFIIH (21,
44). TBP binds to the TATA element of promoters and in-
duces an ~90° bend in the DNA helix (27, 30). TFIIB associ-
ates with the TBP-promoter complex (1, 37) and makes pro-
moter contacts on each side of the DNA bend centered on the
TATA box (6, 31). TFIIF, which is composed of two subunits
called RNAPII-associated proteins 74 and 30 (RAP74 and
RAP30), tightly binds to RNAPII and allows the binding of the
enzyme to a TBP-TFIIB-promoter complex (4, 16). TFIIE is
also composed of two subunits, TFIIES6 and TFIIE34 (25, 41),
that stabilize the association of RNAPII with the preinitiation
complex (50). A complex containing TBP, TFIIB, TFIIE,
TFIIF, and RNAPII is capable of initiating transcription on a
premelted linear template (23, 45, 61) and on a negatively
supercoiled template (46, 62, 64). Both TFIIE and TFIIF have
been shown to play a role in the TFIIH-independent melting of
the promoter DNA around the transcription initiation site
(TIS) (23, 45). TFIIE is also required for the association of
TFIIH with the preinitiation complex and the regulation of
TFIIH activities (35, 39, 40). A complex containing TBP,
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TFIIB, TFIIE, TFIIF, TFIIH, and RNAPII is capable of melt-
ing promoter DNA in a region between nucleotides —9 and +2
of a linear template (22, 24, 26, 69). Open complex formation
requires the hydrolysis of the B-y bond of ATP by the helicase-
ATPase activity of TFIIH (22, 24).

Mammalian TFIIH is a nine-subunit complex responsible
both for the melting of the template DNA prior to initiation
(54, 57) and during promoter escape (19, 36) and for the
phosphorylation of the RNAPII CTD (13, 35, 56). The two
largest subunits of TFIIH, p89 and p80, are ATP-dependent,
single-stranded DNA (ssDNA) helicases encoded by the xero-
derma pigmentosum (XP) complementation group B (XPB)
and D (XPD) genes (11, 52-54, 67). The CTD kinase is com-
posed of three subunits, called the cyclin-dependent kinase
(CDK)-activating kinase (CAK), that contain the kinase-cyclin
pair cdk7-cyclin H and the RING-H2 finger protein MAT1
(14, 58, 59). The development by Tirode et al. (63) of a system
allowing the reconstitution of TFIIH from cloned subunits,
producing either the full complex (rIIH9) or subcomplexes
lacking CAK (rIIH6) with wild-type or mutated forms of the
helicases, has been invaluable in analyzing the function of this
important factor. The rIIH6 complex lacking CAK is active in
ATP-dependent formation of the open complex and supports
a reduced level of transcription in vitro. By comparing rIIH6
carrying wild-type helicases and rITH6 containing mutations in
either the p89/XPB or p80/XPD helicase, Tirode et al. (63)
obtained evidence supporting the notion that the p89/XPB
helicase is essential for open complex formation and transcrip-
tion in vitro, whereas the p80 helicase was found to be not
essential but rather to stimulate these reactions. Notably, p89/
XPB and p80/XPD have been implicated in nucleotide excision
repair in addition to RNAPII transcription (60). Mutations in
these polypeptides are associated with rare genetic disorders
such as xeroderma pigmentosum, Cockayne’s syndrome (CS),
and trichothiodystrophy (TTD).
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FIG. 1. Cross-linking of TBP, TFIIB, TFIIF (RAP74 and RAP30), TFIIE (TFIIE56 and TFIIE34), RNAPII (Rpbl, Rpb2, and Rpb5) and TFIIH (p89/XPB,
p80/XPD, and p62) along promoter DNA. (A) Photoprobes derived from the adenovirus major late promoter. For each photoprobe, positions of the photoreactive (U)
and radiolabeled (*) nucleotides are indicated. (B) Summary of cross-linking data. Specific cross-links that do (gray boxes) and do not (open boxes) require the presence
of TFIIH are indicated. Black boxes indicate the new cross-links induced in the presence of ATP. A cross-linking signal was considered specific when its intensity was
significantly higher in reactions containing TBP than in those lacking TBP (see text). A number of photoprobes that place the photonucleotide either upstream of
position —62/—64 or downstream of position +35/+38 have also been used, but no significant cross-linking signals were obtained.

Characterizing the molecular organization of the preinitia-
tion complex and its isomerization before initiation is essential
for understanding transcriptional mechanisms and regulation.
Evidence obtained using both prokaryotic and eukaryotic sys-
tems indicates that the promoter DNA is wrapped around
RNA polymerase en route to initiation (5). Robert et al. (51)
analyzed the topological organization of preinitiation com-
plexes assembled using RNAPII and various combinations of
the general initiation factors including TBP, TFIIB, TFIIE,
and TFIIF (wild type and mutated) in the absence of TFIIH to
determine the structure of putative intermediates in the for-
mation of the preinitiation complex. The results support a
model in which the promoter DNA is progressively wrapped
around the polymerase prior to initiation. The binding of TBP
and TFIIB initiates DNA wrapping by inducing a bend, or
kink, into the DNA helix. TFIIE and TFIIF, which both exist
as a,B, heterotetramers in solution (3, 15, 41) and in the
preinitiation complex (51), tighten the DNA wrap around
RNAPII, probably by inducing a second important bend in the
promoter around the TIS (17, 28). Tight DNA wrapping
around RNAPII was shown to minimally require a fragment of
RAP74 that contains both the RAP30-binding domain (66)
and a region necessary for the formation of homomeric inter-
actions by RAP74, that is, one capable of maintaining TFIIF as
a heterotetramer (51). This RAP74 homomeric interaction
region (HIR1), which is composed of amino acids 172 to 205,

is also important for transcription initiation in vitro (32, 33,
67).

