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X-ray crystallographic studies of eukaryotic
transcription initiation factors

STEPHEN K. BURLEY

Laboratories of Molecular Biophysics and Howard Hughes Medical Institute, The Rockefeller Unwversity, 1230 York Avenue,
New York 10021, U.S.A.

SUMMARY

TATA box-binding protein (TBP) is required by all three eukaryotic RNA polymerases for correct
initiation of transcription of ribosomal, messenger, small nuclear and transfer RNAs. Since the first gene
encoding a TBP was cloned, it has been the object of considerable biochemical and genetic study.
Substantial progress has also been made on structural and mechanistic studies, including our three-
dimensional crystal structures of TBP, TBP bound to a consensus TATA elements, and the ternary
complex of transcription factor IIB (TFIIB) recognizing TBP bound to a TATA element. The structure
of apo TBP was determined at 2.1 A resolution. This highly symmetric o/ structure represents a new
DNA-binding fold, which resembles a molecular ‘saddle’ that sits astride the DNA. The DNA-binding
surface is a novel curved, antiparallel B-sheet. The structure of TBP complexed with the TATA element
of the Adenovirus major late promoter was determined at 1.9 A resolution. Binding of the protein induces
a dramatic conformational change in the DNA, by tracking the minor groove and inducing two sharp
kinks at either end of the sequence TATAAAAG. Between the kinks, the right-handed double helix is
smoothly curved and partly unwound, presenting a widened minor groove to TBP’s concave, antiparallel
B-sheet. Side chain—base interactions are completely restricted to the minor groove, and include hydrogen
bonds, van der Waals contacts and phenylalanine-base stacking interactions. The structure of a
TFIIB/TBP/TATA element ternary complex was determined at 2.7 A resolution. Core TFIIB resembles
cyclinA, and recognizes the preformed TBP-DNA complex via protein—protein and protein-DNA
interactions. The N-terminal domain of core TFIIB forms the downstream surface of the ternary complex,
where it could fix the transcription start site. The remaining surfaces of TBP and the TFIIB can interact
with TBP-associated factors, other class II initiation factors, and transcriptional activators and
coactivators.

protein complex (TFIID) is a general initiation factor

. N
1. INTRODUCTIO (Matsui ¢t al. 1980) that binds to the TATA element,
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Eukaryotes have three distinct RNA polymerases
(forms I, II, and III) that catalyse transcription of
nuclear genes (Sentenac 1985). Despite their structural
complexity, these multisubunit enzymes require sets of
auxiliary proteins known as general transcription
initiation factors to initiate transcription from cor-
responding class I, II, and III nuclear gene promoters
(Gabrielson & Sentenac 1991; Roeder 1991; Reeder
1992; Maldonado & Reinberg 1995). TATA box-
binding protein (TBP), first identified as a component
of the class II initiation factor TFIID, participates in
transcription by all three nuclear RNA polymerases
(Nikolov & Burley 1994). Thus TBP is the first
universal transcription initiation factor component (a
situation formally analogous to that of essential
subunits common to the three RNA polymerases).

TBP’s role in transcription initiation and its regu-
lation is best understood for genes transcribed by RNA
polymerase IT (Roeder 1991; Maldonado & Reinberg
1995) (figure 1).

In this setting, TBP is tightly associated with other
polypeptides known as TBP-associated factors or TAFs
(reviewed in Nikolov & Burley 1994). This multi-
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coordinating accretion of class II initiation factors
(TFIIA, -B, -D, -E, -F, -G/J, -H, -I) and RNA
polymerase II (pol II) into a functional preinitiation
complex (PIC) (Roeder 1991; Zawel & Reinberg
1993). Although incapable of mimicking TFIID i vivo
(Roeder 1991), recombinant TBP alone is competent
for PIC assembly and basal or core promoter depen-
dent transcription in the presence of the other general
class IT factors (Buratowski et al. 1989). TBP engages in
physical and functional interactions with the general
initiation factors TFIIA and TFIIB, the C-terminus of
the large subunit of pol II, some negative cofactors
(NCI1, NC2, DR1) that inhibit PIC formation, some
transcriptional activators, and an initiator-binding
factor (TFII-I) that may be important for transcription
initiation from TATA-less promoters. TFIIB is the
second general transcription factor to enter the PIC,
creating a TFIIB-TFIID(TBP)-DNA platform that is
in turn recognized by a complex of pol IT and TFIIF
(pol/F). In vitro studies with negatively supercoiled
templates demonstrated that transcription initiation
can be reconstituted with TBP, TFIIB and pol II,
suggesting that together TBP and TFIIB position pol
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Figure 1. Preinitiation complex assembly begins with TFIID recognizing the TATA element, followed by coordinated
accretion of TFIIA, TFIIB, the nonphosphorylated form of pol IT and TFITF (RAP30/RAP74), TFIIE and TFITH.
Before elongation pol II is phosphorylated by TFIIH. After termination, a phosphatase recycles pol II to its non-
phosphorylated form, allowing the enzyme to reinitiate transcription. TBP (and TFIID) binding to the TATA box
is an intrinsically slow step, yielding a long-lived protein-DNA complex. Efficient reinitiation of transcription can be
achieved if recycled pol II re-enters the preinitiation complex before TFIID dissociates from the core promoter.

