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ABSTRACT We have used alanine scanning to analyze
protein-protein interactions by human TATA-element bind-
ing protein (TBP) within the transcription preinitiation com-
plex. The results indicate that TBP interacts with RNA
polymerase II and general transcription factors IIA, IIB, and
IIF within the functional transcription preinitiation complex
and define the determinants of TBP for each of these inter-
actions. The results permit construction of a model for the
structure of the preinitiation complex.

Transcription initiation at eukaryotic protein-encoding genes
is preceded by the assembly on promoter DNA of a preinitia-
tion complex consisting of RNA polymerase II (Pol) and six
general transcription factors (GTFs): i.e., IIA, IIB, IID, IIE,
IIF, and IIH (1, 2). The human preinitiation complex contains
at least 35 distinct polypeptide chains (at least 10 in Pol and at
least 25 in the six GTFs) and has a molecular mass in excess
of 2 MDa. Understanding human transcription initiation and
transcription regulation will require elucidation of the arrange-
ment of these numerous polypeptide chains relative to pro-
moter DNA and relative to each other.
The first step in assembly of the preinitiation complex is

binding of IID to a specific DNA sequence-the TATA
element-located upstream of the transcription start (1, 2).
IID is a multisubunit factor, consisting of the polypeptide chain
responsible for recognition of the TATA element, termed
TATA-element binding protein (TBP), and at least eight
additional polypeptide chains, termed TBP-associated factors
(TAFs) (1-4). TBP, by itself, is able to bind to promoter DNA
in a sequence-specific fashion and to nucleate subsequent
stepwise association of IIA, IIB, IIF-Pol, IIE, and IIH, yielding
a preinitiation complex fully functional in basal transcription
initiation (albeit not functional in activator-dependent tran-
scription initiation.) TBP is thought to contain determinants
for protein-protein interactions with Pol, GTFs, TAFs, and a
number of transcription activators and repressors.

Within the past 2 years, the crystallographic structure of the
yeast TBP-DNA complex has been determined to 2.5 A
resolution, and the crystallographic structure of the Arabidop-
sis thaliana TBP-DNA complex has been determined to 1.9 A
resolution (5, 6). The conserved DNA-binding, GTF-binding,
TAF-binding core domain of TBP consists of two 80-amino
acid imperfect direct repeats. Each repeat consists of two
a-helices and five (3-strands in the order 31-al-f32-f33-f4-f35-
a2. The TBP-DNA complex is approximately twofold sym-
metric, with the first repeat responsible for recognition of the
3' half of the TATA element and with the second repeat
responsible for recognition of the 5' half of the TATA element.
TBP-DNA interactions are mediated through contacts be-
tween /31, ,B2, 133, 434, and ,Bs of the first and second repeats and

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement" in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

the DNA minor groove. TBP sharply bends DNA in the
TBP-DNA complex.
The availability of the crystallographic structure of the

TBP-DNA complex makes possible a systematic structure-
function analysis of TBP-Pol, TBP-GTF, TBP-TAF, TBP-
activator, and TBP-repressor interactions.

MATERIALS AND METHODS
Plasmids Encoding TBP Derivatives. Plasmid pHTT7fl-

NH-TBP encodes 7 nonnative amino acids (MHHHHHH)
followed by amino acids 2-339 of human TBP under control of
the bacteriophage T7 gene 10 promoter. Plasmid pHTT7fl-
NH-TBP was constructed by replacement of the EcoRI/
HindIII segment of plasmid pET21(+) (Novagen) by the
EcoRI/HindIII segment of plasmid pTK590 (obtained from T.
Kerppola and T. Curran). Site-directed mutagenesis (7) was
used to construct plasmids encoding alanine-substituted TBP
derivatives.