Using a highly sensitive technique for photo-cross-linking
proteins to specific sites along promoter DNA, we have ana-
lyzed the molecular organization of preinitiation complexes
assembled with various combinations of the general initiation
factors and RNAPII either in the absence or in the presence of
ATP. Our results provide important information on the struc-
ture of the preinitiation complex, the mechanism of open com-
plex formation, and the roles of the various general initiation
factors and RNAPII in transcription initiation.

MATERIALS AND METHODS

Protein factors. Recombinant TBP, TFIIB, RAP30, RAP74 (full length and
deletion mutants), TFIIES6 («), TFIIE34 (B) (full length and deletion mutants),
and RNAPII were prepared as described previously (42, 51). TFIIH isolated
from HeLa cells was purified as previously described (18), except for modifica-
tions in the last two purification steps. The heparin 5SPW 0.4 M KCl-eluted
fraction was dialyzed against 50 mM Tris-HCl (pH 7.9)-50 mM KCI-0.5 mM
dithiothreitol, 0.1 mM EDTA-8.7% glycerol and then loaded on a phenyl SPW
column (0.75 by 7.5 cm; flow rate, 0.6 ml/min). After a 0.9 M KClI wash, TFIIH
was eluted with a 15-ml linear gradient from 0.9 to 0 M ammonium sulfate, and
the peak fractions containing the TFITH activity were loaded on a hydroxylapa-
tite column (0.75 by 7.5 cm; flow rate, 0.4 ml/min) equilibrated with a solution
containing 10 mM potassium phosphate (pH 6.0), 0.01 mM CaCl,, 0.5 mM
dithiothreitol, and 8.7% glycerol. TFITH was then eluted using a linear 0.2 to 0.6
M PO, buffer gradient, and fractions were stored at —90°C in aliquots. Under
these conditions, we obtained highly purified TFIIH at a concentration of ~5
mg/ml from 50 X 10 cells.
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FIG. 2. Cross-linking of TFITH subunits along promoter DNA. (A) Cross-
linking of TFIIH subunits upstream of the TATA element, downstream of the
TIS, and to position —5. Photo-cross-linking experiments using photoprobes
—39/-40, —5, and +13 were performed with TFIIB, TFIIE, TFIIF, TFIIH, and
RNAPII in either the presence (+) or absence (—) of TBP. In these experiments,
a truncated form of RAP74 [RAP74(1-217)], which migrates at ~35 kDa, was
used to facilitate visualization of the cross-linking signals in the 50- to 100-kDa
region of the gels. (B) Identification of affinity-labeled TFIIH subunits. Cross-
linked polypeptides were immunoprecipitated (IP) with specific antibodies di-
rected against recombinant p89/XPB and p80/XPD and analyzed by SDS-PAGE.
The immunoprecipitated polypeptides comigrated with p89/XPB and p80/XPD
controls that were electrophoresed on the gel and revealed by silver staining. p62
was identified according to its mobility in the cross-linking gels, which is indis-
tinguishable from that of the silver-stained subunit but slightly different from that
of TFIIES6. (C) Cross-linking of recombinant TFIIH. TFIIH reconstituted from
its cloned subunits (rITTH9) was included in cross-linking experiments using pho-
toprobe +13. p89/XPB carries a His tag (His-p89), and its mobility is slightly
slower than that of the natural subunit.

Mutated TFITH was immunopurified from patient cell extracts as previously
described (2). Briefly, human lymphoblastoid cell lines GM2252 [derived from
patient XP11BE; ITH-XPB(C-A)] and GM1855 (derived from patient XP11BE’s
mother; ITH-XPBwt) were grown in suspension in RPMI 1650 medium (Life
Technologies, Inc.) supplemented with 10% fetal calf serum. Whole cell extract
was fractionated on a heparin-Ultrogel column (Sepracor), and the active frac-
tions were then immunopurified using protein A-agarose beads (Pharmacia,
Uppsala, Sweden) cross-linked to p44-specific antibody 1HS (2). After extensive
washing, the resin was eluted using p44 peptide in the presence of insulin. After
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FIG. 3. Cross-linking of p89/XPB using various RAP74 deletion mutants.
Cross-linking experiments using photoprobes —39/—40, —5, and +13 were per-
formed with TFIIB, TFIIE, TFIIH, RNAPII, RAP30, and RAP74(1-517),
RAP74(1-217), and RAP74(1-172)] in the presence (+) or the absence (—) of
TBP. RAP74(1-172) does not contain the homomeric interaction region 1
(HIR1), while RAP74(1-217) and RAP74(1-517) do. A summary of p89/XPB
cross-linking using the RAP74 deletion mutants is shown in Table 1.
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dialysis, 10 mg of highly purified TFIIH was stored in aliquots at a concentration
of 25 mg/ml.

Recombinant TFIIH (rITH9) and recombinant XPB [rXPBwt, rXPB(GKT),
and rXPB(C-A)] were purified as previously described from Sf9 cells infected
with baculoviruses expressing His-p89/XPB, p89/XPB, p80/XPD, p62, p52, p44,
p34, cdk7, cyclin H, and/or MATI (63).