Reproduced with permission (Zawel e/ al. 1993).

pseudodyad axis. The N and C termini of the protein are indicated. The o-helices are shown as ribbon spirals and
labelled H, the B-strands are shown as ribbon arrows (S), and loops and turns are drawn as double lines. The symbol
" refers to the second structural domain or repeat. Reproduced with permission (Nikolov ef al. 1992).

IT (Parvin & Sharp 1993). Mutants of TFIIB alter pol
IT start sites in yeast, providing compelling evidence
for its function as a precise spacer/bridge between TBP
and pol II on the core promoter that determines the
transcription start site. In vivo and under different
conditions i witro, pol Il transcription initiation
depends on TFIIE, TFIIF and TFIIH, and possibly
TFIIA. Once PIC assembly is complete and in the
presence of nucleoside triphosphates, strand separation
at the transcription start site occurs to give an open
complex, the C-terminal domain of the large subunit of

Phil. Trans. R. Soc. Lond. B (1996)

pol II is phosphorylated, and pol II initiates tran-
scription and is released from the promoter. During
elongation, in vitro TFIID can remain bound to the
core promoter supporting rapid reinitiation of tran-
scription by pol I and the other general factors (figure
1) (Zawel et al. 1995). Core promoter binding by the
TBP subunit of TFIID is an intrinsically slow step,
because of the dramatic DNA deformation induced
in the TATA element (Kim & Burley 1994). An
abbreviated PIC assembly mechanism has also been
proposed, following recent discoveries of various pol 11
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Figure 3. Three-dimensional structure of TBP2 from Arabidopsis thaliana complexed with the AMLP TATA element.
The molecular saddle (N- and C-termini labelled) is depicted with a ribbon drawing and the DNA is shown as a stick
figure with the transcription start site labelled with + 1. When TBP recognizes the minor groove of the TATA
element, the DNA is kinked and unwound to present the minor groove edges of the bases to the underside of the
molecular saddle. The coding strand is denoted with solid bonds. Reproduced with permission (Kim et al. 1993a).

holoenzymes containing many if not all of the general
initiation factors except for TFIID (Koleske & Young
1995).

Reconstitution of the pol II preinitiation complex in
vitro has proved remarkably successful for mechanistic
studies of basal transcription initiation. However, pol
II-mediated transcription is considerably more com-
plex i wvivo. A large number of other transcription
factors, both cellular and viral in origin, regulate the
precise level of messenger RNA production from class
II nuclear gene promoters (reviewed in Hori & Carey
1994). These proteins are often referred to as tran-
scriptional activators. They modulate transcription by
recognizing promoter proximal and/or distal enhancer
DNA targets and participating in highly specific
protein—protein interactions with components of the
PIC and with each other. Efficiency of RNA pro-
duction from pol II promoters depends, at least in part,
on the half-life of the promoter specific transcription
complex and much effort is now being devoted to
establishing good in vitro models of activator-dependent
transcription initiation.

Studies of the mechanisms of action of TBP in
nuclear gene transcription by RNA polymerases I (pol
I) and III (pol III) are also well advanced (Reeder
1992; Hernandez 1993). A defined TBP-TAF complex,
known as SL1 (selectivity factor 1), has been implicated
in pol I transcription, and its three TAFs are believed
to be distinct from the pol II TAFs found in TFIID
(Comai et al. 1992). TFIIIB is the pol I1I-specific TBP-
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TAF complex consisting of at least two TAFs, one of
which is similar to TFIIB (Wang & Roeder 1995).

My laboratory has been studying some of the
mechanistic aspects of eukaryotic transcription in-
itiation using X-ray crystallography and other bio-
physical methods. Our work has yielded structures of
TBP and its complex with the TATA element of the
Adenovirus major late promoter. Most recently, we
described the structure of a ternary complex of TFIIB
recognizing the preformed TBP-DNA complex at 2.7 A
resolution.

