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Summary

General transcription factor TFIID consists of TATA
box-binding protein (TBP) and TBP-associated factors
(TAF,s), which together play a central role in both posi-
tive and negative regulation of transcription. The N-ter-
minal region ofthe 230 kDa Drosophila TAF, (dTAF,230)
binds directly to TBP and inhibits TBP binding to the
TATA box. We report here the solution structure of
the complex formed by dTAF,230 N-terminal region
(residues 11-77) and TBP. dTAF,230,,_,;, comprises
three «a helices and a B hairpin, forming a core that
occupies the concave DNA-binding surface of TBP.
The TBP-binding surface of dTAF,230 markedly re-
sembles the minor groove surface of the partially un-
wound TATA box in the TBP-TATA complex. This pro-
tein mimicry of the TATA element surface provides the
structural basis of the mechanism by which dTAF,230
negatively controls the TATA box-binding activity
within the TFIID complex.

Introduction

Transcription initiation of protein-encoding genes re-
quires assembly of a multiprotein preinitiation complex
(PIC) on TATA-containing core promoters that consists
of RNA polymerase Il and at least six general transcrip-
tion factors (GTFs) designated TFIIA, -IIB, -1ID, -IIE, -IIF,
and -IIH (reviewed in Orphanides et al., 1996; Roeder,
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1996). The TBP subunit of TFIID recognizes and binds
the TATA element of the core promoter in a sequence-
specific manner to nucleate PIC assembly. This process
is stimulated by TFIIA. TFIIB then enters the complex
through interaction with TBP and DNA and creates a
platform for binding of the RNA polymerase II-TFIIF
complex. Subsequent recruitment of TFIIE and TFIIH
completes PIC formation. More recent studies, however,
have shown that RNA polymerase I, a subset of GTFs,
and coactivators may enter the PIC as a preassembled
unit (reviewed in Orphanides et al., 1996). Although the
assembly pathway most relevant to the in vivo situation
remains unclear, binding of the core promoterby TFIID is
a crucial point for regulation of transcription: numerous
transcription activators recruit TFIID via direct interac-
tions or perhaps induce conformational changesin TFIID
that affect recruitment or function of other factors (re-
viewed in Burley and Roeder, 1996; Orphanides et al.,
1996; Roeder, 1996). Conversely, TFIID is also targeted
by negative regulators to repress transcription. For in-
stance, negative cofactor NC2, also known as the Drl1-
DRAP1 complex, binds to TBP-bound promoters and
inhibits entry of TFIIA and TFIIB (reviewed in Kaiser and
Meisterernst, 1996).

The TAF;s themselves are active participants in tran-
scriptional regulation (reviewed in Burley and Roeder,
1996; Roeder, 1996). While TAF;s may function as posi-
tive cofactors, at least in part by providing interaction
sites for activators, TAFs also act as negative cofactors
in some contexts by preventing and/or destabilizing
TFIID interaction with the core promoter. An early study
with partially purified TFIID demonstrated that TFIID
binds to a weak core promoter less efficiently than TBP
alone (Nakatani et al., 1990). Later experiments with
highly purified TFIID indicated that TFIID binds poorly
to a variety of core promoters lacking strong initiator
sequences (Aso et al., 1994). Studies with a cell-free
system lacking TAF;s revealed that TAF,s impair func-
tional PIC formation (Oelgeschlager et al., 1998). An in-
vestigation employing partially reconstituted TFIID com-
plexes showed that human (h) TAF,250 (reviewed in
Burley and Roeder, 1996) represses the basal transcrip-
tion activity of TBP (Verrijzer et al, 1995; Guermah et al.,
1998). In agreement with these results, we found that
hTAF,250 (T. K., unpublished results) and homologous
dTAF,230 (also known as dTAF,250) and yeast (y)
TAF,145 (also known as yTAF,130) (reviewed in Burley
and Roeder, 1996) inhibit TBP binding to the TATA box
when two recombinant polypeptides are mixed in vitro
(Kokubo et al., 1993, 1998). The N-terminal 156 residues
of dTAF,230 (Figure 1) inhibit TATA box binding through
direct interaction with TBP (Nishikawa et al., 1997), sug-
gesting that the TBP affinity for the dTAF,230 N-terminal
region is comparable to that for the TATA box. The Ky
for the TBP-TATA interaction is 4 nM (Perez-Howard et
al., 1995). The dTAF,230 N-terminal region has been
dissected into subdomains I (residues 11-77) and Il (resi-
dues 82-156), which are thought to bind to the concave
and convex surfaces of TBP (Kokubo et al., 1994; Nishi-
kawa et al., 1997). In addition to their inhibitory function,
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Figure 1. Features and Sequence Alignment
of TAF,;230

(A) Schematic depiction of full-length Dro-
sophila TAF,230. Proposed domain locations

] and functions are shown.

574
A Histone acetylase
Protein kinase Protein kinase
s o nnin s e | R TARTIGRT
TBP-Binding TFIIF-binding E}(omo
[
1 156 500 1000 1500 2000 (a.a.)
[ 7BP-Binding Domain 1l
11 77 82 156
| 11 |
Subdomain | Subdomain 1!
ol B hairpin o2 o3
—_— =)

(B) Sequence alignment of the N-terminal
TBP-binding domain (residues 11-77) of Dro-
sophila TAF,230 with the corresponding re-
gion of human TAF;250. Secondary structure
elements determined in the present study are
indicated with yellow boxes for « helices and
orange arrows for B strands of the B hairpin.
Residues conserved between the human and
Drosophila proteins are connected by two
dots, and residues involved in the TBP inter-
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hTAF,250 and dTAF,;230 possess enzymatic activities:
a histone acetylase activity (Mizzen et al., 1996) that is
also found in some coactivators (for example, Ogryzko
et al., 1996; Yang et al., 1996) and could be important
in transcription activation in the context of chromatin,
and protein kinase activity (Dikstein et al., 1996) that
may be required to direct transcription of some genes
in vivo (O’Brien and Tjian, 1998).