N;R photo-cross-linking and immunoprecipitation. Synthesis of the photore-
active nucleotide N;R-dUMP, preparation of the photoprobes, and conditions
for binding reactions were as described elsewhere (49) except that 25 U of DNase
I and 800 U of nuclease S1 were used for the nuclease treatments. For each
photoprobe, the concentration of poly(dI-dC) in the binding reactions was op-
timized so as to favor specific over nonspecific binding. A typical reaction with all
factors contained 200 ng each of TBP, TFIIB, RAP30, RAP74, TFIIE34,
TFIIES6, and purified RNAPII and 50 ng of TFIIH as specified in the figure
legends. UV irradiation and sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) analysis of radiolabeled photo-cross-linking products
were as described elsewhere (49). To identify the cross-linked polypeptides, the
products of some cross-linking reactions were immunoprecipitated using specific
antibodies directed against the various subunits of the factors as previously
described (49). Some cross-linking reactions contained 1 mM ATP, ATPyS, or
GTP (see figure legends).

Characterization of purified TFIIH. TFIIH, either purified from HeLa cells or
immunopurified from patient cells using the p44 antibody 1H5, was analyzed on
SDS-gels stained with Coomassie blue or revealed by Western blotting using
antibodies directed against the recombinant subunits. In vitro transcription re-
actions using a template containing the adenovirus major late promoter were
performed in the presence of purified general transcription factors TBP, TFIIA,
TFIIB, TFIIE, TFIIF, and TFIIH, as well as RNAPII, as previously described
(2). Helicase activities were measured using a standard assay (2). The substrate
was obtained by annealing an oligonucleotide corresponding to fragment 6219—
6255 of single-stranded M13mp19(—) DNA to single-stranded M13mp19(+)
DNA. The resulting heteroduplex was digested with EcoRI and then extended to
21 and 20 bp, respectively, with Klenow polymerase in the presence of dTTP and
[«->P]ATP.

RESULTS

Photo-cross-linking of a TBP-TFIIB-TFIIF-RNAPII-TFIIE-
TFITH complex along promoter DNA. We have previously used
site-specific protein-DNA photo-cross-linking to determine
the molecular organization of a preinitiation complex assem-
bled on promoter DNA in the presence of TBP, TFIIB, TFIIE,
TFIIF, and RNAPII (6, 10, 17, 50, 51). We have now extended
our topological analysis to a preinitiation complex containing
TFIIH in addition to the other general initiation factors and
RNAPII. As we have previously described, the photo-cross-
linking reactions were performed in both the presence and
absence of TBP in order to be able to assess the specificity of
the cross-linking signals. Photo-cross-linking signals that are
significantly weaker in the absence of TBP are considered as
specific because the omission of TBP always had the same
effect as using a photoprobe with a mutated TATA element
(49). Sixteen photoprobes in which one (10 of 16), two (5 of
16), or three (1 of 16) photoreactive nucleotides are placed at
specific locations along the promoter DNA were used in our
analysis (Fig. 1A). Probes with more than three photonucle-
otides (e.g., photoprobes —25/—31, —56/—61, and —14/-2
[51]) are not included here because they did not provide suf-
ficient resolution. As summarized in Fig. 1B, the association of
TFIIH with the complex induces a number of additional cross-
links of the transcription machinery along the promoter DNA,
including that of RAP30 to positions —10, +6, and +35/+38,
Rpb2 to positions —55, —45/—48, —10, +17, and +26, Rpb1 to
positions —45/—48, —19, +6, +17, and +26, Rpb5 to position
+6, and TFIIE34 to positions —29/—31, —19, —10, +6, and
—32/+34. TFIIES6, a factor that was not cross-linked along
promoter DNA in the absence of TFIIH, probably because it is
positioned at a distance from the promoter DNA, is now cross-
linked to several positions (positions —45/—48, —39/—40, —5,
and +13) in the presence of TFIIH. Together, these results
indicate that the association of TFIIH with the complex tethers
some components, mainly RNAPII and TFIIE subunits, to the
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promoter DNA, supporting the idea that TFIIH tightens the
DNA wrap around the enzyme.

We have also obtained the cross-linking of the three largest
subunits of TFITH to a number of positions from —45 to +35.
Our results are summarized in Fig. 1B, and representative
examples are shown in Fig. 2A. p89/XPB cross-links down-
stream of the TIS (positions +13, +17, +26, +32/+34, and
+35/+38), between the TATA box and the TIS (position —5),
and to the TATA box and upstream of it (positions —29/—31,
—39/—40, and —45/—48). p80/XPD cross-links weakly to posi-
tion —5. The p62 subunit of TFIIH cross-links weakly up-
stream of the TATA element (position —45/—48), to position
=5, and downstream of the TIS (position +13). Significantly,
in the absence of ATP the two DNA helicases of TFIIH ap-
proach the promoter DNA in the region where the ATP-
dependent melting of the promoter is to occur (e.g., between
positions —9 and +2). Because p89/XPB also contacts the
promoter DNA outside the —9/+2 region, our results suggest
that this helicase of TFIIH functions by holding the DNA in at
least two distinct regions simultaneously, with one being the
section of DNA to be unwound. Because the cross-linking of
p89/XPB is both stronger and more extensive than that of
pS80/XPD, our results are consistent with the notion that p89/
XPB is the TFIIH helicase involved in promoter melting be-
fore transcription initiation.