Preparation ofTBP Derivatives. TBP derivatives were over-
produced in transformants of Escherichia coli strain
BL21(DE3) (Novagen), purified under denaturing conditions
by metal ion affinity chromatography on Ni2+-NTA-agarose
(Qiagen, Chatsworth, CA; procedure of the manufacturer, but
with pH 5.75 in the third wash buffer), dialyzed 4 h at 4°C
against two changes of 2000 vol of 8 M urea/100 mM sodium
phosphate, pH 7.9/10 mM Tris-HCl/10 mM MgCl2/2 mM
dithiothreitol/1 mM EDTA/0.2 mM EGTA/0.2 mM phenyl-
methylsulfonyl fluoride/0.1% Nonidet P-40 (NP-40), dialyzed
15 h at 4°C against two changes of 4000 vol of 20mM Tris HCl,
pH 7.9/100 mM KCl/10 mM MgCl2/2 mM dithiothreitol/1
mM EDTA/0.2 mM EGTA/0.2 mM phenylmethylsulfonyl
fluoride/0.1% NP-40/10% glycerol, and desalted into 20 mM
Hepes-NaOH, pH 7.9/100 mM KCl/1 mM dithiothreitol/0.1
mM EDTA/0.2 mM phenylmethylsulfonyl fluoride/10% glyc-
erol on Sephadex G-25 DNA grade (Pharmacia). Typically, the
yield was 0.5 mg ofTBP derivative per liter of bacterial culture.
Protein preparations were stored in aliquots at -80°C.

Specific activities of protein preparations were normalized
by analysis of TBP-DNA interaction. Reaction mixtures con-
tained (in 20 ,ul): 0.3 nM 32P-labeled DNA fragment contain-
ing positions -40 to + 15 of the adenovirus major late pro-
moter (25 Bq/fmol) and 0-200 nM TBP derivative in bufferA
[20 mM Tris-HCl, pH 7.9/20 mM Hepes.NaOH/60 mM
KCl/10 mM MgCl2/8 mM (NH4)2SO4/0.5 mM dithiothreitol/
0.05 mM EDTA/0.1 mM phenylmethylsulfonyl fluoride/25 ,g
of poly(dG-dC) per ml (average size, 700 kDa)/25 mg of
polyethylene glycol per ml (average size, 8 kDa)/5% glycerol].
Reaction mixtures were incubated 30 min at 30°C. Reaction
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products were analyzed by electrophoresis in 45 mM Tris
borate, pH 8.0/10 mM MgCl2/0.1 mM EDTA through 5%
polyacrylamide (37.5:1 acrylamide/bisacrylamide)/2.7% glyc-
erol slab gels (9 x 7.5 x 0.15 cm; 20 V/cm; 30 min at 23°C),
followed by PhosphorImaging. Apparent binding constants
were calculated by nonlinear regression (equation in ref. 8).
TBP derivatives having alanine substitutions at amino acids
283 and 294 were severely defective in TBP-DNA complex
formation. In subsequent experiments, these TBP derivatives
were omitted. In subsequent experiments, concentrations of
the remaining TBP derivatives were adjusted to levels that
yield 25% saturation of TBP-DNA complex formation.

Analysis of TBP Derivatives: Complex Formation. Reaction
mixtures contained (in 20 gl): 0.3 nM 33P-labeled DNA
fragment containing positions -40 to +15 of the adenovirus
major late promoter (10 Bq/fmol), TBP derivative, and, where
indicated, human IIA (S200 fraction; ref. 9), recombinant
human IIB (10), recombinant human IIF (11), human Pol
(DEAE-5PW fraction; ref. 12), recombinant human IIE (13),
and human IIH (0.5 M phenyl-Superose fraction; ref. 14) in
buffer A. Where indicated as fixed, concentrations of IIA, IIB,
IIF, Pol, and IIE were 10, 8, 30, 50, and 60 nM, respectively.
Reaction mixtures were prepared in stepwise fashion, with
incubation 30 min at 30°C after addition of each successive
factor. Reaction products were analyzed by electrophoresis as
described above (Figs. 1A and 2A) or by electrophoresis in 45
mM Tris borate, pH 8.0/0.1 mM EDTA through 5% poly-
acrylamide (37.5:1, acrylamide/bisacrylamide)/2.7% glycerol
slab gels [27 x 15 x 0.15 cm; 7 V/cm; 2 h at 23°C (Figs. 1B and
2B); 3 h at 23°C (Figs. 1 C and D and 2 C and D), 4 h at 23°C
(Figs. 1 E and 2E), or 8 h at 23°C (Figs. 1F and 2F)], followed
by PhosphorImaging. Binding constants were calculated by
nonlinear regression (equation in ref. 8).
TBP derivatives having alanine substitutions at amino acids

284, 286, and 287 did not support saturation of TBP-DNA-
IIA-IIB complex formation and therefore were not assayed for
interactions with IIF, Pol, IIE, and IIH.