Structural studies of GTFs have contributed greatly
to ourunderstanding of the macromolecular interactions
supporting assembly of the transcription PIC. The crys-
tal structures of TBP (Nikolov et al., 1992; Chasman et
al., 1993) and the TBP-TATA box complex (Kim et al.,
1993a, 1993b) revealed a large concave undersurface
on TBP formed by a curved, ten-stranded, antiparallel
B sheet that makes minor groove and phosphate-ribose
contacts with a partially unwound form of the 8 base
pair TATA element. Further details of PIC assembly have
been revealed by the crystal structures of two ternary
complexes, the TFIIB-TBP-TATA complex (Nikolov et
al., 1995; Kosa et al., 1997) and the TFIIA-TBP-TATA
complex (Geiger et al., 1996; Tan et al., 1996). We re-
port here the three-dimensional structure in solution of
the complex comprising residues 11-77 of Drosophila
TAF,230 (hereafter referred to as dTAF,230,, ;) and the
core domain (residues 49-240) of Saccharomyces cere-
visiae (S. cerevisiae) TATA-binding protein (hereafter re-
ferred to as TBP), representing novel structural informa-
tion on negative regulation of the transcription initiation
machinery. This study establishes the structural basis
for the TBP-dTAF,230 interaction and provides insights
into the mechanism for negative regulation of transcrip-
tion within the TFIID multisubunit protein complex, in-
cluding an intriguing observation of protein mimicry of
DNA structure.

Results and Discussion

Structure Determination

We decided to pursue structural analysis of a mixed
species complex (S. cerevisiae TBP and Drosophila TAF)
for the following reasons: the TBP core sequence is
highly conserved between species (80% sequence iden-
tity between S. cerevisiae and Drosophila), so the TBP
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core structureswill be essentially identical; dTAF,230,,_,
has similar affinities for S. cerevisiae, Drosophila, and
human TBPs (T. K. and Y. N., unpublished results); Dro-
sophila TBP expression was poor; and dTAF,230,, ,; and
S. cerevisiae TBP produced a stable complex. The first
two of these facts indicate that the Drosophila/S. cere-
visiae complex is physiologically relevant.

The H-°N heteronuclear single quantum coherence
(HSQC) spectrum of free TBP displays many broadened
peaks (data not shown), presumably due to the forma-
tion of a dimer or multimer in solution (Coleman et al.,
1995; Perez-Howard et al., 1995). In contrast, the HSQC
spectrum of *N-labeled TBP complexed with unlabeled
dTAF,230,, , is highly dispersed (Figure 2A). This is con-
sistent with the gel filtration behavior of the complex
that indicates an apparent molecular weight of 28-30
kDa (data not shown), corresponding to a 1:1 complex
of TBP (M, 21.3 kDa) and dTAF,230,,; (M, 6.8 kDa).

Agreement between the observed and expected num-
bers of backbone NH cross peaks and excellent peak
dispersion in *H-SN HSQC spectra of *N-labeled dTAF,
2304177 bound to unlabeled TBP (Figure 2B) indicate that
dTAF,230,;.7; adopts a single folded conformation. On
the other hand, *H-*N HSQC and CD spectra of free
dTAF,230,, ;; indicate that dTAF,230,,,; by itself is
largely unfolded (Figure 2C). During a titration experi-
mentin which H-N HSQC spectra of dTAF,230,,_;; were
recorded with successive additions of TBP, most peaks
corresponding to the unfolded state decrease in inten-
sity and appear at new positions corresponding to the
folded state, consistent with the high affinity of dTAF,
230,,_;; for TBP (K, approximately 10~° M). The excellent
dispersion in the *H-">N HSQC and other NMR spectra
of both TBP and dTAF,230..77 in the binary complex
permitted structure determination of both polypeptides
(Figure 3 and Table 1).

dTAF,230,,77 Structure

In the complex with TBP, dTAF,230,,,; adopts an elon-
gated conformation comprising a core domain and a
long loop (Figure 3), with approximate maximal dimen-
sionsof 40 A X 12 A X 24 A (25 A x 12 A x 24 A if the
loop is omitted). The pairwise root-mean-square (rms)
deviation of the NMR-derived structures is 0.70 A for
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Figure 2. Backbone Fingerprint NMR Spectra of the TBP-dTAF,230,, ;;, Complex

(A) *H-SN HSQC spectrum of *N-labeled TBP in complex with unlabeled dTAF,;230,; ;.
(B)*H-**N HSQC spectrum of *N-labeled dTAF,230,, 7, in complex with unlabeled TBP.

(C) *H-*N HSQC spectrum of *N-labeled dTAF,;230,, ;; alone.

In(A) and (B), peaks are labeled (where peak separation allows) using the one-letter amino acid code and sequence position of the corresponding

residue.

backbone atoms and 1.09 A for heavy atoms (N-terminal
residues 11-16 and C-terminal residues 75-77, which
are unstructured, were not included in this calculation).
The core domain contains three « helices (a1, residues
21-24; a2, 52-58; a3, 64-70) and a B hairpin (residues
27-35), with Ser-30, Glu-31, and Gly-32 forming the hair-
pin loop. Hydrophobic helix a1 lies at the center of the
dTAF,230,,_;; fold (Figure 4). The B hairpin packs against
helix al via hydrophobic contacts between lle-28 and
Gly-22 and lle-23. The hairpin loop region contacts Leu-
18to the N-terminal side of helix a1, and Leu-34 contacts
Phe-25 just C-terminal of helix al. Hydrophobic con-
tacts between helices al and o3 are made by Thr-21
and Leu-24 with Leu-64 and Leu-68. These are supple-
mented by Leu-18 and Leu-20 contacts with Val-70 and
lle-72. Gly-22 in helix a1 makes hydrophobic contacts
with lle-56 at the center of helix a2. Conservation of
amino acid sequence (34% identity and 66% similar-
ity) between the N-terminal TBP-binding regions of
dTAF,230 (residues 11-77) and hTAF,250 (residues 28—
87) suggests that this region of hTAF,250 adopts a simi-
larfold to dTAF,;230 when complexed with TBP. Asearch
of the Protein Data Bank using the DALI (Holm and
Sander, 1993) and SSAP (Orengo et al., 1992) algorithms
for protein structures similar to that of dTAF;230:177
identified no structures with a Z score greater than 0.7
(DALLI) or a score above 77 (SSAP).

