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Initiation of eukaryotic mRNA transcription requires
melting of promoter DNA with the help of the general
transcription factors TFIIE and TFIIH. Here we define a
conserved and functionally essential N-terminal domain
in TFE, the archaeal homolog of the large TFIIE subunit
a. X-ray crystallography shows that this TFE domain
adopts a winged helix-turn-helix (winged helix) fold, ex-
tended by specific a-helices at the N and C termini.
Although the winged helix fold is often found in DNA-
binding proteins, we show that TFE is not a typical
DNA-binding winged helix protein, because its putative
DNA-binding face shows a negatively charged groove
and an unusually long wing, and because the domain
lacks DNA-binding activity in vitro. The groove and a
conserved hydrophobic surface patch on the additional
N-terminal a-helix may, however, allow for interactions
with other general transcription factors and RNA po-
lymerase. Homology modeling shows that the TFE do-
main is conserved in TFIIEq, including the potential
functional surfaces.

In eukaryotes, RNA polymerase (pol)! II requires five gen-
eral transcription factors, called TFIIB, -D, -E, -F, and -H, to
initiate mRNA transcription. The general transcription factors
assemble with pol IT into a large initiation complex on promoter
DNA (1-3). According to in vitro reconstitution experiments,
initiation complex assembly starts with recognition of the pro-
moter DNA by TFIID (4, 5). The TFIID subunit TATA box-
binding protein (TBP) binds to the TATA box, a frequently
occurring promoter element located about 30 bp upstream of
the transcription start site. The TBP-DNA complex is stabilized
by specific binding of TFIIB to TBP and to promoter DNA
sequences adjacent to the TATA box (6). The TBP-TFIIB-DNA
complex can be further stabilized by binding of the optional
factor TFIIA. A preformed pol II'-TFIIF complex is then re-
cruited to the transcription start site. For most parts of the
resulting complex, detailed structures are available, including
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TBP (7, 8), the TBP-DNA complex (9, 10), complexes
TBP-DNA-TFIIB (11, 12) and TBP-DNA-TFIIA (13-15), do-
mains of TFIIB (16) and TFIIF (17-22), and pol II (23-27).

Before RNA synthesis can begin, DNA must be melted
around the transcription start site with the help of TFIIE and
TFIIH (28). Binding of TFIIE to the pol II complex apparently
recruits TFITH (29). TFIIH contains helicase activities that
unwind DNA and form a transcription bubble (30, 31). TFIIH
also comprises a kinase that phosphorylates the pol II C-ter-
minal repeat domain during the transition from initiation to
elongation. Both enzymatic activities of TFIIH are stimulated
by TFIIE (32). In keeping with a role of TFIIE as a bridging
factor between pol II and TFIIH, TFIIE has been shown to bind
to pol IT and to TFIIH (29). Several lines of evidence suggest a
role of TFIIE in promoter DNA binding and melting. First,
TFIIE can bind single-stranded DNA (33). Second, TFIIE func-
tion is influenced by the helical stability of promoter DNA, and
the requirement for TFIIE during initiation can be bypassed by
premelted promoter sequences (34). Finally, site-specific cross-
linking located TFIIE near DNA around the active center of pol
II. One study observed cross-linking of TFIIE to DNA within
the transcription bubble and just downstream of it (35). An-
other cross-linking study located TFIIE adjacent to promoter
DNA just upstream of the transcription start site (36).

TFIIE consists of a large and a small subunit, referred to as
a and B, respectively, in higher eukaryotes. From N to C ter-
mini, the TFIIEB sequence shows a serine-rich region with
little predicted secondary structure, a region with sequence
similarity to a DNA-binding domain in the small TFIIF sub-
unit, a region with similarity to the bacterial o factor, and a
presumably helical region with clusters of basic residues. NMR
has shown that the TFIIEB region with homology to TFIIF
forms a winged helix domain (37). Structural information on
TFIIE« is, however, lacking. The C-terminal half of TFIIE« is
likely unstructured and is dispensable for yeast viability (33).
In contrast, the N-terminal half of TFIIE« is essential for cell
growth (33) and contains a leucine-rich region with weak se-
quence similarity to the bacterial o factor, followed by a zinc-
binding domain (38). In agreement with in vivo data, the N-
terminal half of TFIIE« is required for basal and activated
transcription in vitro (39) and interacts with TBP and pol II
(29).