The identification of the three largest subunits of TFIIH in
our cross-linking gels relies on a number of criteria. Affinity-
labeled p89/XPB and p80/XPD were immunoprecipitated with
specific antibodies directed against recombinant subunits (Fig.
2B). Highly purified TFIIH was also loaded on several of our
cross-linking gels. The gel was cut in parts; the part containing
purified TFIIH was silver stained, while that containing the
cross-linked products was autoradiographed. Under our gel
conditions, silver-stained and radiolabeled bands correspond-
ing to p89/XPB, p80/XPD, and p62 comigrated (Fig. 2B). In
addition, we performed a cross-linking experiment using pho-
toprobe +13 in the presence of rIIH9, in which p89/XPB is
tagged with six histidine residues. Compared to natural TFIIH,
the mobility of affinity-labeled p89/XPB was slightly lower
when we used rIIH9 with His-tagged p89/XPB in our experi-
ments (Fig. 2C).

The HIR1 domain of RAP74 is necessary for promoter con-
tacts by p89/XPB both upstream of the TATA box and in the
—9/+2 region. Previous results have indicated that the HIR1
region of RAP74 (amino acids 172 to 205) is important for
both tight wrapping of the promoter DNA in the preinitiation
complex (51) and efficient transcription in vitro (32, 33, 66).
We decided to analyze the role of RAP74 in the establishment
of the promoter contacts by TFIIH subunits. Cross-linking
experiments were performed with all of the general initiation
factors and RNAPII in the presence of various RAP74 dele-
tion mutants [RAP74(1-517), RAP74(1-217), and RAP74(1-
172)]. In these experiments we used RAP74(1-217) instead of

FIG. 4. Cross-linking of p89/XPB using various TFIIE34 deletion mutants.
(A) Linear representation of TFIIE34 wild type (wt) and deletion mutants. The
ability to support basal transcription (TX) in vitro is indicated by a plus sign. (B)
Cross-linking experiments using photoprobe +13 were performed with TBP,
TFIIB, TFIIE, TFIIF, and RNAPII in the presence of the various TFIIE34
deletion mutants (mut). Positions of the cross-linked TFIIE34 fragments are
indicated by arrows on the gel. A summary of TFIIE34 deletion mutant cross-
linking is provided in Table 2. TFIIE34(A4-75) cross-links have been confirmed
by immunoprecipitation with an antibody raised against recombinant TFITE34.
(C) Cross-linking reactions using photoprobes +13 and +26 were performed as
for panel B except that TFIIH was included in the reactions. A summary of
p89/XPB cross-linking using the TFITE34 deletion mutants is provided in Table 3.
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TABLE 1. Summary of p89/XPB cross-linking in the presence of
RAP74 deletion mutants®

Specific cross-linking of p89/XPB in the presence of:
Photoprobe

RAP74(1-517)

—62/—64 -
—55
—45/—48
—39/—40
—29/-31
-19
_15 —
710 —
-5
+1 —
+6
+13
+17
+26
+32/+34
+35/+38

RAP74(1-217) RAP74(1-172)

I+ + + |
I+ + + |
|

+
+
|

+
A
++

“ Examples are shown in Fig. 3.

RAP74(1-205) as the minimal fragment containing HIR1 for
convenience, but both deletion mutants provided basically in-
distinguishable results in our cross-linking experiments (data
not shown). As shown in Fig. 3 and summarized in Table 1, in
the presence of RAP74(1-172) p89/XPB cross-linked to the
region downstream of the TIS between nucleotides +13 and
+35. However, in the presence of either RAP74(1-517) (full
length) or RAP74(1-217), which contain HIR1 in addition to
the RAP30-binding domain, the additional promoter contacts
by p89/XPB in the —30/—45 region are obtained (the result
using photoprobe —39/—40 is shown as an example in Fig. 3).
This result suggests that DNA wrapping around RNAPII
causes the juxtaposition of the DNA helices upstream of the
TATA box and downstream of the TIS, thereby allowing p89/
XPB to cross-link to both regions simultaneously. Strikingly,
the contact by p89/XPB in the —9/+2 region (e.g., position —5)
also requires the presence of HIR1 in the RAP74 fragments
[RAP74(1-217) and RAP74(1-517)] (Fig. 3). This result sug-
gests that DNA wrapping induced by TFIIF is required to
position the p89/XPB helicase of TFIIH in contact with the
DNA region from —9 to +2 that will be its substrate during
open complex formation.

Two distinct domains of TFIIE34 are involved in the posi-
tioning of TFIIH in the preinitiation complex. We have pre-
viously localized the two TFIIE34 molecules of the TFIIE
heterotetramer along promoter DNA in the preinitiation com-
plex (50, 51). Here we have determined the promoter contacts
by TFIIE in the presence of TFIIH (Fig. 1). We next used a
series of TFIIE34 deletion mutants to define the minimal do-
main capable of cross-linking along promoter DNA. The var-
ious mutants used in our analysis are represented in Fig. 4A,
and the TFIIE34 cross-linking data are summarized in Table 2.
The central region of TFIIE34 spanning amino acids 76 to 277
constitutes the minimal fragment essential for the cross-linking
of the small TFIIE subunit along the promoter DNA (Fig. 4B
shows two representative cross-linking gels). Although
TFIIE34(A4-75) can associate with the preinitiation complex,
this mutant does not support basal transcription activity in
vitro (42).