2. APO-TBP: A QUASI-SYMMETRIC
MOLECULAR SADDLE

In 1992, we reported the structure of TBP isoform 2
(TBP2) from Arabidopsis thaliana at 2.6 A resolution
(Nikolov et al. 1992). Further progress on crystallo-
graphic studies of uncomplexed TBPs includes ad-
ditional refinement of TBP2 at 2.1 A resolution
(Nikolov & Burley 1994), and a molecular replacement
structure of the C-terminal 180 residues of yeast TBP
(Chasman ¢t al. 1993). The structure of TBP2
determined at 2.1 A resolution is illustrated in figure 2.

Both apo-TBP structures are very similar, with two
o/ B-structural domains of 89-90 amino acids related
by approximate intramolecular twofold symmetry.
TBP2 has a relatively flexible 18 amino acid N-
terminal segment. The C-terminal or core region of
TBP binds to the TATA consensus sequence (TATAa/
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tAa/t) with high aflinity and slow off rate, recognizing
minor groove determinants and promoting DNA
bending. The N-terminal portion of TBP varies in
length, shows little or no conservation among different
organisms and is largely unnecessary for transcription
in certain yeast strains.

TBP resembles a molecular saddle with approximate
maximal dimensions 32 x 45 x 60 A. DNA binding is
supported by the concave underside of the saddle,
which is lined by the central eight strands of the ten-
stranded anti-parallel B-sheet. The convex upper
surface of TBP2 is composed of the four o-helices, the
basic peptide linking the two domains, parts of strands
S1 and S1’, and the non-conserved 18 N-terminal
residues. This extensive upper surface binds various
components of the transcription machinery (reviewed
in Nikolov & Burley 1994). Each domain or structural
repeat comprises approximately half of the phylo-
genetically conserved C-terminus of TBP, consisting
of a five-stranded, curved antiparallel B-sheet and two
a-helices. The two helices, lying approximately per-
pendicular to each other, abut the convex side of the
sheet forming the hydrophobic core of each domain.
The two structural domains of TBP2 are topologically
identical with root mean square (r.m.s.) deviation
between equivalent a-carbon atomic positions = 1.1 A,
corresponding to the two imperfect repeats in amino
acid sequence (309, identical at the amino acid level
and 509, identical at the nucleotide level). TBP’s
ancestor may, therefore, have functioned as a dimer,
with gene duplication and fusion giving rise to a
monomeric, quasi-symmetric TBP (Nikolov & Burley
1994).

The two crystal forms of apo-TBP each have two
copies of TBP in the asymmetric unit. For TBP2 this
appears to result from weak molecular self-association
(buried surface area = 1700 A? and measured Ky =
lum; D. B. Nikolov & S. K. Burley, unpublished data),
which can be disrupted by dilution or addition of
duplex oligonucleotides bearing a TATA element
(Nikolov et al. 1992). There is also a report of human
TBP and TFIID forming dimers at physiologic
intranuclear concentration (Coleman et al. 1995).

3. TBP-DNA: MINOR GROOVE
RECOGNITION/CORE PROMOTER
BENDING

Structures of TBP2 complexed with the Adenovirus
major late promoter (AdMLP) TATA element
(TATAAAAG) (Kim ef al. 1993a; Kim & Burley
1994), and the C-terminus of yeast TBP complexed
with the vyeast CYCl -52 TATA element
(TATATAAA) (Kim et al. 19935) have been reported
at 1.9 A and 2.5 A, respectively (figure 3).

Although the two co-crystal structures differ slightly
in detail, both demonstrate an induced-fit mechanism
of protein-DNA recognition. DNA-binding is
mediated by the protein’s curved, eight-stranded,
antiparallel B-sheet, which provides a large concave
surface for minor groove and phosphate-ribose contacts
with the 8 b.p. TATA element. The 5" end of standard
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Figure 4. Schematic view of ¢TFIIB-TBP2-DNA inter-
actions. TBP2-DNA interactions are restricted to the shaded
area and shown with regular type (Kim & Burley 1994).
cTFIIB-DNA interactions are depicted in italics. Repro-
duced with permission (Nikolov e al. 1995).