Archaea contain a TFIIE homolog, called TFE, that corre-
sponds to the essential N-terminal half of TFIIE« (40, 41). Also
found in archaea are homologs of TBP and TFIIB, but not of
TFIIF and TFIIH (42). Whereas the archaeal TBP and TFIIB
homologs are essential for transcription initiation, TFE is not
absolutely required but stimulates transcription in vitro (40,
41). Because mutagenesis of the TATA box or low concentra-
tions of TBP sensitize a promoter to TFE in vitro, TFE appar-
ently stabilizes the archaeal TBP-DNA complex (41). TFE also
interacts directly with archaeal TBP and RNA polymerase (41).
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Here we have defined and crystallized the N-terminal do-
main of TFE from the archaeon Sulfolobus solfataricus. X-ray
analysis reveals that this domain adopts an extended winged
helix fold with unusual features. Analysis of surface properties,
comparisons with other winged helix domains, and biochemical
data suggest that the function of the TFE winged helix domain
is not primarily DNA binding. The available data are, however,
consistent with a role of this domain as an adapter between
RNA polymerase and general transcription factors.

EXPERIMENTAL PROCEDURES

Cloning and Site-directed Mutagenesis—The TFE DNA fragments
TFEAC and TFEAAC, which encode for TFE residues 1-110 and 1-97,
respectively, were subcloned using as template DNA pET-ssTFE, which
encodes for full-length S. solfataricus TFE (41). Plasmid pET-ssTFE
was a generous gift of Stephen Bell. For cloning of fragment TFEAAC,
oligonucleotide primers TFEf1 (5'-TATATCATATGATGGTTAACGCA-
GAGGATCTGTTTA-3') and TFEr1 (5'-TATCTGCGGCCGCTAATCTT-
TTCCTATTTAACAG-3') were used in PCR amplification. Primer
TFEfl adds an Ndel restriction site upstream of the start codon. For
amplification of TFE fragment TFEAC, primer TFErl was replaced
by TFEr2 (5'-TATCTGCGGCCGCTTTCTCATATTCCAATCTTGTC-3").
Primers TFErl and TFEr2 encoded an overhang for a NotlI restriction
site downstream but did not introduce a stop codon. Ligation of the
restriction digested PCR products into pET21b (Novagen) added to the
gene codons for a C-terminal hexahistidine tag followed by a stop codon.
Cloning was performed according to standard procedures. To introduce
additional methionine residues into the polypeptide chain encoded by
gene TFEAC, codons for hydrophobic residues were changed by site-
directed mutagenesis using the two-step PCR overlap extension
method, as described in a previous study (43). Several mutant forms of
TFEAC have been constructed, including the single mutant F76M, the
double mutant I39M/F76M, and the triple mutant I39M/F62M/F76M.

Protein Expression, Selenomethionine Labeling, and Purification—
Plasmid-DNA encoding for wild-type TFEAC or TFEAAC protein was
transformed into Escherichia coli strain BL21(DE3)RIL (Stratagene).
Cells were grown at 37 °C in LB medium supplemented with ampicillin
and chloramphenicol at concentrations of 100 mg/liter each. Induction
was performed during logarithmic growth by addition of 0.5 mm isopro-
pyl-B-D-thiogalactopyranoside, and bacteria were grown for an addi-
tional 3.5 h. Cells were harvested by centrifugation and resuspended in
buffer A (50 mm Tris-Cl, pH 8.0, 300 mm NaCl, and 10 mMm B-mercap-
toethanol). For selenomethionine labeling of TFEAC mutants F76M,
I39M/F76M, and I39M/F62M/F76M, plasmid DNA was transformed
into the methionine auxotroph E. coli strain B834(DE3) (Novagen).
Bacteria were grown in LB medium with 100 mg/liter ampicillin at
37 °C to an Agy, of 0.6. Cells were harvested and resuspended in the
same amount of New Minimal Medium (44), supplemented with sel-
enomethionine and ampicillin at concentrations of 100 mg/liter each.
The optical density was measured, and cells were grown until the
optical density at A = 600 nm increased by 0.2 unit, to deplete the cells
from any residual methionine from the standard LB medium. Protein
expression was induced by addition of 0.5 mm isopropyl-B-D-thiogalac-
topyranoside, and cells were grown for an additional 4 h at 37 °C. Cells
were harvested and resuspended in buffer A.

Native and selenomethionine-labeled proteins were purified accord-
ing to the same procedure. Cells were broken with a French press, and
the suspension was clarified by centrifugation. The cleared supernatant
was incubated for 20 min at 72 °C, to denature the majority of E. coli
proteins. After centrifugation, the cleared lysate was loaded onto a 1-ml
nickel-nitrilotriacetic acid column (Qiagen), equilibrated with buffer A.
The column was washed with 20 ml of buffer A, followed by 4 ml of
buffer A containing additionally 40 mM imidazole. Bound proteins were
eluted with buffer A containing 250 mM imidazole and were judged to be
99% pure by SDS-PAGE. The proteins were then applied to a Super-
ose-12 HR gel filtration column (Amersham Biosciences) equilibrated
with buffer B (50 mm Hepes, pH 7.5, 200 mm NaCl, 1 mm EDTA, 10 um
ZnCl,, 5 mM dithiothreitol). Peak fractions were pooled and concen-
trated to 15 mg/ml. Protein concentrations were measured using Brad-
ford reagent (Bio-Rad). Whereas TFEAC and its variants remained
soluble during purification, TFEAAC was found in the insoluble pellet
after centrifugation.

