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Summary

Core TFIIH from yeast, made up of five subunits re-
quired both for RNA polymerase Il transcription and
nucleotide excision DNA repair, formed 2D crystals on
charged lipid layers. Diffraction from electron micro-
graphs of the crystals in negative stain extended to
about 13 A resolution, and 3D reconstruction revealed
several discrete densities whose volumes corre-
sponded well with those of individual TFIIH subunits.
The structure is based on a ring of three subunits,
Tfb1, Tfb2, and Tfb3, to which are appended several
functional moieties: Rad3, bridged to Tfb1 by Ssl1;
Ssl2, known to interact with Tfb2; and Kin28, known
to interact with Tfb3.

Introduction

TFIIH is the largest and most complex of the general
transcription factors required for the initiation of tran-
scription by RNA polymerase Il (Conaway and Conaway,
1993). It is composed of nine subunits, with a total mass
of 0.5 MDa (Table 1). Four subunits impart catalytic activ-
ities: two subunits are ATPase/helicases (Sung et al.,
1987a, 1987b, 1993; Schaeffer et al., 1993; Guzder et
al., 1994a, 1994b), important for melting DNA around
the start site of transcription; two subunits form a cyclin-
dependent protein kinase (cdk)/cyclin pair (Bootsma
and Hoeijmakers, 1993; Schaeffer et al., 1994; Svejstrup
et al., 1994), important both for transcriptional regulation
and for subsequent RNA processing. All subunits exhibit
significant amino acid sequence conservation across
species from yeast to humans.

TFIIH is also required for nucleotide-excision repair
of damaged DNA (Coin and Egly, 1998; de Laat et al.,
1999). All subunits except the cdk/cyclin pair form part
of an even larger DNA “repairosome” (Svejstrup et al.,
1995; Feaver et al., 2000). The dual role of TFIIH in tran-
scription and DNA repair has been suggested to underlie
the coupling of these two processes (Feaver et al., 1993;
Friedberg, 1996). Mutations in the human genes for TFIIH
subunits are responsible for the DNA repair disease Xe-
roderma pigmentosum and other congenital disease
syndromes (Flejter et al., 1992; Friedberg, 1992; Schaef-
fer et al., 1993).

Structural studies of TFIIH, essential for understand-
ing its multiple mechanisms, have so far been limited
to X-ray analysis of the cdk subunit (Andersen et al.,
1997). Such analysis is not readily extended to the entire
TFIIH or to the related repairosome, due to the large
size and low abundance of these complexes. We have
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therefore turned to the formation of two-dimensional
(2D) crystals on lipid layers and imaging by electron
microscopy (Uzgiris and Kornberg, 1983; Ludwig et al.,
1986; Ribi et al., 1987; Kornberg and Darst, 1991). This
approach has been applied to RNA polymerase Il (Ed-
wards et al., 1990; Asturias and Kornberg, 1995; Asturias
et al., 1997, 1998), a multiprotein assembly of similar
size and complexity to TFIIH, revealing the surface to-
pography of the enzyme at about 15 A resolution (Darst
etal., 1991; Jensen et al., 1998). The 2D crystallographic
analysis of RNA polymerase Il also proved useful for
identifying sites of interaction with nucleic acids (Pog-
litsch et al., 1999) and general transcription factors
(Leuther et al., 1996), and for guiding the production of
3D crystals for X-ray diffraction (Fu et al., 1999).

We report here on the 2D crystallographic analysis of
a five-subunit “core” TFIIH complex from yeast. This
complex results from the loss of the ATPase/helicase
Ssl2, the cdk/cyclin pair, and one additional subunit in
the course of isolation (Table 1). The complex retains
the other ATPase/helicase, Rad3, and also contains
Ssl1, Tfb1, Tfb2, and Tfb3 (Feaver et al., 1991; Svejstrup
et al., 1994). All five subunits are essential both for
transcription and for DNA repair in vivo (Naumovski
and Friedberg, 1986; Naumovski and Friedberg, 1987;
Guzder et al., 1994a; Matsui et al., 1995; Wang et al.,
1995; Sweder et al., 1996; Feaver et al., 1997, 2000).
Indeed, functional activity of the core complex has been
demonstrated in both transcription and repair assays in
vitro (Svejstrup et al., 1994; Sung et al., 1996).