We next analyzed the cross-linking of TFIIH subunits in
reactions assembled with the various TFIIE34 deletion mu-
tants. The crude data are summarized in Table 3, and some
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representative gels are shown in Fig. 4C. Deletion mutant
TFIIE34 (A4-75) supported only the cross-linking of p89/XPB
to the TATA box and immediately upstream of it (positions
—29/—31 and —39/—40) and downstream of the TIS (positions
+26, +32/+34, and +35/+38), whereas a fragment with a
shorter deletion (e.g., amino acids 8 to 50) supported the
cross-linking of p89/XPB to all specific positions (from —45/
—48 to —29/-31, from +13 to +35/+38, and at —5). Interest-
ingly, TFIIE34(A4-75) is inactive in basal transcription reac-
tions, whereas TFIIE34(A8-50) is fully active (42). These
results indicate that TFIIE34(A4-75) allows the association of
TFIIH with the preinitiation complex, but that the contacts are
limited to the regions where the upstream and downstream
helices cross in the wrapped DNA structure. A fragment car-
rying additional amino acids [e.g., TFIIE34(A8-50)] fully sup-
ports all promoter contacts by TFIIH, including that at nucle-
otide —5, indicating that these promoter contacts are essential
for transcription initiation.

New promoter contacts by RNAPII subunits at positions —5
and +1 are induced by ATP. TFIIH, mainly through its p89/
XPB DNA helicase, is essential for the melting of promoter
DNA between —9 and +2 prior to transcription initiation and
during promoter clearance (22, 24, 63). Our cross-linking data
indicate that both helicases make promoter contacts in the
—9/+2 region in addition to other regions (Fig. 1). To analyze
open complex formation, we have compared the cross-linking
of preinitiation complexes assembled with all of the general
initiation factors and RNAPII in the presence or the absence
of ATP. Surprisingly, the addition of ATP resulted in only two
modifications in the cross-linking of components of the tran-
scription machinery along promoter DNA. In the presence of
ATP, Rpbl cross-links specifically to position —5 and Rpb2
cross-links to positions +1 (Fig. 1). The addition of GTP or
ATP~S instead of ATP does not support the cross-linking of
Rpbl to position —5 and Rpb2 to position +1 (Fig. 5). In
addition, and significantly, the two new promoter contacts in-
duced by the presence of ATP are to the template strand of the
promoter DNA. These results indicate that promoter melting
between nucleotides —9 and +2, which is catalyzed by TFIIH
in an ATP-dependent manner, tethers the template strand of
the DNA to the surface of the catalytic center of the polymer-
ase.

TFIIH with a mutation in p89/XPB associated with XP does
not associate properly with the preinitiation complex. Muta-
tions in p89/XPB and p80/XPD found in patients with XP
and/or CS have been shown to impair the transcription func-
tions of TFIIH. One of these patients (XP11BE) carries a C-A
transversion in the last intron of the XPB gene which generates
a splice mutation at the RNA level (68). TFIIH was previously
purified from lymphoblastoid cells of patient XP11BE. Cells
from this XP/CS patient are heterozygous for the XPB muta-
tion and express only the mutated (paternal) allele (2, 68). This
mutated TFIIH is severely impaired in both promoter melting
and in vitro transcription, whereas it is fully capable to function
in a DNA helicase assay and to phosphorylate the RNAPII
CTD (2). Equivalent amounts of TFIIH isolated from HeLa
cells, cells from patient XP11BE [IIH-XPB(C-A)], and cells
from patient XP11BE’s mother (ITH-XPBwt) were included in
our cross-linking experiments (Fig. 6). Although p89/XPB
cross-linked to positions +13 and —5 when we used HeLa
TFIIH and ITH-XPBwt, we did not obtain the cross-linking of
TFIIH subunits to promoter DNA when we used IIH-
XPB(C-A) (Fig. 6A). Longer exposures of the cross-linking
gels failed to reveal promoter contacts by ITH-XPB(C-A). As
shown in Fig. 6B and C, the C-A mutation does not affect the
DNA helicase activity of XPB [compare rXPBwt to rXPB(C-A)
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TABLE 2. Summary of TFIIE34 deletion mutant cross-linking”

Specific cross-linking

Photoprobe
TFIIE34(1-291) TFIIE34(1-277) TFIIE34(1-256) TFIIE34(A8-25) TFIIE34(A8-50) TFIIE34(A4-75) TFIIE34(A2-94)
—39/—40 + + - + + + -
-5 + + - + + + -
+13 + + - + + + -
+26 + + - + + + -

“ Examples are shown in Fig. 4B.

and rXPB(GKT), which is mutated in the ATP-binding site]
but impairs the transcription activity of the TFIIH complex
containing the mutated XPB [compare ITH-XPBwt to ITH-
XPB(C-A)] as observed previously (2). This result indicates
that the TFIIH from patient XP11BE does not associate prop-
erly with the preinitiation complex.