dTAF,230,,_;; contains the sequence LFG between he-
lix a1l and the B hairpin (residues 24-26). Such a se-
quence is found in all members of the Kip/Cip family of
cyclin-dependent kinase inhibitors (Russo et al., 1996).
The LFG motif is also conserved between hTAF,250 and
dTAF,230 (Figure 1B) (in yTAF,145, Leu is replaced by

lle), suggesting that it is structurally significant. Indeed,
by virtue of its extended conformation, the LFG motif in
dTAF,230,,.7; plays a key role in the formation of a large
hydrophobic patch (Figure 4) that is responsible for the
interaction with TBP. Phe-25 in the LFG motif lies at the
center of the extensive hydrophobic patch and makes
numerous contacts with hydrophobic residues of TBP
(see below). In the crystal structure of p27<** bound to
the cyclin A-Cdk2 complex (Russo et al., 1996), the LFG
sequence also assumes a partially extended conforma-
tion and binds a shallow hydrophobic groove of cyclin
A. The LFG motif is probably adopted to provide an
exposed hydrophobic cluster available for interaction
with a partner protein.

Other residues involved in the exposed hydrophobic
patch include lle-28 (B hairpin), Leu-34 (3 hairpin), Phe-
48, Leu-52 (helix a2), lle-56 (helix a2), Leu-59, and Leu-

4 (helix a3). The hydrophobic patch also includes an
interlocking zipper-like arrangement between Leu-18,
Leu-20, lle-23, Leu-24 and Leu-74, lle-72, Val-71, Leu-

8 (Figure 4). The B-hairpin sheet is arranged such
that the polar and charged side chains of Asn-27 and
Asp-29 lie on the same molecular face as the hydropho-
bic patch. Consequently, with respect to the central
helix a1, one side of the hydrophobic patch is more
hydrophilic than the other side. The significance of this
asymmetry is discussed in the TBP-dTAF,230 Interface
section.

TBP Structure

The solution structure of TBP bound to dTAF,230,, ; is
essentially identical to the saddle-like crystal structure
of TBP in the TBP-DNA binary complex (Kim et al.,
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Figure 3. Best-Fit Superposition of the Family of NMR-Derived Structures and Polypeptide Fold of the TBP-dTAF,230,;,; Complex

(A) Best-fit superposition of 34 NMR-derived structures. Only backbone N, Ca, and C’' atoms are displayed. TBP is shown in green and
dTAF,230,;7; in yellow. Residues 11-16 have been omitted.

(B) A different view of the family of NMR-derived structures generated from the view in (A) by rotating through 90° along the horizontal axis.
These figures were produced using Insight II.

(C and D) Ribbon representation of the energy-minimized average structure of the TBP-dTAF,230,,,; complex. The color schemes and
orientations of the complex are the same as in (A) and (B). These figures were generated using Ribbons (Carson, 1991).

1993a, 1993b). The atomic rms difference between S. backbone atoms of residues 64-236 are superimposed.
cerevisiae TBP in complex with dTAF,230,,_, aqd with The corresponding rms difference between the dTAF,
the TATA element (Kim et al., 1993a) is 1.4 = 0.2 Awhen 230,,.,-bound and free TBP (Chasman et al., 1993)

Table 1. Structural Statistics

o

Rms deviations from experimental distance restraints (A)

All (3956) 0.031 = 0.003
Interresidue sequential (li — j| = 1)(557/248) 0.039 + 0.006
Interresidue short-range (1 < |i — j| = 5)(460/193) 0.055 = 0.006
Interresidue long-range (i — j| = 5)(1097/185) 0.012 + 0.002
Intraresidue (443/373) 0.008 *+ 0.003
Hydrogen bond (182/14) 0.011 + 0.002
Intermolecular (204) 0.017 = 0.004

Rms deviations from experimental dihedral restraints (°) (286) 0.17 = 0.05
Rms deviations from idealized covalent geometry
Bonds (A) 0.0017 + 0.0001
Angles (°) 0.49 = 0.01
Impropers (°) 0.37 = 0.01
Energies (kcal mol™?)
Froe® 36.3 = 10.4
Fean® 0.60 * 0.40
Frepel® 323+75
= —312 + 44

2The number of each type of restraint used in the structure calculation is given in parentheses. The number of TBP restraints is given first,
followed by the number of dTAF,230,, ,, restraints. None of the structures exhibit distance violations greater than 0.50 A or dihedral angle
violations greater than 5°.

bF,oe and Fy, were calculated using force constants of 50 kcal mol-* A-2 and 200 kcal mol-* rad-2, respectively.

°Freper Was calculated using a final value of 4.0 kcal mol—* A~*with the van der Waals hard sphere radii set to 0.75 times those in the parameter
set PARALLHSA supplied with X-PLOR (Brunger, 1993).