Analysis of TBP Derivatives: Transcription. Reaction mix-
tures contained (in 40 ,l): 3 nM plasmid pML(C2AT)A-50
DNA (which carries positions -50 to +10 of the adenovirus
major late promoter followed by a 382 nt of G:C-less cassette;
ref. 23), TBP derivative, human IIA (S200 fraction; ref. 9),
recombinant human IIB (10), recombinant human IIF (11),
human Pol (DEAE-SPW fraction; ref. 12), recombinant human
IIE (13), human IIH (0.5 M phenyl-Superose fraction; ref. 14), 15
,uM [a-32P]UTP (1.5 Bq/fmol), 0.6 mM ATP, 0.6 mM CTP, and
20 units of RNase Ti in 20 mM Hepes-NaOH, pH 7.9/50 mM
KCl/4 mM MgCl2/10 mM (NH4)2SO4/10 mM 2-mercaptoetha-
nol/20 mg of polyethylene glycol per ml (average size, 8 kDa)/
12% glycerol. Where fixed, concentrations of IIA, IIB, IIF, Pol,
IIE, and IIH were 25, 20, 20, 30, 20, and 50 nM, respectively.
Where variable, concentrations of IIB were 0.4, 2, 10, and 50 nM;
concentrations of IIF were 1.6, 8, and 40 nM; and concentrations
of Pol were 0.32, 1.6, 8, and 40 nM. Reaction components except
NTPs were incubated 20 min at 30°C. Reactions were initiated by
addition of NTPs and were terminated after 1 h at 30°C by
addition of 80 pul 100 mM sodium acetate, pH 5.5/10 mM
EDTA/0.2% SDS/1 mg of yeast tRNA per ml. Products were
phenol/chloroform extracted, ethanol precipitated, and analyzed
by urea/PAGE, followed by autoradiography and Phosphorlm-
aging.

Molecular Modeling. The structure of the human TBP-
DNA complex was homology modeled based on the crystal-
lographic structure of the yeast TBP-DNA complex (ref. 5;
atomic coordinates obtained from P. Sigler). Amino acid
sequences of human and yeast TBP core domains are 81%
identical with no gaps or insertions (1-3). Amino acids of yeast
TBP core domain not identical in human TBP core domain
were replaced, retaining yeast Xi side-chain torsion angles and
using most favored Xn side-chain torsion angles. In a small
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FIG. 1. Interactions of wild-type TBP with IIA (A), IIB (B), IIF
(C), Pol (D), IIE (E), and IIH (F). (Left) Autoradiograms. (Right)
Calculated binding curves.

number of cases, it was necessary to change Xi of the replaced
amino acid to avoid steric clash. Human TBP core domain
contains an additional C-terminal amino acid not present in
yeast TBP core domain (amino acid 339); this amino acid was
modeled using an extended backbone conformation and most
favored side-chain torsion angles.
The accessible surface of TBP in the homology-modeled

human TBP-DNA complex was calculated using the algorithm
of ref. 24. Calculations were performed using a probe of radius
4 A-a probe comparable in size to an amino acid side chain
and, thus, comparable in size to a potential point of contact
with Pol or a GTF.

1120 Biochemistry: Tang et al.



Biochemistry: Tang et al. Proc. Natl. Acad. Sci. USA 93 (1996) 1121

A o 20

w 15-
z le
z2, 10-

wU-|

0 - ~mIEm~EU*..U. ->Oyy-zZ>Yg2Y|0222YY3Yi22t8N| sN

B o 20-
O X

& , 15 -

w 2

0-

C Zo 20-
Oxx

0 15 -
w §m

U1

0 =

5-
LL -x
w

0-~

jEE~mmEmE.~EEmm.E.mEin.E E* EEEEEIIIE*onEEEEIlmmENLE-
WC-K C<. < C 9<< <<<<4 4<j 44 4 4 4

D x 20

c 15F z

Z 10
0 °

OwB 5 -----------------------| ---------------------------------------------|w

U-
w

0

E o 20

Ox

w 15

z~ 10
0=

w

Fz0 20

15

z 10
0=

U- mlmfl--- --- - - --- ----*E -- -- -- --U -- --.. - --- E---- - -.. -U-- - --m..-m-....-mm-~ -
0-

FIG. 2. Interactions of wild-type TBP and alanine-substituted TBP derivatives with IIA (A), IIB (B), IIF (C), Pol (D), IIE (E), and IIH (F).
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Modeled B-DNA coordinates for the DNA segments
upstream and downstream of the TATA element were
generated using INSIGHT II (Biosym Technologies, San Di-
ego). Radii of spheres corresponding to polypeptide chains were
calculated using the equation r, = (0.29M)'1/, where M is the
molecular mass (see ref. 25).

