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a pol II holoenzyme
[11,12] containing
pol II and various
general
factors
and coactivators
(reviewed
in [13,14]),
binds a preformed
TBP/TFIID-TATA
box complex. Both
the stepwise
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pathways
begin
with a
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TBP/TFIID-TATA
box complex and end with
a fully functional
PIC stabilized
by an extensive
array of
noncovalent,
intermolecular
interactions.
The difference
between
the two pathways
relates not to the identities
of
these intermolecular
contacts
but rather to the order ;n
which they form.
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TFIID-TATA
box complex
functions
as a scaffold
for
the subsequent
binding of TFIIA, TFIIB,
TFIIF-pol
II,
TFIIE and TFIIH
(reviewed
in [Z**,S]). The TBP subunit
of TFIID
can bind the TATA box even in the absence of
TAFs, however,
and can assemble
a PIC capable of basal
levels of transcription.
Recent
experiments
indicate
that
PIC assembly
can also follow a simpler pathway in which
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Introduction
Gene expression
in eukaryotes
is regulated
in large part
by control
of the rate of transcription
initiation
(for a
recent
review see [l]). For genes that encode
proteins,
this initiation requires assembly of a preinitiation
complex
(PIC) on a core promoter.
This PIC consists
of RNA
polymerase
II (pol II) and transcription
factors TFIIA,
TFIIB,
TFIID,
TFIIE.
TFIIF, and TFIIH
(reviewed
in
[2”,3]). This supramolecular
complex,
which in humans
at least 35 polypeptide
chains
and has a
comprises
molecular
weight
of two million
Daltons,
performs
the
synthetic
chemistry
of template-directed
mRNA synthesis
in response
to environmental
changes,
metabolic
needs or
signals that regulate development
and the cell cycle.
Two pathways

Early

can describe

biochemical

PIC formation

experiments

indicated

that

PIC

for-

mation
can begin when TFIID
binds its DIVA target
site, the TATA box (consensus
sequence
TATA a/t A
a/t N, where N represents
any nucleotide)
[4]. In higher
eukarvotes,
TFIID
consists of the TATA binding protein
(TBP), which binds DNA as a monomer,
and at least eight
additional
TBP-associated
factors (T.4Fs)
(reviewed
in
[j]) that are believed
necessary
for enhanced
transcription
(‘activation’)
in response
to transcriptional
activators
and
coactivators
(reviewed
in [&8]: although
this issue is
continually
being evaluated
[9,10]). Once assembled,
the

of the early steps

Regardless
of the pathway
by which the PIC assembles,
the first steps on TATA-box-containing
promoters
are
the same: promoter
DNA becomes
accessible
through
processes
that remodel
chromatin
(reviewed
in [15-171)
and TBP (with or without
associated
TAFs)
binds the
TATA box. ITI U~UO and b vitro experiments
performed
in the presence
and absence
of transcriptional
activators
indicate
that the rate of association
of TBP and a TATA
box can limit the overall rate of transcription
[18-Z].
These
experiments
emphasize
the importance
of early
steps to the overall kinetics of a multistep
pathway, even if
later steps are accessed
through higher activation
barriers
and are therefore
formally rate limiting (Figure
1). This
review will concentrate
on the chemistry
of these early
steps in PIC formation,
with a special focus on constructing
a potential
energy surface for the initial - and perhaps
defining - steps in preinitiation
complex formation.

Why does TBP bind DNA slowly?
By 1995, we knew much about TBP-TATA
box complex
formation,
including
the following 3 observations:
human
TBP forms a dimer with a nanomolar
dissociation
constant
in the absence
of DNA [23]: association
of TBP with
DNA follows second-order
kinetics
and proceeds
at least
three orders of magnitude
more slowly than the diffusion
limit [2-L-27]; and the 50” bend in the DNA seen in
the structurally
characterized
TBP-TATA
box complexes
[28,29] is modulated
by changes
in TATA box sequence
in a way that correlates
with TBP-TATA
box dissociation
rates [30]. Yet several
key questions
remained.
Is the
slow association
of the TBP-TATA
box complex
due to
a high barrier for dissociation
of the TBP dimer, a high
barrier for DNA bending,
or both of these effects? How
do the remaining
components
of TFIID
and other factors
influence
these barrier heights? Kinetic and equilibrium
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early as 1993 [37] and proposed
(discussed
below).

a)

by Parkhurst

et nl. [3S”]