9E_, is the Lennard-Jones van der Waals energy calculated with the CHARMM empirical energy function and is not included in the target
function for simulated annealing calculation.
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structures is 2.2 = 0.2 A. The TBP molecular saddle
consists of two similar o/p structural motifs, related by
approximate intramolecular 2-fold symmetry (Nikolov et
al., 1992), that correspond to two imperfect tandem re-
peats in the sequence (reviewed in Hernandez, 1993).
In the ensemble of NMR-derived TBP-dTAF,230,;
structures (Figure 3), the pairwise rms deviation for TBP
is 0.67 A for backbone atoms and 1.09 A for heavy atoms
(residues 61-239 superimposed). These values improve
to 0.51 A and 1.05 A when residues 64-144 of the
N-terminal motif only are superimposed and to 0.44 A
and 0.95 A when residues 155-236 of the C-terminal
motif only are superimposed, indicating that the higher
rms deviation for the entire molecule originates from the
poor definition of the relative positions of the two motifs.
This may reflect hinge motion between the two o/ mo-
tifs. This possibility is supported by the modest confor-
mational changes that occur upon TBP binding to the
TATA element in the TBP-TATA (Kim et al., 1993b) and
TFIIB-TBP-TATA complexes (Nikolov et al., 1995), in-
volving a twisting motion of one TBP motif with respect
to the other (Kim and Burley, 1994).

TBP-dTAF,230 Interface
The protein—protein interface consists of the TBP con-
cave undersurface and the extensive hydrophobic patch
on dTAF,230,,_.,7. The total surface area buried at the
interface is 2950 + 140 A? similar to the value (about
3150 Az) reported for the interface between Arabidopsis
thaliana TBP and the adenovirus major late promoter
TATA element (Kim and Burley, 1994). The surface area
of dTAF,230,,;; in contact with TBP is therefore 1475 +
70 A2, which correspondsto 25% of the entire accessible
surface area of dTAF,230,,_;;. Seventy percent of the
surface area buried between TBP and dTAF,230.:.7 is
hydrophobic, close to the corresponding value of 74%
for the TBP-TATA complex (Kim and Burley, 1994).
The hydrophobic interface formed between dTAF,
230:177 and the N-terminal motif of TBP includes many
methyl-containing and phenylalanine residues: the side
chains of dTAF,230,,,; residues lle-23, lle-28, Leu-68,
and Val-71 contact numerous TBP residues, including
lle-103, Thr-112, Leu-114, Val-122, and Thr-124 (Figures
5A and 5B). Leu-18, Leu-20, lle-72, and Leu-74 interact
with two aromatic TBP residues, Phe-99 and Phe-116.
The interface formed between dTAF,230,,,; and the

Figure 4. dTAF,230,, ., Hydrophobic Core

Stereoview of the dTAF,;230,,7; fold in the
TBP-dTAF,230,,7; complex, showing resi-
dues involved in hydrophobic core formation.
The backbone is shown as a yellow ribbon.
Secondary structure elements are labeled.
This figure was generated using MOLSCRIPT
(Kraulis, 1991) and rendered using Raster3D
(Merritt and Bacon, 1997).

C-terminal motif of TBP includes dTAF,230,,_;; residues
Phe-25, Leu-52, Leu-59, and Leu-64in contact with TBP
residues Val-161, lle-194, Leu-205, Val-213, and Thr-
215 (Figures 5A and 5B). As a result of the quasi-2-fold
symmetry of the TBP structure, the C-terminal half of
the TBP concave surface contains two phenylalanines,
Phe-190 and Phe-207, corresponding to Phe-99 and
Phe-116 in the N-terminal motif. dTAF,230:,7; residues
Leu-59 and Leu-62 contact Phe-190, while Glu-51 and
Leu-52 contact Phe-207.

The solution structure suggests that electrostatic in-
teractions and hydrogen bonds play a role in determin-
ing the orientation of dTAF;230,;-7; relative to the TBP
saddle. Although the degree of precision limits our ability
to define with certainty these interactions, the structures
obtained here do indicate several possibilities for inter-
molecular electrostatic interactions and hydrogen bonds.
Potential electrostatic interactions between TBP and
dTAF,230,, 4 involve the following pairs of residues: Arg-
98 and Glu-31, Arg-105 and Asp-29, Lys-120 and Asp-
73, Lys-211 and Glu-51, and Lys-218 and Glu-70. The
basic TBP residues in all of these pairs are involved in
electrostatic interactions with the phosphate backbone
of the TATA element (Arg-98 and T6'/T7’, Arg-105 and
T5’, Lys-211 and Al'/T2’, Lys-120 and A7, and Lys-
218 and A6) in the TBP-TATAAAG complex (Kim et al.,
1993b; Kim and Burley, 1994). Lys-61 of dTAF,230,, 77
may also interact with Glu-186 of TBP, which is located
at the C-terminal stirrup and does not contact DNA in
the TBP-DNA complex. Possible hydrogen bonds in-
volve the hydroxyl groups of the symmetry-related TBP
residues Thr-124 and Thr-215 with the backbone car-
bonyl oxygens of lle-23 and Leu-24 of dTAF,230,,,; as
acceptor atoms.

The 2-fold symmetry of the TBP concave surface is
disrupted at three positions: Lys-97, Arg-98, and Thr-
112 in the N-terminal motif correspond to Glu-188, Leu-
189, and Val-203 in the C-terminal motif (Figures 5A and
5C). The C-terminal motif is consequently more hy-
drophobic than the N-terminal motif. The side chain hy-
droxyl group of Thr-112 in the TBP N-terminal motif
probably forms a hydrogen bond with the side chain
carbonyl group of Asp-29. The corresponding C-termi-
nal motif residue, Val-203, interacts with dTAF,230,,
hydrophobic residues Phe-25, Leu-64, and Met-67. As
mentioned above, Arg-98 in the N-terminal TBP stir-
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(A) Summary of residue pairs for which intermolecular NOEs between TBP and dTAF,230,, ,; are observed. The dTAF,230 residues that interact
with the TBP direct repeat o/ motifs (top, N-terminal TBP motif, and bottom, C-terminal TBP moatif) are listed inside yellow boxes. Secondary
structure elements of the TBP motifs are represented by arrows (8 strands) and boxes (« helices).