Crystallization and Data Collection—Purified protein samples were
subjected to commercial crystal screens (Hampton Research) using the
hanging drop vapor diffusion method. In initial screens, TFEAC formed
large clusters of thin needles within a week under three different
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conditions. The reservoir solutions were (i) 100 mm Tris-Cl, pH 8.5, 200
mM LiSO,, 30% (w/v) polyethylene glycol (PEG) 4000, (ii) 100 mm
Tris-Cl, pH 8.5, 200 mMm NaOAc, 30% (w/v) PEG4000, and (iii) 20% (v/v)
ethanol, 10% (v/v) glycerol. Optimization around the second condition
yielded thicker needles (smallest dimension, 30 um). Removal of the
hexahistidine tag did not improve crystal quality. Exchange of
PEG4000 in the reservoir solution by PEG1000 resulted in very large,
cigar-shaped single crystals (smallest dimension, =200 pum). Crystals of
selenomethionine-labeled proteins were grown under the same condi-
tions. Crystals were harvested in mother liquor and were transferred to
a solution containing additionally 15% (v/v) PEG400. Crystals were
incubated for 10 min, flash-frozen in liquid nitrogen, and stored for data
collection at the synchrotron. Multiwavelength anomalous diffraction
(MAD) experiments were performed on crystals from selenomethionine-
labeled proteins. X-ray diffraction data from protein crystals of native
TFEAC and selenomethionine-labeled TFEAC variant I39M/F76M
were collected at the Swiss Light Source (Table I). Further MAD ex-
periments on protein crystals of TFEAC variants F76M and I39M/
F62M/F76M were performed at beam line ID14-4 at the European
Synchrotron Radiation Facility (ESRF) in Grenoble (Table I).

Crystal Structure Determination—X-ray diffraction data of wild type
and native protein crystals and crystals of selenomethionine-labeled
protein from TFEAC variants F76M and I39M/F76M were integrated
and scaled using the programs DENZO and SCALEPACK (45). MAD
data from protein crystals of variant I39M/F62M/F76M were reduced
using the program XDS (46). Selenium sites were found by using the
program SOLVE (47, 48), and the solution was confirmed with program
SnB (49). The obtained selenium sites were used in phasing with
SHARP (50) and were refined with RESOLVE (47, 48) with automated
model building turned off.

Additional methionines were introduced at positions of conserved
hydrophobic residues, some of which are methionines in TFE homologs.
After introduction of one methionine in addition to the natural M1 and
M34 (TFEAC variant F76M), we could consistently identify two sele-
nium peaks with SnB, but no interpretable electron density was ob-
tained after refinement with SHARP. Structure determination was
tried in both enantiomorphic space groups (P6,22 and P6,22). Introduc-
tion of a second additional methionine (double mutant I39M/F76M) and
further MAD experiments led to the detection of three selenium peaks
by SnB and SOLVE (Z-score 13.3), of which two matched the peaks in
variant F76M. After phasing with SHARP, a noisy electron density was
obtained that showed segments of a-helices. However, no continuous C,,
trace could be built into this density. Finally, a third additional me-
thionine was introduced. MAD data from crystals of the triple mutant
I39M/F62M/F76M gave rise to an additional selenium peak but still
resulted in a poor electron density map. The known three selenium
sites could be identified, the Z-score increased to 23.5 (mean figure of
merit = 0.55, CCyy. pourier = 0.17), and the electron density improved
dramatically. However, a fourth selenium site was still missing, and no
continuous C, trace could be built into the density. A breakthrough was
achieved when a fourth selenium site was identified with SHARP, and
the obtained phases were further improved with RESOLVE.