W

I

The relationship
between
TBP-TATA
box complexation and DNA bending
was investigated
by Parkhurst
ef a/. [38”]
using
human
TBP
They
made
use of
an oligonucleotide
duplex
containing
the Adenovirus

DNA
with

major late promoter
(AdMLP)
TATA
box, labeled
at
opposite ends with tetramethylrhodamine
and fluorescein,
in order to monitor the concentrationand time-dependent
changes
in TATA box conformation
induced
upon TBP
binding. The crystal structure
of the human TBP-TATA
box complex
was reported
in 1996 [39] and supported
Parkhurst etal:‘s findings. The bend induced in the TATA
box by human
TBP
decreases
the distance
between
the dyes as indicated
by an increase
in the extent
of
FGrster resonance
energy transfer (FRET)
[JO] between
them.
Analysis
of fluorescein
emission
changes
during
dissociation
as a function
of time revealed
that DNA
bending
and binding
occurred
with a second-order
rate
constant
of 2.4~ 106hl-1 s-1, a value within one order of
magnitude
of rate constants
measured
previously
with
other TBPs [25-271. Importantly,
the fluorescein
emission
change
observed
as the binding
reaction
proceeded
was identical
to that observed
when
the components
were mixed and allo\ved to reach equilibrium.
Parkhurst
et N/. concluded
[3S”]
that for the
range
of TBP
concentrations
examined
(at the nanomolar
level), DNA
binding
and bending
occur simultaneously.
Because
the
observed
kinetics
are second
order, these
results
rule
out a two-step
mechanism
characterized
by rate-limiting
bending
of a preformed
TBP-TATA
box complex
[25].
These
experiments
were
performed
under
conditions
\vhere
the TBP monomer
concentration
exceeded
the
DNA concentration.
Consequently,
they define
a rate
constant
for the association
of monomeric
TBP with
DNA in the absence
of a competing
monomer-dimer
equilibrium.

yeast [31”], human [23], and archaeal [32*] TBP. Studies
published
recently
attest to the physiological
relevance
of the TBP dimer first observed
by X-ray crystallography
[33,3-l] and demonstrate
how the TBP monomer-dimer
pre-equilibrium
affects the kinetics
of TBP-TATA
box
interactions.
In addition,
TBP is not found as a free

Consideration
of the kinetic data discussed
above indicates
that TBP dimerization
and DNA bendincg/binding
both
contribute
to the observed
slow association
kinetics
(Fig;ure 2). DNA binding
by monomeric
TBP proceeds
with a rate constant
of approximately
5~ lOi11-1 s-1

I
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Two hypothetical

potential

energy

diagrams

Option
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for the reaction

sequence:

4
A=B=C
kl

b
k2

that illusirate how the overall reactlon rate can be influenced by the
rates of steps that precede the rate-limiting step (denoted here wth
the symbol ;). In diagram (a), the rate-limiting step separates A and
B, and the overall reaction rate depends on the rate constant k,. In
diagram (b), the rate-limiting step separates Intermediates
B and C
and the overall reaction rate depends on rate constants k,, k,, and
k-,.

results described
recently can be consolidated
with earlier
data to formulate
a potential
energy
diagram
for TBP
binding to the TATA box as the initial step in preinitiarion
complex formation.
One early equilibrium
binding
is dissociation

step that occurs
of the TBP dimer

prior to
observed

molecule
in the nucleus,
but is complexed
tightly \vith
TAFs in the form of TFIID
as noted above (reviewed
in [5,35]). Taggart
and Pugh [31”] demonstrated
that
TFIID
formed
stable dimers it/ Gt/a (&I =lOnhl)
and
detected
TBP dimers within the highly crowded environs
of growing
HeLa cells. hlore to the point, the dimers
dissociated
slowly
into monomers
(fioff= 10-j XC-~ for
TBP) and dissociation
was essential
for binding
to DNA
[31”.36”].
These
studies
indicate
that at its estimated
nuclear concentration
(1 ,~hl), the TBP dimer occupies
a
relevant
position
on the potential
energy surface leading
to a functional
PIC. Taggart
and Pugh (31”] propose
a mechanism
in which
slow TBP
dimer
dissociation
precedes
a rapid DNA-bindin,?
step that nas intimated
as