(B) Stereoview showing hydrophobic interactions between TBP and dTAF,230,;,;. TBP and TAF,230;, ,; side chains are shown in magenta
and cyan. The dTAF,230,, ;7 backbone is shown as a yellow ribbon. The TBP backbone is omitted for clarity.

(C) Schematic diagram representing the interactions that confer asymmetry on dTAF,230,, ,, binding to TBP. Acidic residues are highlighted
with a red box, basic residues with a blue box, and hydrophobic regions are yellow. Whereas Thr-112 is involved in a putative side chain-side
chain hydrogen bond with Asp-29, the corresponding C-terminal TBP motif residue, Val-203, is involved in hydrophobic interactions with Phe-

25, Leu-64, and Met-67.

rup and Glu-186 in the C-terminal stirrup are involved
in electrostatic interactions with Glu-31 and Lys-61 of
dTAF,230::-77. Together, such asymmetric interactions
position dTAF,230,;77 in asingle orientation with respect
to the quasi-symmetric concave surface of TBP.

Since NMR and CD spectra both indicate that free
dTAF,230,,_7; is largely unfolded but that it adopts a
single folded conformation in complex with TBP, molec-
ular recognition between TBP and dTAF,230,, ,; can be
described as a local folding process. The tight TBP-
dTAF,230,,_;; interaction and extensive degree of in-
duced folding suggest that the heat capacity change of
folding in this case is large. Such induced folding is
becoming a common theme in protein-DNA (Spolar and
Record, 1994), protein—-RNA (Frankel and Smith, 1998),
and protein—protein molecular recognition events. Other
examples of induced folding involving transcription fac-
tors are the NFATC1 DNA-binding domain upon com-
plexation with DNA (Zhou et al., 1998), the VP16 activa-
tion domain upon binding to human TAF,31 (Uesugi et
al., 1997), the phosphorylated kinase-inducible domain
of CREB upon binding to the KIX domain of CBP (Radha-
krishnan et al., 1997), and possibly the p53 activation
domain upon binding to the MDM2 oncoprotein (Kussie
et al., 1996).

Correlation with Mutagenesis Studies

The structure of the TBP-dTAF,230;;.77 complex is con-
sistent with previous mutagenesis studies on TAF,230
(Kokubo et al., 1994). Block-alanine-scanning mutagen-
esis was used to mutate ten nonoverlapping blocks of
amino acids in the N-terminal 80 residues of dTAF,230.
Of the ten block mutants, those involving residues 19-28
and 67-71 showed dramatic effects on TBP binding.
These regions correspond to helices a1 and a3 and part
of the B hairpin, which are all crucial to the intimate
dTAF,230-TBP interaction. Deletion mutagenesis also
indicated that Leu-20, Phe-25, and Glu-70 in dTAF,230
are important for TBP binding and inhibition of TBP-
promoter interaction. These residues, located at either
end of helix ol and at the C terminus of helix o3, are
involved in interactions at the center of the TBP-TAF,
230.177 interface. On the other hand, block mutation
of residues 37-41 and 43-47 to alanines produced no
significant effects on TBP binding by dTAF,230. These
residues correspond to the long loop, which makes no
direct contact with TBP (Figure 3). Together with the
fact that hTAF,250 lacks eight residues in the region
corresponding to this long loop (Figure 1B), the mutation
and structural results suggest that the loop is unimpor-
tant for binding to TBP.



Molecular Mimicry in Transcription
579

TAFn230

In mutagenesis studies on TBP (Nishikawa et al.,
1997), the most dramatic effect was observed with the
Leu-114-Lys mutationthat abolished the TBP-dTAF,230
interaction. The mutations Phe-99-Lys, lle-103-Lys,
Phe-116-Lys, and Val-122-Lys also showed significant
but slightly smaller effects on TBP binding to dTAF,230.
In the solution structure of the TBP-dTAF,230,, ; com-
plex, these mutated TBP hydrophobic residues are lo-
cated in a cluster around Leu-114 and pack against the
hydrophobic patch of dTAF,230,;.47 (Figures 4 and 5B).
These TBP residues are also critical for TBP-DNA inter-
action (Kim et al., 1993a, 1993b). Mutation of Leu-114
to alanine, however, produced no significant effects on
TBP binding by dTAF;230 (J. Nishikawa and Y. N., un-
published results), presumably due to the small change
in side chain hydrophobicity. Phe-116 and Phe-207,
which occupy homologous positions in the N- and
C-terminal motifs of TBP, both contribute to hydropho-
bic interactionswith DNA bases. The Phe-116-Lys muta-
tion produced a greater effect on TBP-dTAF;230 inter-
action than the Phe-207-Lys mutation (Nishikawa et al.,
1997). This may reflect subtle differences in the Phe-
116 and Phe-207 interactions with dTAF;2301;77.

dTAF,230 Mimics the TATA Minor Groove Surface

dTAF,230,.77 and the TATA element bind to the same
surface of TBP. How does the protein-protein interac-
tion compare with the protein-DNA interaction? To our
surprise, the dTAF,230,,_;; surface that interacts with
the TBP concave surface markedly resembles the DNA
surface inthe TBP-DNA complex (Kim and Burley, 1994).
The arch-shaped surface of dTAF,230,, ;; is similar to
that of the partially unwound minor groove surface of
the TATA element bound to TBP (Figure 6). Both dTAF,

TATA box

TATA box

Figure 6. dTAF;230 Mimics the Partially Un-
wound Minor Groove Surface of the TATA
Box in the TBP-TATA Complex Structure

(A and C) The molecular surface of the TBP-
binding domain of dTAF,230,, ;; in the TBP-
dTAF,230,,_,, complex. The loop between he-
lix @2 and the B hairpin has been omitted. In
(A), acidic residues in dTAF,230,, ; that are
close to TBP are labeled. The negatively
charged side chains of Asp-29, Glu-31, Glu-
51, Glu-70, and Asp-73 mimic the positions
of negatively charged phosphate groups in
the unwound minor groove of the TATA ele-
ment that interact with Arg-105, Arg-98, Lys-
211, Lys-218, and Lys-120 of TBP (Kim et al.,
1993b; Kim and Burley, 1994).