RESULTS AND DISCUSSION
Alanine scanning-systematic construction of single-alanine
substitutions and determination of effects on function-
permits identification of individual amino acid side-chain
determinants for protein-protein interaction (17-22). Alanine
scanning has two key advantages. First, alanine scanning yields
a comprehensive set of substitutions, including both pheno-
typically positive and phenotypically negative substitutions.
Second, and more important, alanine scanning yields side-
chain truncation substitutions; alanine substitution eliminates
all side-chain atoms beyond Cp.

In this work, we have used alanine scanning to analyze
TBP-Pol and TBP-GTF interactions. Molecular modeling
indicates that 81 nonproline amino acids of human TBP core
domain have side-chain atoms beyond Cp accessible on the
surface of the human TBP-DNA complex. We reason that
these 81 amino acids constitute the entire set-or nearly the
entire set-of amino acids of TBP that are candidates to make
side-chain interactions with Pol and GTFs. For each of these
81 amino acids, we have constructed a single alanine substi-
tution. We then have quantified the abilities of wild-type TBP
and alanine-substituted TBP derivatives to interact succes-
sively with IIA, IIB, IIF, Pol, IIE, and IIH (Figs. 1 and 2).

Interaction with IIA. Alanine substitution of two-and only
two-amino acids within human TBP core domain resulted in
a .5-fold reduction in equilibrium binding constant for inter-
action with IIA; i.e., Glu-228 and Arg-235 (Fig. 2A). We
conclude that for these two amino acids-and for no other
amino acids of human TBP core domain-side-chain atoms
beyond Cp are critical for interaction with IIA. In the structure
of the TBP-DNA complex, amino acids 228 and 235 are
located adjacent to each other on the same face of a2 of the
first repeat of TBP and form a surface with dimensions of -6
A x -18 A (Fig. 3A). We propose that amino acids 228 and
235 make direct contact with IIA in the TBP-DNA-IIA
complex.
Our results confirm and extend reports that substitutions in

and following a2 of the first repeat of yeast TBP affect
interaction with IIA (26, 27).

Interaction with IIB. Alanine substitution of three-and
only three-amino acids within human TBP core domain
resulted in a -5-fold reduction in equilibrium binding constant
for interaction with IIB; i.e., Glu-284, Glu-286, and Leu-287
(Fig. 2B). In vitro transcription experiments confirm that TBP
derivatives having alanine substitutions at amino acid 284,
amino acid 286, or amino acid 287 are defective in transcription
initiation and that the defects can be overcome by excess IIB
(Fig. 4A). We conclude that for these three amino acids-and
for no other amino acids of human TBP core domain-side-
chain atoms beyond Cp are critical for interaction with IIB. In
the structure of the TBP-DNA complex, amino acids 284, 286,
and 287 are located immediately adjacent to each other in the
132-133 loop (the "stirrup") of the second repeat of TBP and
form a surface with dimensions of -11 A x =16 A (Fig. 3B).
We propose that amino acids 284, 286, and 287 make direct
contact with IIB in the TBP-DNA-IIA-IIB complex.
Our results confirm and extend reports that a substitution in

the 132-133 loop of the second repeat of yeast TBP (at the
position equivalent to amino acid 287 of human TBP) affects
interaction with IIB (28, 29).

Interaction with IIF. Alanine substitution of one-and only
one-amino acid within human TBP core domain resulted in

FIG. 3. Homology-modeled structure of the human TBP-DNA
complex showing determinants for interaction with IIA (A), IIB (B),
IIF (C), and Pol (D). (Left) Ribbon representations. (Right) van der
Waals representations. The van der Waals representation in C is
rotated 1800 relative to the ribbon representations and other van der
Waals representations.

a 25-fold reduction in equilibrium binding constant for inter-
action with IIF; i.e., Glu-320 (Fig. 2C). The magnitude of the
defect is modest, being only slightly greater than 5-fold.
Nevertheless, the effect is real and reproducible. Furthermore,
in vitro transcription experiments confirm that the TBP deriv-
ative having an alanine substitution at amino acid 320 is
defective in transcription initiation (Fig. 4B). We conclude that
for amino acid 320-and for no other amino acid of human
TBP core domain-side-chain atoms beyond Cp are critical for
interaction with IIF.