[25-27,3S”].
This rate constant
is comparable
to that observed for dimerization
of monomeric
TBP, 1 x 105 Al-1 s-1
(calculated
from the dissociation
equilibrium
and rate
constants,
10 n\l
and 1 x 10-j s-1, respectively
[36”]).
Thus, in the absence
of other factors, monomeric
TBP is
faced with two equivalent
barriers (Figure 2): overcoming
one barrier accesses
the final TBP-TATA
box complex:
overcoming
the other
barrier
returns
to the inactive
TBP dimer. The equivalence
of these barriers
permits
speculation
that they are both easily manipulated
by
additional
factors to regulate transcription
initiation. These
factors could facilitate the binding of TFIID
by inhibiting
TFIID
dimerizarion
or perhaps
by prcbending
DKA
[6.41]. Indeed, recent experiments
support this idea: TBP
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mutants

that

dimerized

poorly

sustained

increased

levels

axis

(Figure

2) [33,34,42].

Later

structural

studies
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Does TBP bind the TATA box in a single
orientation?

binary TBP-TATA
box complexes
demonstrated
that the
symmetry
extends
to the interface
with the TATA box
[Z&29,39]. The amino acids of TBP used to recognize
the eight base pair TATA box are as much as 89% (in
human
TBP) conserved
between
the two subdomains,
yet all eukaryotic
TBP-TATA
box crystal structures
show
the protein bound in a single orientation
consistent
with

Interwoven
with the kinetics
of TBP-TATA
box interactions is the orientation
of the binary and higher order
complexes
formed
in solution.
Early structural
studies
on free TBP revealed
a molecular
fold containing
two
subdomains
related by an approximate
twofold symmetry

assembly of uniquely oriented PIC. This orientation
shows
the carboxy-terminal
TBP subdomain
interacting
with the
more conserved
TATA half site and the amino-terminal
subdomain
interacting
with the less conserved
a/t A a/t N
half site (where N is any nucleotide).

of basal transcription
in yeast cells (BF Pugh, personal
communication),
suggesting
that an increase
in TBP
monomer
concentration
led to a concomitant
increase
in
the probability
that the TBP-TATA
box complex formed.

Figure 2

I

TATA
1

TBPTBP

4
z=

k-1

4
TBP z=

TBP.TATA

k-2

TBP*TBP

Potential energy diagram for the reaction sequence
energy along the reaction coordinate
is represented

shown in the box (top, right). The reaction coordinate
is represented
by the x axis; the free
by the y axis. The amino- and carboxy-terminal
subdomains
of the conserved core of TBP

are colored blue and pink, respectively.
The 5’ and 3’ half sites of the eight base pair TATA box are colored yellow and green, respectively.
The structure of the TBP dimer is taken from 1331; the structures
of the TBP-TATA
box complexes are taken from [291. The heights of barriers
leading to the two orientations
of the TBP-TATA
box complex are not known with precision.
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theories

have

been

proposed

to

explain

why

TBP binds in a single orientation
to asymmetric
TATA
box sequences.
The theme
underlying
each theory
is
that a difference
in the ease of bending
the 5’ and 3’
TATA box half sites (in eukaryotes,
TATA and a/t A
a/t N, respectively)
is recognized
or accommodated
by a
difference
in the two TBP subdomains.
This theory was
first proposed
by Kim PI nl. [29], who pointed
out that
alternating
TA base steps in the 5’ half site should be
easier to bend than nonalternating
TA base steps in the
3’ half site. Stronger interactions
are therefore
necessary
to
bend/interact
with the more rigid 3’ half site. Kim eta/. [29]
proposed
that the greater positive
electrostatic
potential
in the amino-terminal
subdomain
provides
the enthalpic
boost to bend the 3’ half site. Suzuki et nl. [43”] proposed
that the larger size of amino acid sidechains
on the interior
of the p sheet in the carboxy-terminal
subdomain
renders
this half of TBP more curved
(and presumably
more
rigid) than the amino-terminal
subdomain
and leads to
preferential
interaction
of the carboxy-terminal
subdomain
with the more easily deformed
5’ half site. Juo etml. [44”]
proposed
that the presence
of a proline
residue
within
the carboxy-terminal
subdomain
of TBP demands
a T.4
base pair at the first position in the 5’ half site. resulting
in the orienpation
observed
in the crystal. It is notable
that TBP from the archaeal Pyrococc~s moesei contains this
proline residue in both the carboxyand amino-terminal
stirrup and lacks noticeable
asymmetry
in electrostatic
charge potential
[32], yet it exhibits
oriented
binding
in
the ternary complex
containing
DNA, archaeal TBP and
the archaeal homolog TFB [45”].