(B and D) The molecular surface of the TBP-
binding surface of the TATA element in the
TBP-TATA complex (Kim et al., 1993a). Mo-
lecular surfaces are colored according to
electrostatic potential. Blue corresponds to
positive potential, red to negative potential.
TBP is shown as a green ribbon. The TBP
orientation is the same in (A) and (B) and in
(C)and (D). The views in (C) and (D) are gener-
ated by an approximately 90° rotation of the
views in(A) and (B). These figures were gener-
ated using GRASP (Nicholls, 1993).

230577 and the TATA element have an extensive hy-
drophobic surface: in dTAF,230,,_,;, numerous methyl-
containing residues, together with Phe-25 and Phe-48,
cluster to form the hydrophobic patch (Figures 4 and
5B), and in the TATA element, nucleotide bases in the
unwound minor groove form the DNA hydrophobic sur-
face. The fraction of buried surface area that is hy-
drophobic is very similar in the TBP-dTAF,230,,,; and
TBP-TATA (Kim and Burley, 1994) complexes (70% ver-
sus 74%). Furthermore, the negatively charged side
chains of dTAF,230,,7; residues Asp-29, Glu-31, Glu-51,
Glu-70, and Asp-73 mimic the positions of negatively
charged phosphate groups in the partially unwound mi-
nor groove of the TATA element (Figures 6A and 6B).
As noted previously, potential electrostatic interactions
at the TBP-dTAF,230,,_; interface involve the same TBP
lysines and arginines that make direct contact with the
TATA element phosphate backbone in TBP-DNA com-
plexes (Kim et al., 1993a, 1993b; Kim and Burley, 1994).

An important difference between the TATA element
and dTAF,230,, ;; is that the TATA element surface is
highly symmetric, whereas the dTAF,230,,,; surface is
asymmetric. This asymmetry results in closer matching
of surface charge and hydrophobicity between dTAF,
230177 and TBP. The relevant interactions have been
described above (TBP-dTAF,230.;.7; Interface) and are
depicted in Figure 5C. The complementary asymmetry
between the two polypeptide surfaces confers a specific
relative orientation onthe TBP-dTAF,230,, ,; interaction.

A macromolecular mimicry hypothesis has been put
forward (Nyborg et al., 1996) based on the observation
that part of the Thermus aquaticus elongation factor
EF-G structure mimics the tRNA structure in the ternary
complex of EF-Tu-GTP and tRNA (Nissen et al., 1995).
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The structure of the TBP-dTAF,230,,7; binary complex
demonstrates transcription factor (dTAF;230) mimicry
of a DNA surface (the exposed minor groove of the TATA
element partially unwound by TBP) upon binding to a
sequence-specific DNA-binding protein (TBP). The mac-
romolecular mimicry observed in translation (Nyborg et
al.,, 1996) and in transcription (this study) shows that
protein structures can mimic both RNA and DNA struc-
tures. A more localized molecular mimicry of protein-
nucleotide interaction in a protein—protein complex has
been observed in the uracil-DNA glycosylase inhibitor
protein complex (Mol et al., 1995; Savva and Pearl,
1995).

Implications for Regulation of Transcription

Direct inhibition of TBP interaction with the TATA ele-
ment is an efficient way to shut down gene transcription.
The extensive overlap between the TBP-dTAF,230,
protein—protein interface and the TBP-TATA protein—
DNA interface implies that removal of dTAF,230,,_,, from
the TBP concave surface is required for TBP-TATA bind-
ing. Although the mechanism by which this removal is
effected remains to be determined, the ability of dTAF,
230 subdomain | to dissociate prebound TBP from the
TATA box (Kokubo et al., 1994) indicates that another
portion or portions of dTAF,230 or other regulatory fac-
tor(s) are involved. Indeed, it has been proposed that
the C-terminal portion of dTAF,230 may be involved in
control of the N-terminal inhibitory domain (Kokubo et
al., 1994).

TBP has been identified as a target for numerous
cellular and viral transcription activators (reviewed in
Hernandez, 1993). Although the exact mechanisms are
not clear, VP16 activation domain binds functionally to
the concave surface of TBP in vitro (Kim et al., 1994).
In support of the in vivo relevance of this interaction,
yeast genetic analyses revealed that various TBP mu-
tants that cannot mediate activated transcription map
to the concave surface (Arndt et al., 1995; Lee and Struhl,
1995). One of these TBP mutants (Leu-114-Lys) is unable
to bind VP16 and to mediate VP16-dependent activation
both in vitro (Kim et al., 1994) and in vivo (Lee and Struhl,
1995). Importantly, the same TBP mutation eliminates
TBP binding to subdomain | of dTAF,230 (Nishikawa et
al., 1997). Consistent with these effects of the Leu-114-
Lys mutation, subdomain | and the VP16 activation do-
main compete for binding to wild-type TBP (Nishikawa
et al., 1997). On the other hand, experiments with func-
tionally homologous yTAF,145 demonstrated that sub-
domain Il and TFIIA bind competitively to the convex
TBP upper surface (Kokubo et al., 1998). These results
suggest that transcriptional regulation involves, in part,
competition for TBP between the dTAF,230 N-terminal
inhibitory domain and positive regulators, including
transcriptional activators and TFIIA.