In the structure of the TBP-DNA complex, amino acid 320
is located in a2 of the second repeat of TBP and forms a
surface of -5 A x =7 A (Fig. 3C). We propose that amino acid
320 makes direct contact with IIF in the TBP-DNA-IIA-IIB-
IIF-Pol complex.
Alanine substitution of amino acid 327 resulted in a modest,

but reproducible, reduction in interaction with IIF (=3-fold;
Fig. 2C). Amino acid 327 is located adjacent to amino acid 320
on the same face of a2 of the second repeat and may constitute
an additional, energetically less significant, point of contact
with IIF.

Interaction with Pol. Alanine substitution of two-and only
two-amino acids within human TBP core domain resulted in
a .5-fold reduction in equilibrium binding constant for inter-
action with Pol; i.e., Glu-206 and Leu-232 (Fig. 2D). In vitro
transcription experiments confirm that TBP derivatives having
alanine substitutions at amino acid 206 or amino acid 232 are
defective in transcription initiation (Fig. 4C). We conclude that

1122 Biochemistry: Tang et aL
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for these two amino acids- and for no other amino acids of

human TBP core domain- side-chain atoms beyond C~are

critical for interaction with Pol.

In the structure of the TBP-DNA complex, amino acid 206

is located in the f33-834 loop of the first repeat of TBP, and

amino acid 232 is located in a2 of the first repeat of TBP (Fig.

3D). Although these amino acids are distant in the primary

structure, they are immediately adjacent in the three-

dimensional structure and form a continuous surface with

dimensions of '~7 A x '~1S A. We propose that amino acids

206 and 232 make direct contact with Pol in the TBP-DNA-

IIA-IIB-IIF-Pol complex.

Alanine substitution of amino acids 182, 185, 186, and 208

resulted in modest, but reproducible, reductions in interaction

with Pol ('~3-fold; Fig. 2D). Amino acids 182, 185, and 186 are

located in al1 of the first repeat, and amino acid 208 is located

in the ,B3-,B4 loop of the first repeat. These amino acids are

near amino acids 206 and 232 and may constitute additional,

energetically less significant, points of contact with Pol.

The determinant for interaction with Pol is adjacent to the

determinant for interaction with IIA (Figs. 3 A and D). This

raises the possibility that the determinant might reflect a

Po1-dependent extension of the contact by IIA rather than a

direct contact by Pol. However, this possibility is excluded by

control experiments indicating that alanine substitution of

amino acid 206 or 232 has similar effects on interaction with

Pol in the presence of IIA (TBP-DNA-IIA-IIB-IIF-Pol
complex formation) and in the absence of IIA (TBP-DNA-

TIB-TIF-Pol complex formation).

Interaction with TIE and IIH. Alanine substitution of no

amino acid of human TBP core domain resulted in a .5-fold
reduction in interaction with IIE or IIH (Figs. 2 E and F). We
conclude that for no amino acid of human TBP core domain

are side-chain atoms beyond C, critical for interaction with IIE
or IIH.
We propose that human TBP core domain makes no direct

interactions with IIE and IIH within the preinitiation complex.
However, we emphasize that this proposal must be considered
tentative, since our analysis excludes proline atoms, side-chain
Cp atoms, and backbone atoms, and since our threshold for
significance of effects excludes atoms involved in weak or
neutral interactions [interactions contributing less than 1
kcal/mol binding free energy (see legend to Fig. 2)].

Structure of Preinitiation Complex. Our results permit
construction of models of the successive higher-order com-
plexes containing IIA, IIB, IIF, and Pol (Fig. 5).

IIA consists of three distinct polypeptide chains with mo-
lecular masses of 14, 19, and 34 kDa (1, 2). Our results indicate
that IIA interacts with the upstream face of TBP (Fig. SA).
Published results indicate that IIA interacts with the DNA
segment upstream of the TATA element (30). Therefore, we
model IIA interacting simultaneously with the upstream face
of TBP and the upstream DNA segment (Fig. SA).