DISCUSSION

Topological organization of a TBP-TFIIB-TFIIF-RNAPII-
TFIIE-TFITH complex on promoter DNA. A model for the
molecular organization of the preinitiation complex is shown in
Fig. 7A. This model includes a number of features that account
for both our cross-linking data and additional data obtained in
different laboratories (see below). The main feature of the
model is that promoter DNA is tightly wrapped around RNA-
PII. DNA bending and wrapping during transcription initiation
is supported by a large body of evidence (5). First, four impor-
tant general transcription initiation factors, TBP, TFIIB,
RAP30, and TFIIE34, and RNAPII have been implicated in
DNA bending. The binding of TBP to the TATA element of
promoters induces DNA bending by ~90° (27, 30). The DNA
bend in the TBP-promoter complex is further stabilized by the
binding of TFIIB (1, 37). The domain of RAP30 required to
support transcription initiation in vitro contains a cryptic
DNA-binding domain which is structurally similar to the
winged helix-turn-helix DNA-binding domains of linker his-
tone HS, suggesting a role in DNA wrapping (20). The central
core domain of TFIIE34 was recently shown to also contain a
winged helix motif (43). The structure of the RNAPII elonga-
tion complex has revealed an important DNA bend in the
region of the TIS (47). Second, RNAPII was found to cross-

link to the promoter DNA from nucleotides —39/—40 to +13
in the absence of TFIIH (51) and from nucleotides —55 to
+32/+34 in the presence of TFIIH (this report). These pro-
moter regions represent about 18 and 30 nm, respectively, of
B-form DNA and are longer than the longest dimension of
RNAPII (14 nm) (9). This observation alone argues against
promoter DNA being in a linear conformation in the preini-
tiation complex. Third, electron micrographs of preinitiation
complexes lacking TFIIH allow the direct visualization of
DNA wrapping in the complex and were used to estimate that
50 = 20 bp of DNA is consumed within the structure, fully
supporting the notion of tight DNA bending and wrapping (17,
28). Fourth, if promoter DNA is tightly wrapped around
RNAPII, upstream and downstream promoter DNA segments
will be found to closely approach one another near the cross-
point of the loop. Using RAP74 deletion mutants in our cross-
linking experiments, we have previously obtained evidence that
one molecule each of RAP74 and RAP30 simultaneously con-
tact promoter DNA in the —40/—60 and +10/+30 regions,
indicating that the two helices are juxtaposed (51). Here, we
provide evidence that p89/XPB also makes simultaneous con-
tacts with upstream and downstream promoter regions. Pro-
moter contacts by p89/XPB in both promoter regions require
the presence of both TFIIE and TFIIF, two factors that are
necessary for tight DNA wrapping in the preinitiation complex.
Fifth, TFIIA, a factor that tightly binds to TBP and is located
in a region centered immediately upstream of the TATA ele-
ment from positions —42 to —30 in the context of a TBP-
TFIIA-promoter complex (6, 31), also cross-links to nucleotide
+26 in the context of a TBP-TFIIA-TFIIB-TFIIF-RNAPII-
TFIIE promoter complex. The cross-linking of TFIIA to posi-
tion +26 requires the presence of both TFIIE and TFIIF, and

TABLE 3. Summary of p89/XPB cross-linking in the presence of TFIIE34 deletion mutants

Specific cross-linking of p89/XPB in the presence of:

Photoprobe
TFIIE34(1-291) TFIIE34(1-277) TFIIE34(A8-25) TFIIE34(A8-50) TFIIE34(A4-75) TFIIE34(A2-94)
—62/—64 - - - - - -
— 55 — — — — — —
—45/—48 + - + + - -
—39/—40 + - + + + -
—29/-31 + - + + + -
— 1 9 — — — — — —
— 1 5 — — — — — —
— 1 0 — — — — — —
-5 + - + + - -
+1 - - - - - -
+6 - - - - - -
+13 + - + + - -
+26 + - + + + -
+32/+34 + - + + + -
+35/+38 + - + + + -

“ Examples are shown in Fig. 4C.
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FIG. 5. Nucleotide requirement for the new promoter contacts by RNAPII
in the —9/+2 region. The cross-linking experiments using photoprobes —5 and
+1 were performed in the presence of ATP, ATPyS, or GTP or in the absence
of ribonucleoside triphosphate (NTP).

direct protein-protein interactions of TFIIA with RAP74,
TFIIES6, and TFIIE34 have been reported (70; M. F. Lange-
lier, D. Forget, A. Rojas, Z. F. Burton, and B. Coulombe,
unpublished data). Sixth, tight DNA bending and wrapping
around TFIID (38) and the prokaryotic RNA polymerase open
complex (48), not to mention nucleosomes, have been re-
ported, indicating that DNA bending and wrapping may con-
stitute a fundamental transcription mechanism.

In the model (Fig. 7A), TFIIE and TFIIF are present in the
complex as a,f3, heterotetramers. The heterotetrameric struc-
ture is maintained by homomeric interactions of TFIIE34 and
RAP74 (e.g., RAP30-RAP74-RAP74-RAP30 and TFIIES6-
TFIIE34-TFIIE34-TFIIES6), consistent with the results of in
vitro binding assays (51; Y. Ohkuma, unpublished data). The
TFIIE and TFIIF subunits were positioned so that they can
account for both our cross-linking data and the protein-protein
interactions determined in various laboratories (5, 21, 44).
TBP binds to TFIIB and TFIIE; TFIIB binds to TFIIE and
TFIIF; RNAPII binds to TBP, TFIIE, TFIIF, and TFIIH;
TFIIF binds to TFIIE; and TFIIE binds to TFIIH. The struc-
ture of RNAPII has been modeled to account for both the
dimension of the yeast enzyme and the presence of a 2.5-nm
channel that can accommodate the promoter DNA and can
exist in either an open or closed conformation (7, 9, 47, 72).
Finally, the structure of TFIIH is according to electron micros-
copy determination (55). TFIIH has been positioned in such a
way that cdk7 is in the vicinity of the CTD of the largest
RNAPII subunit (10), while other parts can make promoter
contacts upstream of the TATA element, downstream of the
TIS, and between the TATA element and the TIS at position
—5, as determined by our photo-cross-linking experiments.