The resulting electron density, in combination with the selenium
atom positions used as sequence markers, allowed for building of an
atomic model with program O (51) that included TFE residues 3-88
except residues 70—72 in a flexible loop region (Fig. 1). After one round
of refinement against the remote dataset, the initial model was reposi-
tioned and reoriented in the slightly different unit cell of the native
crystal by rigid body refinement with CNS (52). After positional and B
factor refinement, model-phased maps allowed for building of the N-
terminal residues 1-2, but still there was no electron density observed
for the flexible residues 70—72 and for the C-terminal region. Several
cycles of model rebuilding and refinement with CNS were performed.
Refinement by simulated annealing was used in the beginning, but
later only positional refinement was carried out. Before each refine-
ment cycle, all atomic temperature factors were set to 50 A% and were
refined again before calculation of a new electron density map. During
refinement, the automated solvent correction in CNS failed, most likely
due to the high R, values at low resolution. We therefore used only
data in the resolution range 6.5-2.9 A during refinement. The model
refinement converged with a free R factor of 32.1% (33.9% if the prob-
lematic low resolution data are included). The relatively high model R
factors may be explained by the moderate resolution of our data, a high
overall B factor, and by the high percentage of disordered residues
(29%). Except residues Val-2 and Trp-75, which have high B factors, all
residues fall within the allowed regions of the Ramachandran plot. The
coordinates have been deposited with the Protein Data Bank (PDB
accession code 1Q1H).
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Fic. 1. Experimental electron density maps. Depicted are three regions of the initial experimental electron density map obtained by MAD
phasing (blue, contoured at 1o) with the final model superimposed (yellow). The location of methionine side chains coincides with peaks in a
selenium anomalous difference Fourier map (red, contoured at 40). The selenium anomalous difference Fourier was calculated with anomalous
differences measured at the selenium peak wavelength and with phases from the final model.

To ensure that the relatively high R factors are not due to low quality
of the native data set, we have also refined the structure against the
remote wavelength of the MAD data set. To this end, the free R factor
flags were transferred and three residues were mutated to methionines.
Several cycles of slight manual adjustment of the structure and refine-
ment of atomic positions and B factors with CNS quickly converged on
a refined model that has very similar R factors (Table I). A superposi-
tion of the two refined models revealed that they are essentially iden-
tical within the experimental error, except for minor differences around
the sites of mutation.

DNA-binding Assay—Band shift assays were carried out essentially
as in a previous study (53). Briefly, purified TFEAC was added to 100
pmol of DNA in a 100- and 200-fold molar excess in buffer TGEM (50
mM Tris-Cl, pH 7.5, 380 mM glycine, 2 mMm EDTA, 4% (w/v) PEG6000,
20% (v/v) glycerol, and 16 mM magnesium acetate). The reaction mix-
ture was incubated at 20 °C for 30 min before 10 ul of sample loading
buffer (TGEM with 30% glycerol and bromphenol blue) was added. The
mixtures were then separated on a 5% native polyacrylamide gel (95 V
for 90 min at 20 °C). The gels were stained with the highly sensitive
DNA stain SYBR Gold (Molecular Probes, Leiden, Netherlands).

RESULTS AND DISCUSSION

TFE Contains a Stable N-terminal Domain—The modular
and flexible nature of TFIIE has hampered crystallization so
far. To obtain structural information for the essential N-termi-
nal region of TFIIEa we turned to the homolog TFE from the
archaeon S. solfataricus. Full-length S. solfataricus TFE was
expressed in E. coli and purified as described (41), with minor
modifications (see “Experimental Procedures”). Because initial
crystallization screens with the full-length protein were unsuc-
cessful, we conducted partial proteolysis of purified TFE with
four proteases of different specificity (trypsin, chymotrypsin,
elastase, and subtilisin). These experiments always resulted in
a stable N-terminal fragment (verified by Edman sequencing,
not shown), which lacks a C-terminal region that includes a
potential zinc-binding domain that is apparently not well struc-
tured in S. solfataricus TFE (Fig. 2A). Although binding of zinc
ions by this domain is essential for function of TFE (40) and
TFIIE (54), several TFE sequences, including S. solfataricus
TFE, lack one of the four cysteine residues involved in zinc
coordination (55).

Crystal Structure Determination—Based on the proteolysis
results, we constructed the TFE variant TFEAC, which com-
prises residues 1-110 (see “Experimental Procedures”). TFEAC
was expressed in E. coli with high solubility. The purified
TFEAC variant crystallized in two morphologies. Individual
cryo-cooled crystals of both morphologies diffracted synchro-
tron radiation to 2.8-A resolution at best and turned out to have
the same symmetry and comparable unit cell dimensions.