Several lines of evidence suggest structural similar-
ity between activation domains and the dTAF,230 inhibi-
tory domain. In common with various acidic activation
domains such as those of VP16, GAL4, and GCN4,
dTAF,230,.7; is rich in acidic residues with a pl of 3.84.
As reported for various acidic activators (reviewed in
Drysdale et al., 1998), moreover, mutagenesis experi-
ments (Kokubo et al., 1993; Nishikawa et al., 1997) and

the predominantly hydrophobic nature of the TBP-
dTAF,230,,7; interface (Figure 5) show thatdTAF;230;77
hydrophobic residues play an important role in TBP in-
teraction. In further support of the proposed structural
similarity, mutation of TBP residue Leu-114, which inter-
acts directly with the dTAF,230,,_,; hydrophobic patch,
abolishes interaction with both dTAF,230,,.,; and the
VP16 activation domain (Nishikawa et al., 1997). In com-
mon with dTAF,230,, ,;, induced folding has been re-
ported for several activation domains: VP16 activation
domain induced by hTAF,31 (Uesugi et al., 1997), CREB
induced by coactivator CBP (Radhakrishnan et al.,
1997), and p53 activation domain induced by the p53
inhibitor MDM2 (Kussie et al., 1996). These observations
support the possibility that activators compete with
dTAF,230 subdomain | for TBP in part by mimicking the
structure of dTAF,;230,,_77.

Conclusions

The present study provides concrete evidence that the
N-terminal region of dTAF,230 interacts directly with
the concave undersurface of TBP and supports the pre-
viously suggested mechanism by which the N-terminal
region of dTAF,230 inhibits TATA box binding by TBP
(Kokubo et al.,, 1994; Nishikawa et al., 1997). While
the structural analyses of VP16 (Uesugi et al., 1997) and
CREB (Radhakrishnan et al., 1997) activation domains
demonstrate coil-to-helix induced folding processes
upon binding to a partner protein, the present study
features a more complex induced folding process
whereby dTAF,230,, ;; adopts a fold consisting of three
a helices and a B hairpin upon binding to TBP. These
elements combine to form an extensive hydrophobic
surface that, together with a number of charged side
chains, closely matches the hydrophobicity and charge
distribution of the concave undersurface of TBP. As
a result, dTAF,230,, ;; mimics not only the extensive
hydrophobic surface seen in the minor groove surface
of the partially unwound TATA element bound to TBP,
but also several electrostatic interactions between TBP
and DNA phosphate groups. This molecular mimicry of
a DNA surface, together with other examples including
protein mimicry of globular tRNA conformation (Nyborg
etal., 1996), indicates that protein structures are versa-
tile and can mimic nonpeptide surfaces. Further investi-
gation s required to understand how the TBP-dTAF,230
interaction is regulated to facilitate TBP binding to the
TATA box with consequent nucleation of transcription
initiation complex assembly.

Experimental Procedures

Overexpression and Purification of TBP

and dTAF,;2304;_77

The TBP gene from S. cerevisiae was subcloned into 6His-pET-11d.
The vector was transformed into BL21(DE3) (Novagen) for protein
overexpression. Cells were grown at 30°C and induced with 0.5 mM
IPTG for 2-4 hr. Protein was purified using a standard Ni-NTA affinity
column protocol (Qiagen) and then dialyzed overnight against 50
mM Tris-HCI (pH 8.4), 150 mM KClI, 2.5 mM CacCl,, and 20% glycerol.
The hexa-histidine tag and the N-terminal 48 amino acids of the
expressed protein were removed by trypsin proteolytic cleavage at
4°C. SP Sepharose cation exchange resin (Pharmacia) was used to
remove trypsin and other remaining contaminants. The final purified
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protein contained amino acids 49-240 of S. cerevisiae TBP, as con-
firmed by electrospray ionization mass spectrometry.

DNA encoding Drosophila TAF;230,,_7; was subcloned into pGEX-
2T (Pharmacia) for expression as a glutathione S-transferase (GST)
fusion protein (Kokubo et al., 1994). The vector was transformed
into BL21(DE3) (Novagen). Cells were grown at 37°C and induced
with 0.5 mM IPTG for 3 hr. The GST-dTAF,230,,,; fusion protein
was purified with glutathione sepharose using a standard protocol
(Pharmacia). dTAF,230,;,,; was cleaved from GST by resuspending
the resin in 50 mM Tris-HCI (pH 8.4), 150 mM KCI, 2.5 mM CacCl,
and reacting with thrombin at room temperature for 1-4 hr with
mixing. dTAF;230,;_7; was further purified by FPLC using a mono-Q
column (Pharmacia) to remove thrombin and any other impurities.

Preparation of Isotope-Labeled Proteins

Isotope-labeled protein samples were obtained by bacterial expres-
sion in M9 minimal medium containing **N-ammonium chloride and/
or #¥C4-D-glucose and/or ?H,0. Several different types of isotope
labeling were carried out for NMR studies. For TBP, samples included
unlabeled, uniformly **N-labeled, *N/*C-labeled, **N/?H-labeled,
and ®N/®C/?H-labeled (for both types of ?H-labeled samples, >98%
?H,0 was used in the M9 medium). dTAF,230,, ,» samples included
unlabeled, uniformly **N-labeled, *N/“C-labeled, and *N/*C/*H-
labeled (for the dTAF,230,, 7; 2H-labeled sample, 60% 2H,O was used
in the M9 medium).