Proposed mechanism of promoter melting by the p89/XPB
ATPase/helicase of TFIIH. In Fig. 7B, we propose a model for
promoter melting by p89/XPB that accounts for our cross-
linking results. In the presence of RAP74(1-172), a mutant that
supports neither tight DNA wrapping nor efficient basal tran-
scription in vitro, p89/XPB makes promoter contacts only
downstream of the TIS between positions +13 and +35/+38
(Fig. 7B, top panel). Under these conditions, the addition of
ATP does not induce new promoter contacts by RNAPII in the
promoter region where DNA melting is to occur (e.g., from —9
to +2). When RAP74(1-217), a mutant that contains the HIR1
domain necessary for tight DNA wrapping and efficient tran-
scription initiation in vitro, is used, p89/XPB makes additional

MoL. CELL. BIOL.

A 3 »
g & N g &
N
& Q;\SQ’ \;@ *g& ‘\:‘go f
TFIH:  no X ® o N & @
wp:l_‘, .||+ -"+ _llr’ o | |+ .||+ _ll+ ."* P |
- - - ‘
+13
B » C
.\gf.\g‘ag) \”9& & @\é\ﬁ/ﬁ
NN rdg ':\ge t\-&- A
TR
‘ — PBOXPD — 2
gl . 58
**1 £
g=- e B
— D44
' <~ v“
Il .,b&@é;@)
Coomassie (\SQ(*' &
0;“ S < peYXPB
P
NN

N
s
k3
§ ’emm
£

FIG. 6. Cross-linking of TFIIH with a mutation in p89/XPB associated with
XP. (A) Cross-linking experiments using photoprobes —5 and +13 were per-
formed in the absence or presence of TFIIH isolated either from HeLa cells or
from patient cells with either a wild-type (ITH-XPBwt) or mutated [ITH-XPB(C-
A)] TFIIH. (B) Runoff transcription activity of the various TFIIHs. Immunopu-
rified wild-type (ITH-XPBwt) and mutated [ITH-XPB(C-A)] TFIIH were ana-
lyzed using Western blotting (WB) and in vitro transcription assays
(Transcription). An SDS-polyacrylamide gel containing highly purified HeLa
TFIIH is included for comparison. Positions of the TFITH subunits and runoff
transcript (309 nucleotides [nt]) are indicated. (C) DNA helicase activity of the
various XPBs. rXPB, either wild type (rXPBwt), with a mutated ATP-binding
site [TXPB(GKT)], or carrying the C-A mutation [rXPB(C-A)], was analyzed in
a standard helicase assay. The positions of the heteroduplex substrate and the
products of both 5’-3" and 3’-5' unwinding reactions are shown. —, reaction
performed in the absence of XPB; A, reaction heated to serve as a positive
control. rXPBs were analyzed by Western blotting (WB).

promoter contacts upstream of the TATA box between posi-
tions —29/—31 and —45/—48, presumably because tight DNA
wrapping brings this promoter region closer to that between
+13 and +35/+38 (Fig. 7B, middle panel). The additional
promoter contact by p89/XPB at position —5, where the pro-
moter DNA is to be melted in the presence of ATP, also
requires the presence of RAP74(1-217) and larger mutants.
The entry of TFIIH into the complex, which requires the pres-
ence of TFIIE, further tightens the DNA wrap around RNAPII.
The fragment of TFIIE34 that is minimally required for both
the accurate positioning of TFIIH in the complex and the tight
wrapping of promoter DNA is also minimally required for
transcription initiation in vitro. These findings support the
notion that tight DNA wrapping destabilizes the DNA helix
immediately upstream of the TIS, thereby inducing sufficient
unwinding of the DNA strands to allow for the binding of
p89/XPB to its single-stranded DNA substrate (34). At this



VoL. 20, 2000

A

i1
; — F74-1
E56-2 Y‘BP -Zzu
¢ P ’
'& TFIH

Left

Bottom

PROMOTER MELTING BY THE XPB HELICASE OF TFIIH 8175

+40

F o 0'\\0\\,

Front Back

LOOSE WRAPPING (RAP74(1-172))

"~ p89/XPB

TIGHT WRAPPING (RAP74(1-217))
Helix destabilization (unwinding)

"~ p8O/XPB

+ ATP (Conformational change?)
Open complex formation

FIG. 7. (A) Proposed structure for the preinitiation complex containing TBP, TFIIB, TFIIF (F74 and F30), TFIIE (E56 and E34), TFITH, and RNAPII. The relative
positions of the various factors and RNAPII are as predicted from our cross-linking data and published observations from a number of laboratories (see Discussion).
In the front view, the complex is shown with the promoter DNA between the TATA element and the TIS being placed in the direction of the view. (B) A model for
the mechanism of promoter melting by TFIIH. TFIIH is in yellow, and its p89/XPB subunit is in orange. For a detailed description, see Discussion.

stage, p89/XPB makes promoter contacts on both sides of a
DNA bend centered on the TIS. ATP hydrolysis by the ATPase
activity of p89/XPB is predicted to induce a conformational
change in the helicase that pulls the template strand of the
DNA further away from its partner strand in order to catalyze
open complex formation, thereby causing additional contacts
by the template strand of the DNA to RNAPII (Fig. 7B,
bottom panel). Whether promoter melting by p89/XPB from
—9 to +2 is achieved in a single step that requires the hydro-
lysis of one molecule of ATP or proceeds progressively in steps
of one or a few (two to three) base pairs at a time in a process
that requires the hydrolysis of several molecules of ATP is not
known.