Trials to derivatize TFEAC crystals with heavy metals were

unsuccessful, most likely due to a lack of cysteine residues.
Structure determination by selenomethionine incorporation
and multiwavelength anomalous diffraction (MAD) was also
hampered, because TFEAC comprises only two methionine res-
idues, M1 and M34, that did not provide sufficient signal for
phasing. To increase the signal for MAD phasing, we intro-
duced additional methionines in a sequential, non-disruptive
manner (see “Experimental Procedures”). Sufficient signal for
MAD phasing was only obtained after three additional methi-
onines were introduced. MAD phasing with the selenomethi-
onine-labeled triple mutant I39M/F62M/F76M led to an elec-
tron density map that allowed building of an initial model (Fig.
1). This initial model was used to phase native data from a
wild-type TFE crystal, leading to an improved electron density
map. A model comprising TFE residues 1-88 (except a disor-
dered loop containing residues 70-72) and a total of 701 non-
hydrogen atoms could be built and refined at 2.9-A resolution
(Table D).

The observed difficulties during phase determination may
have been caused by relatively high R, values of about 6% in
the lowest resolution shell. The elevated R, values were
independent of the x-ray source and detector type and were not
due to incorrect assignment of space group, because they re-
mained high after processing the data in space groups of lower
symmetry. The data intensity distribution exactly followed the-
oretical Wilson statistics, suggesting that the elevated R,
values are also not due to partial crystal twinning. The phe-
nomenon may, however, be explained by the high percentage of
disordered residues (29%, see below) and the low solvent con-
tent of the crystals (34%).

TFE Forms an Extended Winged Helix Domain—The crystal
structure shows that the N-terminal TFE domain adopts a
winged helix fold (Fig. 2C), which is frequently found in tran-
scription factors and other nucleic acid-binding proteins (56—
58). To detect similarities of the TFE structure with known
molecular structures we submitted the atomic coordinates to
the DALI server (59). This analysis revealed that most proteins
with significant structural similarity to TFE are DNA-binding
winged helix proteins, including transcriptional regulators and
enzymes involved in nucleic acid metabolism. Also among the
40 proteins with the highest DALI score were histone H5, the
catabolite activator protein, domains 2 and 4 of the bacterial o
factor, and the winged helix domains of the TFIIF Rap30 sub-
unit and TFIIEB. The winged helix fold of TFE comprises three
a-helices and three B-strands in the canonical order al-B1-a2-
a3-B2-B3 (Fig. 2, B and C). Conserved residues within helices
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Fic. 2. Structure of the TFE winged helix domain. A, domain architecture of S. solfataricus TFE and human TFIIE«. A potential

zinc-binding region (Zn), a helix-turn-helix motif (HTH), an alanine-rich region (Ala), a region rich in serines, threonines, aspartates, and
glutamates (STDE), and an acidic region (Acidic) are indicated. Regions in TFIIE« that are required for basal transcription, interaction with
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TABLE 1
Crystal structure determination

Crystal

TFE triple mutant I39M/F62M/F76M (SeMet MAD)

TFE wild type (native)

Data collection®

Synchrotron source ESRF ID14-4 SLS X06SA
Space group P6,22 P6,22
Unit cell axes (A) a; = 67.0,c =914 a; = 66.1,¢c = 92.7
Wavelength (A) 0.9792 (peak) 0.9795 (inflection) 0.9337 (remote) 0.9793
Resolution (A) 20-3.0 (3.18-3.0) 20-3.0 (3.18-3.0) 20-3.0 (3.18-3.0) 20-2.9 (3.0-2.9)
Completeness (%) 99.2 (98.9) 95.1(96.1) 94.3 (92.2) 98.7 (100)
Unique reflections 2692 (408) 2605(404) 2610 (391) 3025 (292)
Anomalous unique reflections 4568 (721) 4370 (699) 4382 (676)
Redundancy 11.3 7.9 7.9 9.1
R, (%) 6.4 (18.2) 5.8 (23.2) 6.1(31.4) 7.7(28.5)
(I/al) 24.0 (14.0) 20.8 (9.4) 19.4 (6.0) 19.2 (9.1
f'e -7.9 -10 -2.8
Vi 5.2 3.2 3.64

MAD phasing?
Number of Se sites 4
Z-score 23.5
Mean figure of merit 0.55

Refinement®
Resolution range (A) 6.5-3.0 6.5-2.9
R, (%) 32.0 31.5
Ry (%) 31.8 32.1
Number of residues 82 85

“ Mutant MAD data were processed with XDS (46); native data were processed with DENZO and SCALEPACK (45).

® Calculated with the CCP4 program TRUNCATE.

¢ Calculated with the CCP4 program CHOOCH for peak and inflection data sets, estimated for the remote data set.
< MAD phasing statistics were calculated with program SOLVE (47, 48).

¢ Refinement statistics were calculated with program CNS (52).

al—a3 form the tightly packed hydrophobic core of the winged
helix domain. Among these residues are several leucines that
are repeated in the TFE sequence with a spacing of seven
amino acid residues, previously suggesting a possible leucine-
zipper structure that could confer dimerization (38).