B-form DNA enters the underside of the molecular
saddle, where the C-terminal portion of TBP produces
an abrupt transition to an unprecedented, partly
unwound form of the right-handed double helix is
induced by insertion of two phenylalanine residues into
the first T': A base step. Thereafter, the widened minor
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Figure 5. Structure of human ¢cTFIIB. The N- and C-termini of the protein are labelled, and the a-helices of each
domain are numbered (BH). The symbol () refers to the second structural domain. The BH6" helix is absent from
the first domain. Upper panel: stereodrawing of a ribbon representation of the three-dimensional structure viewed
down the cleft between the two quasi-identical domains. Lower panel: Stereodrawing viewed perpendicular to the

cleft. Reproduced with permission (Nikolov et al. 1995).

groove face of the unwound, smoothly bent DNA is
approximated to the underside of the molecular saddle,
burying a total surface area of about 3100 A%
permitting direct interactions between protein side
chains and the minor groove edges of the central 6 b.p.
A second large kink is induced by insertion of two
phenylalanine residues in the base step between the last
2 b.p. of the TATA element, and there is a cor-
responding abrupt return to B-form DNA. Despite this
massive distortion, Watson-Crick base pairing is
preserved throughout and there appears to be no strain
induced in the DNA, because partial unwinding has
been compensated for by right-handed supercoiling of
the double helix. Side chain-base contacts are restricted
to the minor groove, including the four phenylalanines
described above plus five hydrogen bonds and a large
number of van der Waals contacts (figure 4). There are
no water molecules mediating side chain—base inter-
actions and the majority of the hydrogen bond donors
and acceptors on the minor groove edges of the bases
remain unsatisfied (13/17 in the AAMLP TATA box).
Detailed analysis of the TBP2-DNA cocrystal structure
at 1.9 A resolution demonstrates that the protein also
undergoes a modest conformational change on DNA
binding, involving a twisting motion of one domain
with respect to the other (Kim & Burley 1994).
Other biophysical methods have been used to study
interactions between TBP and DNA. Site selection

Phil. Trans. R. Soc. Lond. B (1996)

experiments with Acanthamoeba TBP showed a marked
preference for a site very similar to those studied
crystallographically (TATATAAG) (Wong &
Bateman 1994). DNA bending by TBP in solution was
confirmed using circular permutation assays (Starr et
al. 1995). TBP binding was also shown to be enhanced
by prebending of DNA towards the major groove
(Parvin et al. 1995). TBP-DNA association kinetics
have been studied by various techniques (Hoopes et al.
1992; Coleman & Pugh 1995; Parkhurst et al. 1996;
Perez-Howard et al. 1995), and three of the four studies
gave results consistent with simultaneous binding and
bending with a single second-order rate constant of
about 10° m's™!. Coleman & Pugh (1995) opted for a
dramatically different model, involving dissociation of
a tight human TBP dimer, tight nonspecific DNA
binding by TBP and sliding of TBP on DNA. In
addition, a novel chemical probe was used to dem-
onstrate that core promoter distortion transiently
extends beyond the confines of the TATA box during
TBP binding (Sun & Hurley 1995).

4. TFIIB-TBP-DNA: RECOGNITION OF THE
TBP-DNA COMPLEX

The crystal structure of a TFIIB-TBP-TATA el-
ement ternary complex has been determined at 2.7 A
resolution (Nikolov et al. 1995). Core TFIIB (cTFIIB)
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Figure 6. cTFIIB and TBP interacting with the AAMLP. Three-dimensional structure of the ternary complex of
human ¢TFIIB recognizing TBP2 from Arabidopsis thaliana complexed with the AAMLP TATA element. ¢TFIIB
(light grey) and TBP (dark grey) are depicted as shaded ribbons, and the DNA is shown as a stick figure with the
transcription start site labelled with + 1. The coding strand is denoted with solid bonds. The view is identical to that
shown in figure 3. When ¢TFIIB recognizes the TBP-DNA complex there is essentially no change in trajectory of the
negatively charged phospho-ribose backbone. Reproduced with permission (Nikolov et al. 1995).

is a two domain a-helical protein that resembles cyclin
A (Jeffrey et al. 1995) (figure 5).