Isolation of TBP-dTAF,230,, - Complex

The TBP-dTAF,230,, ;; complex was formed by mixing purified pro-
tein solutions at low TBP concentration (<0.2 mg/ml) in the presence
of 0.3-0.5 M KCI. Unlabeled protein was always kept in excess. The
mixed solution was dialyzed overnight at 4°C with buffer containing
20 mM HEPES (pH 7.5), 10% glycerol, 0.5 mM PMSF. The dialyzed
solution was applied to a mono-S column (Pharmacia), and the
dTAF,230,, ,,~TBP complex was eluted using a salt gradient. The
complex, now separated from free TBP and free dTAF,230,;, 7, was
concentrated further using Centricon-10 (Amicon) for NMR studies.

NMR Spectroscopy

NMR samples of TBP-dTAF,230,;_;; comprised one isotope-labeled
protein and one unlabeled protein with a protein concentration in
the range of 0.7-1.2 mM. Samples were prepared in either 95% H,0/
5% D,0 or 99.9% D,0. The NMR sample buffer, optimized for protein
stability and solubility using the microdialysis button test (Bagby et
al., 1997), comprised 20 mM sodium phosphate (pH 7.0), 5% (v/v)
perdeuterated glycerol, 250 mM sodium sulfate, 5 mM MgCl,, 10
mM perdeuterated 1,4-dithiothreitol, 0.5 mM 4-(2-aminoethyl)-ben-
zynsulfonyl fluoride hydrochloride, and 0.05 mM sodium azide. Sam-
ple buffers were purged with nitrogen before use.

NMR data were recorded at 25°C on Varian 600 MHz and 500
MHz NMR spectrometers. Resonance assignments for backbone
H, BC, and N nuclei of both TBP and dTAF,230,,_;; were obtained
through 3-D HNCA/HNCOCA and 3-D HN(CA)CB/HN(COCA)CB ex-
periments (Yamazaki et al., 1994). Side chain resonances were as-
signed using 3-D *N-edited TOCSY-HSQC and HCCH-TOCSY data
sets supplemented with other experiments, including 3-D HNCACB,
CBCA(CO)NNH, HNCO, (HB)CBCACOCAHA, and HNHB (Clore and
Gronenborn, 1994; Kay and Gardner, 1997). Aromatic resonances
of both TBP and dTAF,230,, ,, were mainly assigned using simulta-
neous *C/*N-edited NOESY-HSQC spectra (Pascal et al., 1994)
recorded in D,0. Spectra were processed with the NMRPipe/
NMRDraw programs (Delaglio et al., 1995) and analyzed with PIPP/
CAPP (Garrett et al., 1991) and NMRView (Johnson and Blevins,
1994).

Structure Calculations

Approximate interproton distance restraints were obtained from
multidimensional NOE spectra. For TBP, all the backbone amide
NH-NH NOEs were obtained from a 3-D **N-edited NOESY spectrum
recorded with a 200 ms NOE mixing time using a perdeuterated °N-
labeled sample. For dTAF,230,; 77, all the backbone amide NH-NH
NOEs were obtained from a 3-D **N-edited NOESY with a 100 ms
NOE mixing time using a *C/**N-labeled sample with 60% deutera-
tion. NOEs involving side chain protons were obtained from 3-D

N-edited NOESY-HSQC and simultaneous *C/**N-edited NOESY-
HSQC spectra (Pascal et al., 1994), with mixing times of 100 and
70 ms, using *C/“N-labeled TBP complexed with unlabeled
dTAF,230,, ,, or vice versa. In addition, a 3-D simultaneous **C/*>N-
edited NOESY-HSQC with a 100 ms mixing time using a *C/**N-
labeled dTAF,230,,;; sample with 60% deuteration was useful to
confirm the NOE assignments obtained using the C/*N double-
labeled sample, especially for backbone NH-aliphatic NOEs. Inter-
molecular distance constraints were identified in 3-D **N/**C-sepa-
rated, ©*C-filtered NOESY spectra (Lee et al., 1994; Zwahlen et al.,
1997) using a *N/“C-labeled sample of TBP complexed with unla-
beled dTAF,230,; 7, and using a **N/*C-labeled dTAF,230,, ,, sample
with 60% deuteration complexed with unlabeled TBP. Mixing times
of 100 ms and 70 ms were used for dTAF,230,,,; and TBP.

All NOEs were grouped into three distance ranges: 1.8-2.9 A,
1.8-3.5 ;\, and 1.8-5.0 ,7-\, corresponding to strong, medium, and
weak NOEs, respectively. Standard pseudo-atom distance correc-
tions (Wuthrich et al., 1983) were incorporated to account for center
averaging. An additional 0.5 A was added to the upper limits for
distances involving methyl groups to accountfor the higher apparent
intensity of methyl resonances. Backbone hydrogen bond restraints
within regular secondary structure elements that were consistent
with backbone amide H/D exchange data were added at the final
stage of the structure calculation.

Backbone dihedral angle constraints for TBP and dTAF,230,, 77
were obtained from HNHA (Vuister and Bax, 1993) and HMQC-J
(Kay and Bax, 1990) spectra and from chemical shift indices
(Wishart and Sykes, 1994). For residues with 3Jy, < 5 Hz, ¢ was
restrained to —50° = 40°, and for residues with *Jy, > 7 Hz, ¢
was restrained to —120° = 40°. ¢ dihedral angle constraints were
included only for those residues within regular secondary structure
elements (—50° = 50° for residues in a helix and 130° + 50° for
residues in a strand). The *Ca and **CB chemical shifts were used
to confirm the secondary structure determination but were not used
for direct structure refinement.

The structures were calculated using a simulated annealing proto-
col (Nilges et al., 1991) using the program X-PLOR (Brunger, 1993).
The final structures were generated based on a total of 4242 in-
terproton distance restraints. Atotal of 60 simulated annealing struc-
tures were calculated, and 46 structures were found with no NOE
violations greater than 0.5 A and no dihedral violation greater than
5°. These structures were subjected to further refinement, and 42
final refined structures were obtained. Structural statistics are pre-
sented in Table 1.
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