A specific feature of the structure is the extension of the
canonical winged helix fold at the N and C termini by the
additional helices a0 and a4, respectively (Fig. 2C). Hydropho-
bic residues from the additional helix a0 extend the hydropho-
bic core of the winged helix domain, and helix «0 is tightly
packed against the canonical winged helix fold. Helix a4 com-
prises only one turn and is ordered only until residue 88,
although residues 89-110 are present in the crystals and sec-
ondary structure prediction suggests that the helix extends
until residue 110. Because the crystal packing would allow for
extension of helix a4 and its protrusion into the solvent region,
it is likely that residues 89-110 extend helix a4 but that they
are not observed due to disorder in the crystal. Truncation of
the TFE C terminus until residue 97 results in an insoluble
protein variant, possibly because helix a4 is disrupted. A pro-
truding helix a4 could form a semirigid linker to the C-terminal
zinc-binding domain of TFE, or it could be involved in TFE
dimerization, although there is no evidence for dimerization in
the crystals.

Unusual Surface Features and Potential Interaction Sites—
The extended strands B2 and B3 form a protruding B-hairpin.
The B2-B3 connecting loop is partially disordered and corre-

sponds to wing 1 of the canonical winged helix fold (Fig. 2C).
The wing 1 protrusion in TFE is unusually long and has a basic
and an aromatic face, formed by residues in strands 82 and 33,
respectively. The aromatic residue Trp-75 in strand B3 is fully
solvent-exposed and may play a functional role. Residue Trp-75
is involved in crystal packing and influences the position of the
wing 1 protrusion. The aromatic face of the wing 1 protrusion
and helix a3 line a negatively charged groove (Fig. 2, D and E).
The molecular surfaces of the groove, the wing 1 protrusion,
and the central part of helix a3 are conserved among archaeal
TFE proteins (Fig. 2, B and D), indicating that this side of the
domain is involved in functionally relevant interactions. Sev-
eral salt bridges are formed on the domain surface, which could
contribute to protein stability at high temperature and low pH,
typical for the growth environment of S. solfataricus.

There are two hydrophobic surface patches that may serve as
protein interaction sites. The larger of these hydrophobic
patches is formed by three conserved residues on the exposed
side of the additional helix a0, located about 30 A away from
the groove (Fig. 2, D and E). A small hydrophobic patch is found
on the side of helix a3 opposite the groove. This patch is formed
by Leu43 and Ile45, which are partially buried and also con-
tribute to the hydrophobic core (Fig. 2D).

TFE Is Not a Typical DNA-binding Winged Helix Protein—
The structural similarity to nucleic acid-interacting proteins
suggested that the TFE winged helix domain could bind nucleic
acids. To explore this possibility we compared the TFE struc-

TFIIEB, and stimulation of C-terminal repeat domain kinase activity (39) are indicated with gray lines. B, alignment of the TFE winged helix
domain amino acid sequence with corresponding regions in other archaeal TFE sequences, and in the human and yeast TFIIE « subunit. Secondary
structure elements are indicated above the sequences (a-helices, magenta cylinders; B-strands, cyan arrows). Marked are residues in the
hydrophobic core (V¥), residues forming the hydrophobic patch on helix «0 (), arginine 51 (4), and three conserved acidic residues (X). Residues
that were mutated to methionines for structure determination are marked below the alignment (o). The amino acid sequence alignment of archaeal
TFE homologs was produced with ClustalW (65). Sequences of human and yeast TFIIE« were adjusted manually, aided by secondary structure
prediction (PHD, 64). The graphic was prepared with ALSCRIPT (71). C, ribbon representation of the structure of the TFE winged helix domain.
Secondary structure elements are colored and labeled according to B. The graphics were prepared with programs BOBSCRIPT (72), MOLSCRIPT
(73), and DINO (Visualizing Structural Biology (2002), www.dino3d.org). D, surface conservation. Surface residues conserved among archaea are
colored according to the scheme in B. Arginine 51, a patch of three conserved acidic surface residues, and the negatively charged groove are marked
according to B. Surfaces were generated with the program MSMS (74). E, surface charge distribution. The domain surface is colored according to
the electrostatic potential from negative (red) to positive (blue). Electrostatic surfaces potentials were calculated with MEAD (75). The top and

bottom views are related by a 180° rotation around the vertical axis.
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TFIF
Rap74 Rap30