Results

Core TFIIH was purified from yeast with a hexahistidine
tag on the Tfb1 subunit as described (Svejstrup et al.,
1994), with modifications to improve the homogeneity
of the product. Addition of an ammonium sulfate precipi-
tation step, as well as small changes in the elution
schedules for chromatography on BioRex and TSK phe-
nyl, gave more complete removal of SsI2 and the cdk/
cyclin pair. The resulting core TFIIH preparation con-
tained only the five subunits previously identified and
no detectable contaminant (Figure 1).

Core TFIIH was crystallized on positively charged lipid
layers of the same composition and under similar aque-
ous solution conditions to those previously employed
for RNA polymerase Il. The resulting 2D crystals were
in the two-sided plane group p1, with unit cell parame-
tersa = 825 A, b = 119.5 A, v = 116.5°. They gave
diffraction in negative stain to about 13 A resolution
(Figure 2A), as judged from an average phase residual
for 19 images of 64° to this resolution.

For 3D reconstruction of core TFIIH, 19 images of
untilted crystals and 136 images of crystals tilted up to
56° were used (Figure 3A). The data were 98% complete
to an in-plane resolution of 13 A and 55° tilt angle. A
resolution of 18 A was estimated in the direction perpen-
dicular to the crystal plane (z*) from a point-spread func-
tion fitted to the data (Unger and Schertler, 1995). The
average phase error of individual measurements along
lattice lines within 0.0025 A~ in z* was 28.5°.
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Table 1. Yeast TFIIH Subunits and Their Human Homologs

Yeast Size Core Relative Human
Subunits (kDa) Subunits Mass (%) Homolog
Ssl2 95 - XPB
Rad3 89 + 28.5 XPD
Tfb1 73 + 23.3 p62
Tfb2 59 + 18.9 p55
Ssi1 53 + 16.9 p44
Cclt 45 - Cyclin
Tfb3 38 + 121 MAT1
Tfb4 37 - p34
Kin28 35 - Cdk7

When contoured at 1 ¢ above the mean, the 3D struc-
ture (Figure 3B) displayed a set of connected densities
within a p1 cell that were well separated from the density
in adjacent cells (Figure 2B) and therefore appeared to
define the molecular boundaries of the TFIIH complex.
These boundaries enclosed a volume 68.7% of that ex-
pected from the mass of core TFIIH, consistent with
the molecular volumes of 3D structures determined in
negative stain in the past. The density was clearly di-
vided into three regions, which were provisionally identi-
fied with TFIIH subunits, on the basis of the relative
volumes of the regions and relative masses of the sub-
units. The volumes of the three regions were 16.6%,
30.8%, and 52.6% of the total, compared with masses,
as fractions of the total for core TFIIH, of 16.9% for Ssl1,
28.5% for Rad3, and 54.3% for a combination of Tfb1,
Tfb2, and Tfb3 (Table 1). The regions assigned to Ssl1
and Rad3 appeared roughly ellipsoidal, while that con-
taining the Tfb proteins formed a ring, about 80 A in
outside diameter, with an average thickness of about
30 A, surrounding a 15 A hole (lower panel in Figure 3B).
A bulge protrudes from the ring toward the junction
between Ssl1 and Rad3 (upper panel in Figure 3B).

Discussion

The arrangement of subunits in core TFIIH suggested
here on the basis of the electron crystal structure is
generally consistent with biochemical and genetic evi-
dence. A peripheral location of Rad3 in the structure is
in keeping with its loss from some preparations of core
TFIIH during isolation. Contact of Rad3 with Ssl1 in the
structure accords with interaction of these proteins in
both two-hybrid studies and coimmunoprecipitation ex-
periments (Bardwell et al., 1994a). A discrepancy arises

Rad3
Tfb1

i

Tfb2
Ssi1

Tfb3

Figure 1. SDS-PAGE of Core TFIIH

A peak fraction (0.6 pg of protein) from Phenyl HPLC, the last step
of core TFIIH purification, was resolved in an SDS-10% polyacryl-
amide gel and revealed by silver staining.

in the case of Rad3 and Tfb3, which are placed in distinct
regions of the structure, but which have been shown to
interact in a two-hybrid analysis (Feaver et al., 2000).
Perhaps an interaction also occurs in the structure fol-
lowing a conformational change, in the context of regu-
lation or the formation of larger transcription and DNA
repair complexes.