The ternary complex is formed by ¢ TFIIB clamping
the acidic C-terminal stirrup of TBP2 (S2'-S3’) in its
cleft, interacting with H1’, the C-terminus, and the
phospho-ribose backbone up- and downstream of the
center of the TATA element (figures 4 and 6).
Although the two domains of ¢TFIIB have the same
fold, they do not have chemically identical surfaces and
cannot make equivalent interactions with TBP2.
Contacts between ¢TFIIB and the C-terminal stirrup
of TBP2 are made by BH3, BH4 and BH5. The
interdomain peptide interacts with H1” and the C-
terminal stirrup of TBP2. ¢TFIIB’s BH2'-BH3" loop
interacts with the same stirrup and the C-terminus of
TBP2. Despite the very extensive intermolecular
contacts visualized in the ternary complex structure
(total buried surface area ~ 5600 A?), the structure of
the TBP2-TATA element complex itself is essentially
unchanged. ¢TFIIB recognizes the preformed TBP-
DNA complex, including the path of the phosphoribose
backbone of created by the unprecedented DNA
deformation induced by binding of TBP. In addition to
stabilizing the TBP-DNA complex, TFIIB binding
contributes to the polarity of TATA element rec-
ognition. If TBP were to bind to the quasi-symmetric
TATA box in the wrong orientation (i.e. the N-
terminal half of the molecular saddle interacts with the
5" end of the TATA element), the basic/hydrophobic
surface of the N-terminal stirrup (S2-S3) would make
unfavorable electrostatic interactions with the basic

Phil. Trans. R. Soc. Lond. B (1996)

cleft of TFIIB. Itis remarkable that the NMR structure
of ¢TFIIB displays a slightly different arrangement of
the two domains (Bagby et al. 1995), suggesting that
c¢TFIIB undergoes a modest conformational change on
recognizing the TBP-DNA complex. The first domain
of ¢cTFIIB forms the downstream surface of the
cTFIIB-TBP-DNA ternary complex, where together
with the putative ZN**-binding, N-terminal domain of
full lIength TFIIB it could readily act as a bridge
between TBP and pol II fixing the transcription start
site. The remaining solvent-accessible surfaces of TBP
(~ 7900 A?) and the TFIIB (~ 8300 A%) are very
extensive, providing for an ample number of rec-
ognition sites for binding of TAFs, other class II
initiation factors, and transcriptional activators and
coactivators.

5. CONCLUSIONS AND PERSPECTIVES

X-ray crystallographic studies of apo-TBP and its
complexes with two TATA elements have revealed a
new quasi-symmetric protein fold, an unprecedented
protein-induced DNA deformation, and a novel
induced-fit mechanism of DNA recognition via
contacts with the minor groove. Most recently, this
work set the stage for the first structure determination
of a protein recognizing a preformed protein-DNA
complex, the TFIIB-TBP-TATA element ternary
complex. These cocrystal structures provided direct
views of two critical steps early in the assembly of the
preinitiation complex, required for correct initiation of
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transcription by pol II. They have contributed
significantly to our understanding of the precise
biochemical mechanisms responsible for controlling
messenger RNA production in eukaryotes, and con-
tinue to serve as a structural foundation from which to
plan and interpret studies of class II nuclear gene
expression.

I am grateful to J. L. Kim and D. B. Nikolov for providing
illustrations for this review.
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Figure 1. Preinitiation complex assembly begins with TFIID recognizing the TATA element, followed by coordinated
accretion of TFIIA, TFIIB, the nonphosphorylated form of pol IT and TFIIF (RAP30/RAP74), TFIIE and TFIIH.
Before elongation pol II i1s phosphorylated by TFIIH. After termination, a phosphatase recycles pol II to its non-
phosphorylated form, allowing the enzyme to reinitiate transcription. TBP (and TFIID) binding to the TATA box
is an intrinsically slow step, yielding a long-lived protein-DNA complex. Efficient reinitiation of transcription can be
achieved if recycled pol Il re-enters the preinitiation complex before TFIID dissociates from the core promoter.
Reproduced with permission (Zawel et al. 1993).
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Sgure 2. MOLSCRIPT (Kraulis 1991) stereodrawing of the structure of TBP2 viewed perpendicular to the internal
eudodyad axis. The N and C termini of the protein are indicated. The a-helices are shown as ribbon spirals and
belled H, the B-strands are shown as ribbon arrows (S), and loops and turns are drawn as double lines. The symbol
-efers to the second structural domain or repeat. Reproduced with permission (Nikolov e/ al. 1992).
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gure 3. Three-dimensional structure of TBP2 from Arabidopsis thaliana complexed with the AMLP TATA element.
s1e molecular saddle (N- and C-termini labelled) is depicted with a ribbon drawing and the DNA is shown as a stick
ure with the transcription start site labelled with +1. When TBP recognizes the minor groove of the TATA
'ment, the DNA 1s kinked and unwound to present the minor groove edges of the bases to the underside of the
olecular saddle. The coding strand is denoted with solid bonds. Reproduced with permission (Kim et al. 1993a).
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