The multiple axial and rotational conformations
identified
by this study. coupled
with the known high nonspecific
DNA
affinity
of TBP, indicates
that TBP
alone
is
unable to accurately
position itself on a promoter.
These
results
add an additional
dimension
to the potential
energy
diagram
defined
earlier (Figure
2). \lonomeric
TBP chooses
between
three options:
forming
a dimer,
binding
in the orientation
required
presumably
for PIC
assembly and accurate transcription
initiation,
and binding
in the opposite
orientation.
These
barriers
are likely
to be equivalent
and therefore
all three
steps could
be modulated
to regulate
transcription
from different
promoters.

How do other general factors influence
TBP-TATA
box structure and equilibria?
In the stepwise
assembly
pathway, the initial step of TBP
binding
to promoter
DNA can be accompanied
by the
binding of TFIIA and is followed by the binding of TFIIB
([4]; reviewed
in [Zoo]). The high resolution
structure
of
the TBP-TATA
box complex bound to TFIIA [48”.49”]
or the archaeal
TFIIB
homologue
TFB
[45”],
and
the imaged
structure
of the yeast TFIIB-TFIIE-pal
II
complex
[SO] provide insight into factors influencing
the
next steps in the pathivay. These structures
complement
the ternary
TFIIB-TBP-AdhILP
structure
reported
in
1995 [Sl] and provide a framelvork
for understanding
ho\\
properly oriented
binding of the PIC is achieved.
TFIIA, TFIIB,

and TFB interact

with TBP and promoter

DNA

The theories
described
above may explain why oriented
binding
is observed
in crystals.
but affinity
cleavage
results indicate
that, in solution,
less than 0.3 kcal mol-1
separates
the energy of the observed
conformer
from one
in which TBP is rotated 180”. Cox et nl. [46”] prepared
two TBP variants
modified
with a l,lO-phenanthroline
DNA-cleaving
agent
on a residue
within
either
the
amino- or carboxy-terminal
stirrup (Figure
2). Cleavage
with this nondiffusible
oxidizing
agent is expected
on

The structure
of the ternary TFIIA-TBP-CYCl
T.4T.4
complex
shows
residues
at the edge
of the TFIIA
P-sandwich
domain interacting
with residues
within the
TBP
PZ strand
that immediately
precedes
the TBP
amino-terminal
stirrup. These interactions
position TFIIA
on the amino-terminal
(downstream)
TBP subdomain:
however,
the severe
bend in the DNA aIlo\vs TFIIA
to interact
with the phosphodiester
backbone
upstream
of the TATA
box [48”,49**].
The
structures
of the
heterologous
TFIIB-TBP-AdILlLP
[Sl] and archaeal
TFB-TBP-TATA
box [45”] complexes
show a complex

only one side of
orientation.
a single

set of interactions
carboxyl-terminal

the TATA
box
The
resulting

if TBP
molecules

binds
in
cleaved

between
TFIIB/TFP
stirrup.
It is interesting

and the TBP
that, despite

DNA on both sides of the TATA box with a modest
preference
(k’,,, = 1.5-1.8) for the side expected
based on
data from crystallography
[Z&29,39]. No preference
vxs
observed
when the asymmetric
eight base pair TATA
box in AdhILP
was replaced
by the symmetric
sequence
TAT24T.4TA.
These
experiments
are consistent
with

the relatively
large protein surfaces that are buried upon
ternary complex
formation.
alanine scanning
mutagenesis
experiments
suggest
that both
the TFIIA-TBP
and
TFIIB-TBP
interfaces
[52] are characterized
by ‘hot
spots’ [53], small clusters
of amino acid residues
that
contribute
the majority of favorable binding energy.

modeling studies that revealed no unfavorable
interactions
when TBP was bound in the opposite
orientation
[47].
These
experiments
demonstrate
that, in the absence
of
other proteins,
TBP binds the TATA box as a mixture
of orientational
isomers that are related by a 180” rotation
about the pseudo-dyad
(the approximate
symmetry axis) of
the complex.
Additional
experiments
indicated
that TBP
bound a distribution
of sites displaced
by up to three base
pairs on either side of the eight base pair TATA box [46”].