IIB consists of a single polypeptide chain with a molecular
mass of 35 kDa (1, 2). The IIB core domain, which is sufficient
for interaction with the TBP-promoter complex, consists of
two 75-amino acid imperfect direct repeats (1, 2). Our results
indicate that IIB interacts with the underside ofTBP (Fig. SA).
Therefore, we model IIB core domain interacting with the
underside of TBP (Fig. 5B). The determinant of TBP for
interaction with IIB core domain is located within the minor
groove of the DNA segment immediately upstream of the
TATA element. We infer that, in the preinitiation complex,

FIG. 5. (A) Model for structure of the complex of human TBP with
the adenovirus major late promoter (see Materials and Methods; see
also refs. 5 and 6). The transcription start site is white. The determi-
nants for interaction with IIA, IIB, and Pol are green, blue, and yellow,
respectively. The determinant for interaction with IIF is not visible in
this orientation. (B) Model for structure of the higher-order complex
containing IIA (green spheres), IIB (blue spheres), IIF (orange
spheres), and Pol. Pol is envisioned as extending from TBP to the
transcription start site.

Biochemistry: Tang et al.
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residues of IIB core domain are located within the minor
groove immediately upstream of the TATA element and,
therefore, that the IIB core domain is likely to be a DNA
binding protein. Given the proximity-due to the TBP-
induced DNA bend-of the DNA segments upstream and
downstream of the TATA element, and given the size of the
IIB core domain, we infer further that IIB core domain is likely
to interact simultaneously with the DNA segments upstream
and downstream of the TATA element (Fig. 5B). The proposal
that IIB core domain interacts with DNA segments upstream
and downstream of the TATA element receives strong support
from DNase I footprinting (31), hydroxyl-radical footprinting
(32), and site-specific protein-DNA photocrosslinking (T.
Lagrange, G. Orphanides, Y. Ebright, D.R., and R.H.E.,
unpublished data).

IIF consists of two distinct polypeptide chains with molec-
ular masses of 30 and 74 kDa (1, 2). Our results indicate that
IIF interacts with the downstream face of TBP (Fig. SA).
Published results indicate that IIF contains a DNA binding
domain (33) and interacts with the DNA segment downstream
of the TATA element (30). Therefore, we model IIF interact-
ing simultaneously with the downstream face of TBP and the
downstream DNA segment (Fig. 5B).

Pol consists of at least 10 distinct polypeptide chains and has
a molecular mass in excess of 500 kDa (1, 2). Our results
indicate that Pol interacts with the right flank of TBP (Fig. 5).
Pol also must interact with the transcription start site. There-
fore, we envision Pol as interacting simultaneously with the
right flank of TBP and the transcription start site. According
to this model, Pol would interact with a surface of TBP
immediately adjacent to the determinant for interaction with
IIA and therefore almost certainly would interact with IIA. In
addition, Pol would extend past IIB and IIF and therefore
potentially would interact with these factors (see refs. 1 and 2).

Protein-Protein Interactions Within the Preinitiation Com-
plex. The determinants for protein-protein interaction defined
in this work are small (40-200 A2) and contain small numbers
of critical amino acids (1-3 critical amino acids) (Fig. 3). Both
the small size of the determinants and the presence of only a

small number of critical amino acid side chains in the deter-
minants are reminiscent of patterns observed with functional
epitopes for protein-antibody interaction, protein-receptor
interaction, and prokaryotic transcription factor interactions
(17-22). The small size of the determinants suggests that it may
be possible to design low molecular weight mimics of the
determinants for use as inhibitors of specific steps in tran-
scription-complex assembly-inhibitors with applications as

tools for molecular biology research and, potentially, with
applications as therapeutic agents (see refs. 19 and 20).
Although the determinants for protein-protein interaction

defined in this work are small, there are four interacting
factors, and the interacting factors are large. Therefore, the
fraction of the surface of the TBP core domain screened by the
interacting factors is large. This is especially true with respect
to the first repeat of TBP core domain. According to the model
in Fig. SB, virtually the entire upstream face of the first repeat
is screened by IIA, virtually the entire downstream face of the
first repeat is screened by IIF, and virtually the entire right
flank of the first repeat is screened by Pol. We infer that other
factors able to interact with the TBP core domain in the
context of the preinitiation complex-such as TAFs-are
unlikely to interact with the first repeat and are likely instead
to interact with the second repeat (for which, according to the

model, >60% of the surface remains available).
Prospect. Our results have permitted construction of a

model for the structure of the preinitiation complex. This
model provides a framework for incorporation of high-
resolution structures of individual polypeptide chains as they
become available from crystallographic and NMR spectro-

scopic studies, for understanding transcription initiation, and
for designing low molecular weight inhibitors of transcription
initiation.

Note Added in Proof. The crystallographic structure of a ternary
complex containing TBP core domain, IIB core domain, and DNA has
been reported (34). In this structure, amino acids 284, 286, and 287 of
TBP make direct contact with IIB.
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