Ssl1 forms a bridge between Rad3 and Tfb proteins
in the structure, and it interacts with both Rad3 and Tfb1
in two-hybrid analyses (Feaver et al., 1993; Bardwell et
al., 1994a). The point of contact between Ssl1 and the
Tfb ring may identify the location of Tfb1 in the ring
(Matsui et al., 1995). Tfb1 is also a point of contact
with another general transcription factor, TFIIE, which
recruits TFIIH to the RNA polymerase Il transcription
initiation complex (Li et al., 1994; Bushnell et al., 1996;
Holstege et al., 1996).

Two-hybrid analyses also reveal interactions of Tfb2
with Ssl2, the second ATPase/helicase, and of Tfb3 with
Ssl1, Rad3, and Kin28, the protein kinase component
of TFIIH (Feaver et al., 1997, 2000). We speculate that
Tfb3 corresponds to a bulge of the Tfb ring (upper right
part of green density in Figure 3B, upper panel). The Tfb
ring evidently plays a central role, separately anchoring
four components, the two ATPase/helicases, the protein
kinase, and the transcription machinery. Coimmuno-
precipitation experiments point to a similar role in DNA
repair, with Tfb1 contacting the Rad2 component of the
repairosome as well (Bardwell et al., 1994b).

Our ~18 A resolution electron crystal structure of
yeast core TFIIH may be compared with an ~38 A resolu-
tion reconstruction from electron micrographs of single

Figure 2. Diffraction from Projected Images
of Core TFIIH Crystals and Projected Struc-
ture

(A) Combined structure factor data from 19
untilted crystals, displayed as an 1Q plot, illus-
trating data quality and sampling. Larger
squares indicate a larger signal-to-noise ra-
tio. Circles indicate 20 A (innermost), 15 A,
and 13 A (outermost) resolution.

(B) Projection of the 3D reconstruction in (A)
onto the crystal plane, showing the contents
of four unit cells, with the density due to one
core TFIIH complex in the middle, well re-
solved from density due to adjacent com-
plexes.
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particles of human TFIIH (Schultz et al., 2000 [this issue
of Celll). The human protein contained all components of
the core complex and, in addition, the second ATPase/
helicase, homologous to yeast Ssl2, and the protein
kinase complex. The approximate locations of the ho-
mologs of yeast Rad3, Ssl1, and Kin28 were determined
with the use of anti-subunit antibodies. A plausible fit of
our crystal structure to the single particle reconstruction
could be found (Figure 4), pointing to similarities in size,
shape, and arrangement of subunits. According to the
fit, the Tfb ring corresponds to a major element of den-
sity in the single particle reconstruction (and not to the
apparent, much larger ring seen in this reconstruction).

p44 (Ssl1)

Figure 3. Structure of Core TFIIH from 2D
Crystals

(A) Reciprocal space coverage in 3D recon-
struction of core TFIIH. In each region, the
number in the upper left is the percentage of
possible structure factors that were mea-
sured well enough to be sampled. The num-
ber in the upper right is the redundancy of
measurement, defined as the average num-
ber of measurements recorded that lie closer
than half the sampling interval 0.0033 A" to
each structure factor. The number at the bot-
tom is the average phase error, defined as
the average phase difference between mea-
surements within 0.0025 A" in z*.

(B) Stereoviews of the 3D reconstruction of
core TFIIH at 18 A resolution, contoured at 1
o above the mean. Colors identify regions
of density corresponding in fractional volume
with Rad3 (red), Ssl1 (blue), and Tfb1/Tfb2/
Tfb3 (green). Upper and lower panels show
views related by a clockwise rotation of 135°
about a vertical axis in the plans of the figure.