TFIIF

E2F-4

Fic. 3. Comparison with other winged helix domains. A gallery of winged helix domains in the general transcription factors TFIIE and
TFIIF and a canonical DNA-binding winged helix domain. At the top, a ribbon representation is shown. The winged helix domains are in gray, with
specific features in red. The domain of TFIIF Rap74 is shown with the interacting Fep1 helical peptide (green cylinder). E2F-4 is shown with bound
DNA (yellow). At the bottom, the molecular surface potential is shown colored according to Fig. 2E. From left to right: TFE/TFIIE« (this study),
TFIIEB (PDB code 1D8K (37)), TFIIF Rap74 (PDB code 1J2X (20)), TFIIF Rap30 (PDB code 1BBY (22)), and E2F-4 (PDB code 1D8K (61)). The view

is as in Fig. 2C, top.

ture to known structures of winged helix protein-DNA com-
plexes (one is shown in Fig. 3). Most DNA-binding winged helix
domains studied to date interact with DNA via the “recogni-
tion” helix a3 and via wing 1 and generally show a continuous
positively charged surface on the DNA binding side (57). Ex-
amples for such typical DNA-binding winged helix proteins are
HNF-3v (60), E2F-4 fragment (61), and BmrR (62). The winged
helix domain of hRFX1 also uses helix a3 and wing 1 for DNA
contacts, but the DNA is positioned differently (63).

The side of the TFE domain that corresponds to the DNA-
binding face of typical winged helix proteins shows consider-
able surface conservation, in agreement with a possible role in
DNA binding (Fig. 2D). Helix a3 is positively charged, as re-
quired for DNA binding (Fig. 2E). Within this helix, arginine
Arg-51 is conserved in all TFE and TFIIE«a sequences except
for the yeast sequence (Fig. 2B), and a DNA-binding arginine is
found at a corresponding location in the winged helix domain of
the transcriptional activator BmrR (62). However, the groove
between helix a3 and the wing 1 protrusion, which typically
accommodates the DNA backbone, is negatively charged in the
TFE domain. In particular, the entrance to the groove is formed
by a conserved acidic patch in loop Bl-a2 (Fig. 2D). Further-
more, wing 1 in TFE is unusually long in comparison with
typical DNA-binding winged helix domains, and it is even
longer in TFIIE« (Fig. 2B). These comparisons predict that the
extended wing 1 and the acidic groove interfere with DNA
binding and make it unlikely that TFE binds DNA like a
typical DNA-binding winged helix protein, despite some fea-
tures that suggest this.

To test directly whether the TFE winged helix domain binds
to nucleic acids in vitro, we carried out electrophoretic mobility
shift assays with purified recombinant TFE (see “Experimental
Procedures”). We tested various types of synthetic nucleic acid
constructs for TFE binding, including single-stranded DNA, a
double-stranded blunt end DNA, a double-stranded DNA with
a single-strand overhang, and a DNA mismatch bubble. In
these experiments we could not detect significant DNA binding
by the TFE winged helix domain, even when a 200-fold molar
excess of TFE was added to 100 pM nucleic acids (not shown). It

is however possible that cooperative interactions within the
transcription initiation complex allow for a contribution of the
TFE domain to promoter DNA binding.

Conservation of the Winged Helix Domain in Eukaryotic
TFIIEo—Archaeal TFE sequences are highly homologous and
can be aligned easily, but it is difficult to align these with the
corresponding eukaryotic TFIIE«a sequences, because the se-
quence conservation is weak. However, the TFE structure and
secondary structure prediction of eukaryotic TFIIEa (PHD
(64)) suggested how to modify a ClustalW-generated (65) align-
ment of TFE with human and yeast TFIIE« sequences (Fig.
2B). The modified alignment was then used to produce homol-
ogy models of the human and yeast TFIIE« winged helix do-
mains. Inspection of the modeled structures revealed reason-
ably packed hydrophobic cores and no severe side chain
clashes, indicating that the alignments are correct. Residues of
the TFE winged helix domain that are identical in human
TFIIE« include Leu-24, Ile-26, Leu-27, Leu-43, Leu-54, and
Phe-62, which participate in the extended hydrophobic core.

The TFIIE« homology models also reveal that key surface
features of archaeal TFE are apparently conserved in eukary-
otic TFIIEa. First, the surface charge distribution of S. solfa-
taricus TFE is conserved in yeast and human TFIIEa from
helix a3 to strand B3 (not shown). Second, residues Glu-37,
Arg-51, and Asn-55, located in the groove between wing 1 and
helix a3, are identical between TFE and human TFIIE«. Third,
the two hydrophobic surface patches of TFE are conserved in
eukaryote TFIIEq, including the three exposed hydrophobic
residues in helix a0 and the invariant Gly-17 in the subsequent
loop. Because conservation of the hydrophobic patch on helix a0
can not result from a structural requirement, this patch is
likely a protein docking site in all TFE and TFIIE«a winged
helix domains. Taken together, this analysis shows that the
TFE structure is a valid model for the corresponding domain in
eukaryotic TFIIE« and suggests that the described key surface
features are functionally relevant.