A model for DNA unwinding by the prokaryotic 3'-5" DNA
helicase PcrA has been deduced from the structure of the
helicase-DNA complex (65). In this model, called the inch-
worm model, the helicase works as a monomer that can simul-
taneously bind ssDNA and double-stranded DNA (dsDNA).
In the absence of ATP, the helicase is bound to ssDNA but not
to dsDNA. Upon binding ATP, the protein undergoes a con-
formational change and the duplex region is bound by the
helicase, with a concomitant unwinding of several base pairs at
the junction. Finally, following ATP hydrolysis, the protein
returns to its initial conformation as the protein translocates
along the ssSDNA by one base and releases the duplex DNA.
Although PcrA is involved in DNA repair and rolling circle
replication, our proposed mechanism for promoter melting has

a number of similarities with the inchworm model. In both
models, the helicase is monomeric (as opposed to multihomo-
meric DNA helicases such as T7 DNA helicase), possesses
distinct binding domains for ssDNA and dsDNA, and requires
a conformational change induced by ATP to exert its function.
Although we do not have experimental evidence to support the
occurrence of a conformational change in p89/XPB upon ATP
binding or hydrolysis, the mechanism of action of several DNA
helicases necessitates a conformational change in the protein
(34).

Recently, Kim et al. published a detailed analysis of protein-
DNA interactions in the RNAPII preinitiation complex con-
taining TFITH (29). In sharp contrast to the results presented
here, these authors have shown that (i) the entry of TFIIH into
the preinitiation complex does not substantially alter protein-
DNA interactions by RNAPII and the general initiation fac-
tors, (ii) the promoter contacts by TFIIH are made by only one
of its nine subunits (ERCC3/p89/XPB) and are located exclu-
sively downstream of the transcription bubble, and (iii) the
addition of ATP induces changes in TFIIH-DNA interactions
downstream of the transcription bubble region. On the basis of
these results, Kim et al. (29) have proposed a model for the
mechanism of promoter melting by TFIIH in which, in the
presence of ATP, the IIH ERCC3 (XPB) helicase rotates the
DNA segment downstream of the transcription bubble relative
to the rotationally fixed upstream interactions, thereby induc-
ing melting of the transcription bubble region. In their study,
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however, Kim et al. (29) analyzed transcription complexes that
were washed with the detergent Sarkosyl prior to UV cross-
linking. The treatment of transcription complexes with the
same concentration of Sarkosyl has previously been shown to
alleviate the requirement for TFIIH, ATP, and downstream
promoter sequences in transcription assays (A. Dvir, R. Con-
away, and J. Conaway, personal communication), indicating
that Sarkosyl disrupts a number of protein-protein and/or pro-
tein-DNA interactions that are normally important for tran-
scription initiation. The disruption of regulatory interactions
may also be responsible for the hyperactivity of Sarkosyl-
washed complexes in phosphorylating the CTD of RNAPII
before transcription initiation observed by Kim et al. (29).
Most likely, the promoter contacts by p§89/XPB in the region of
the transcription bubble are among these interactions that are
lost following Sarkosyl treatment. Similarly, the changes in
promoter contacts by TFIIH downstream of the initiation site
in the presence of ATP may reflect the faulty association of
TFIIH with the initiation complex after Sarkosyl treatment.

An XPB mutation associated to a severe form of XP affects
the positioning of TFIIH in the preinitiation complex. In ad-
dition to playing a role in RNAPII transcription, the DNA
helicases of TFIIH participate in nucleotide excision repair.
Mutations in p89/XPB and p80/XPD are associated with rare
genetic disorders including XP, CS, and TTD. However, the
strong heterogeneous clinical features observed in these pa-
tients cannot be explained solely by defects in nucleotide ex-
cision repair. A form of TFIIH isolated from a XP/CS patient
with a C-A mutation in the XPB gene was found to be signif-
icantly impaired in both transcription initiation and promoter
melting, whereas its 3'-5" helicase, ATPase, and CTD kinase
activities are not affected (2, 68). Notably, the same C-A mu-
tation does not impair DNA melting in nucleotide excision
repair but rather affects 5 incision formation (12). Our results
suggest that the mutated TFIIH [IIH-XPB(C-A)] is deficient
in promoter melting because the positioning of its p89/XPB
helicase onto promoter DNA is impaired (Fig. 6). One inter-
pretation of our results is that the C-A mutation in p89/XPB
affects the accuracy of positioning and/or the stability of the
association of TFIIH with the promoter DNA in such a way
that some of its activities are preserved. Promoter melting (and
possibly 5’ incision formation in nucleotide excision repair),
however, which requires the accurate and stable association of
TFIIH in order to make the promoter contacts necessary to
completely unwind the DNA in the region of the TIS (and
possibly to promote 5 incision during nucleotide excision re-
pair), is specifically affected in this mutated TFIIH. This con-
clusion implies that promoter melting and CTD phosphoryla-
tion have different topological requirements, suggesting the
possibility that TFIIH is repositioned following transcription
initiation in order to phosphorylate the CTD and support pro-
moter clearance. A detailed analysis of the molecular organi-
zation of early elongation complexes is now required to test
this intriguing possibility and to advance our understanding of
transcriptional mechanisms.
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