Experimental Procedures

Core TFIIH

S. cerevisiae expressing hexahistidine-tagged Tfb1 (Feaver et al.,
1993) was grown and fractionated as described (Svejstrup et al.,
1994), with the following modifications. Whole cell extract was ap-
plied to a BioRex 70 column, washed with buffer A(450) (50 mM
HEPES, pH 7.6, with the mM concentration of potassium acetate in
parentheses), and eluted with buffer A(750). Elution from the subse-
quent phosphocellulose column was in a step with buffer A(650),
followed by precipitation with ammonium sulfate at 57% of satura-
tion. The precipitate was dissolved in buffer B(0) (50 mM Tris, pH
7.8, with the mM concentration of potassium acetate in parentheses
if not stated otherwise), dialyzed against buffer B(300), diluted 3-fold

Figure 4. Comparison of Core TFIIH Struc-
ture from 2D Crystals with HoloTFIIH Struc-
ture from Single Particle Analysis

The 2D crystal structure of yeast core TFIIH
reported here (red) is shown superimposed
on the single particle structure of human ho-
IoTFIIH reported by Schultz et al. (2000). Both
structures are contoured at a level corre-
sponding to about 60% of the expected vol-
ume. Approximate locations of human p44
(yeast Ssl1) and human XPD (yeast Rad3)
subunits, as determined by immunolabeling
of the human protein, and by assignments
of density regions to subunits in the yeast
structure, are indicated. The additional vol-
ume of the human structure must accommo-
date the additional subunits present in holoT-
FIIH (Table 1).
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with buffer B(0), and applied in batch to 5 ml of Talon metal affinity
resin (Clonetech) in the presence of 8 mM imidazole for 4 hr. The
resin was washed with 50 ml of buffer B(150) containing 8 mM
imidazole, and 50 ml of buffer B(400) containing 8 mM imidazole,
followed by elution with buffer B(200) containing 100 mM imidazole.
Peak fractions of core TFIIH were applied to a Mono Q 5/5 column
(Pharmacia) equilibrated with buffer B(200). The column was devel-
oped with a 20 ml linear gradient from buffer B(400) to B(1400). Peak
fractions of core TFIIH were adjusted to 500 mM ammonium sulfate
and applied to a Phenyl 7.5/7.5 column (TosoHaas) equilibrated with
buffer B(500) (50 mM Tris, pH = 7.8, with the mM concentration of
ammonium sulfate in parentheses). The column was developed with
a 20 ml linear gradient from buffer B(500) to B(70). Core TFIIH eluted
in an aggregated state between buffer B(200) and B(70). Peak frac-
tions were dialyzed against buffer A(150) containing 10% glycerol,
concentrated on a Microcon 100 (Amicon), and stored at —80°C.

Two-Dimensional Crystallization

To a mixture of 10 pl of core TFIIH (~300 g protein/ml) and 20 pl
of 50 MM HEPES, pH 7.6, 50 uM ATP, 5mM MgCl2, 5 mM spermidine,
5 mM dithiothreitol in a nylon well (Asturias and Kornberg, 1995)
was applied 1 pl of 0.5 mg/ml stearylamine/egg phosphatidylcholine
(1:9, w/w) (Avanti Polar Lipids). Following incubation in a humid
chamber under argon for 16 hr at 4°C, crystals were harvested by
loop-transfer (Asturias and Kornberg, 1995) and applied to a 400-
mesh copper/rhodium electron microscope grid (EM Sciences)
coated with a continuous carbon film. The grid was blotted with
Whatman No. 1 paper, after being washed with 3 .l of 0.05% Tween-
20 for 10 s, rinsed with 3 pl of water, stained with 1% uranyl acetate
for 40 s, and air-dried.

Electron Microscopy and Image Processing

Micrographs were recorded on Kodak SO163 film at a nominal mag-
nification of 35,000 or 45,000 on a Philips CM12 transmission
electron microscope operating at 100 kV in a low dose mode (<10
eIectrons/Az). Images were obtained from each crystalline area at
tilt angles of 0°, 20°, 35°, 45°, 50°, and 55° at defocus values from
about 3000 to 5000 A. Images were checked by optical diffractome-
try and were digitized at a step size of 10 um on a Leaf 45 scanner.
Structure factors were obtained with the use of an automated suite
of MRC programs (Henderson et al., 1986; Jensen et al., 1998;
Leuther et al., 1999; Poglitsch et al., 1999), with parameters for
lattice indexing and lattice unbending optimized for TFIIH crystals.
The data set used for 3D reconstruction included 19 untilted crystals,
12 tilted at about 20°, 54 at about 35° 35 at about 45°, and 35
between 50° and 56°. Only observations with a signal-to-noise ratio
greater than 1.0 (IQ < 7) were used. A total of 2632 unique reflections
formed a dataset 98% complete to a resolution of 13 A and a maxi-
mum tilt angle of 55° (Figure 3A).
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