Comparison with Other Winged Helix Domains in General
Transcription Factors—Our finding extends the number of
winged helix domains in general transcription factors to a total
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of four, one in each subunit of the TFIIE and TFIIF het-
erodimers. An 80-residue domain in TFIIEB adopts the winged
helix fold (37) and shows sequence similarity to the C-terminal
DNA-binding domain of the small TFIIF subunit Rap30, which
also adopts the winged helix fold (22). Another winged helix
domain is found at the C terminus of the large TFIIF subunit
Rap74 (20). This domain forms a complex with a C-terminal
helical portion of the pol II-specific phosphatase Fepl (18).

Superposition of the TFE/TFIIE« winged helix domain with
the three above winged helix domains shows that helices a0
and a4 are unique features of the TFE/TFIIEa domain (Fig. 3).
The length of wing 1 decreases in the order TFE/TFIIEa >
TFIIF Rap30 > TFIIF Rap74 > TFIIEB. The interaction sites
of all four winged helix domains in general transcription fac-
tors also differ. The DNA-binding faces of TFIIF Rap30 and
TFIIEB are located on opposite sides (22, 37). The site for
interaction of the Fepl peptide with the TFIIF Rap74 winged
helix domain is the groove between helix a3 and wing 1 (Fig. 3).
The same groove in TFE may be used for protein interactions,
but additional putative interaction sites exist (see above).
Taken together, this comparison demonstrates that the winged
helix fold is very versatile, even among the four domains in
general transcription factors.

Comparison with the Bacterial o Factor—It was noted that
TFIIEa shows weak sequence similarity to regions 2 and 4 of
the bacterial o factor (38). Structures of ¢ domains have been
solved (66, 67), and structures of o bound to the bacterial
polymerase core and to the polymerase core and promoter DNA
have also been determined recently (68—70). Superposition of
the TFE domain onto o domains 2 and 4 shows that the con-
servation is generally limited to important residues in the
hydrophobic core of the domains (not shown). The o domains do
not contain a wing and no equivalent to helix 0. In the context
of the bacterial polymerase-o-DNA complex, o domain 2 binds
to DNA near the point of melting, and domain 4 binds to the
promoter element at position —35. Superposition of the TFE
domain on the two o domains in the context of the polymerase
and DNA shows clear differences in residues in the vicinity of
DNA. It is thus unlikely that TFE contacts promoter DNA in an
equivalent manner in the archaeal and eukaryotic systems.

This comparison suggests that the function of the TFE
winged helix domain does not directly correspond to that of a o
domain. Instead, the sequence homology between the TFE do-
main and the two o regions apparently reflects the conserva-
tion of structural residues in a related helical fold. We recently
reported that a similarly weak sequence homology between o
and the pol IT subunit Rpb4 does not reflect a functional equiv-
alence either (26). Despite differences in structure, key func-
tional aspects of protein factors involved in transcription could
nevertheless be similar between eukaryotes and bacteria.

Overall Structure of TFIIE in the Initiation Complex—Our
results are consistent with a model of the TFE/TFIIEa winged
helix domain as a bridging factor or adapter between TBP, the
polymerase, and possibly promoter DNA. TFE interacts phys-
ically both with TBP and with archaeal RNA polymerase (41).
These protein interactions may be achieved by the conserved
surface features of the TFE winged helix domain, including the
two hydrophobic surface patches and a negatively charged
groove. TFE can promote transcription apparently due to sta-
bilization of the TBP-DNA interaction (41), suggesting that
TFE could contact DNA. Although our results apparently ex-
clude a canonical DNA interaction, the TFE domain shows
some features of DNA-binding winged helix domains that may
contribute to context-dependent promoter DNA binding.

The adapter function of the winged helix domain may be the
basic conserved function of TFE/TFIIE, because the winged
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helix domain is common to archaea and eukaryotes. In
contrast, the C-terminal region of TFIIEa and the TFIIEB
subunit only occur in eukaryotes, and appear to play eu-
karyote-specific roles, as reflected by their cooperation with
TFIIF and TFIIH, factors that do not exist in archaea. Whereas
the TFE/TFIIE«a winged helix domain could bind between TBP
and pol II, the TFIIEB subunit may bind to promoter DNA in
and around the early transcription bubble (35-37). Open ques-
tions on the TFIIE structural mechanism include the basis of
TFIIE subunit dimerization and the exact location of the TFIIE
domains with respect to other components of the transcription
machinery.
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