In contrast
to eukaryotic
complexes,
the higher degree
of symmetry
inherent
in the archaeal complex
provides
even less insight into factors influencing
the orientation
of archaeal
TBP on promoter
DNA [45”].
A striking
difference
of the archaeal complex
is that TBP is found
bound to DNA in the opposite
orientation
relative to all
eukaryotic
complexes.
The consensus
boxA sequence
of
archaeal promoters
(consensus
sequence
c/t TTA tla ANN,

Preinitiation complex assembly: potentially a bumpy path Cox et a/.

where

N is any nucleotide),

however,

closely

resembles

an inverted
eukaryotic
TATA box. The structure
of this
complex
raises questions
as to whether
archaeal
TBP
recognizes
promoter
DNA in a sequence-specific
fashion
and whether
the archaeal factors are arranged
different]!
with respect
to the polymerase.
Further
study is needed
to determine
how archaeal TBP recognizes
DNA, and how
TFB and polymerase
affect this recognition.
within
experiments
performed
Affinity
cleavage
TFIIA-TBP-T.4TA
box and TFIIB-TBP-TATA
box
complexes
revealed
that TFIIA
and TFIIB
each contribute
to formation
of an oriented
PIG, but are not
sufficient
individually
to anchor the complex
in a single
orientation
[46”].
Affinity
cleavage
of DNA
in the
ternary complex containing
TBP, TFIIB, and the AdhlLP
reflected
a greater preference
for the ‘correct’ orientation
than that seen for TBP alone (K,, =4 versus Kfq = 1.5-1.8,
an increase
in specificity
of about 0.5 kcal mol-1). hloreover, the distribution
of cleavage
sites in the presence
of TFIIB
was narrower
than in its absence,
indicating
that TFIIB
also positioned
TBP more accurately
on the
8 base pair TATA
box. Similar results
were obtained
with TFIIA
[46”].
These
results
suggest
that TFIIA
and TFIIB enhance
the orientational
preference
and axial
positioning
of TBP on the promoter
either by exploiting
sequence-specific
differences
in the TATA box or the
flanking DNA, or by enhancing
the intrinsic selectivity
of
TBP itself.
Evidence

for sequence-specific

new core promoter

DNA binding

by TFIIB:

a

element?

Recent
evidence
suggests
that the effect of TFIIB
on
the orientation
of bound TBP may arise, at least in part,
from sequence-specific
recognition
of flanking
DNA by
TFIIB
[54**]. Zrz vitro selection
experiments
identified
a seven
base pair sequence
(5’-g/c g/c ,$a CGCC-3’)
which increased
the stability
of a TFIIB-TBP-Ad\ILP
complex
by threefold
(0.7 kcal lmol-1 at 30°C) when
located upstream
of the AdhlLP
T,4TA box. Fluorescence
anisotropy
and cross-linking
data provided
evidence
for
a direct
TFIIB-DNA
interaction
(Kd =O.l?phl) in the
absence
of TBP. Similar in vitro selection
experiments
with TFIIA-TBP-TATA
box complexes
are in progress:
however,
no interactions
between
TFIIA
and TBP are
detected
by filter-binding
methods
[Sj]. These
results
suggests
that TFIIA
could
enhance
the orientational
specificity
of TBP by a different
mechanism,
perhaps
by
exaggerating
differences
at the TBP-TATA
box interface
as discussed
earlier [29,43”,44”].
Further study is needed
to elucidate
the precise
effects
of TFIIA,
TFIIB,
and
other PIC components
on orientation
equilibrium
and
kinetics
and to determine
whether
these effects and the
eventual
orientation
vary between
different
promoters.

Onward

to the final

PIC

The remaining
intermediates
in PIC assembly
are not
accessible
by current high resolution
methods.
Chemical
cross-linking
methods,
however,
have advanced
our un-

derstanding

of the

overall

topology

of the

complex
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and

conformational
changes
that may occur during assembly
[56-551. The emerging
picture of PIC assembly
includes
TFIIA-mediated
changes in the orientation
of distal DNA
and wrapping
of the DNA around a multiprotein
core.
Lagrange
et nl. [56] detected
cross-links
between
TFIIB
and
only

DN.4
when

at positions
further
from the TATA
box
TFIIA was present.
OelgeschlBger
et nl. [57]

reported
cross-links
downstream
of the

between
several
TATA box only

TAFlls
and DNA
in the presence
of

TFIIA.
Both studies are consistent
with a conformational
change
within
TFIID
induced
upon
the binding
of
TFIIA.
In addition,
both Lagrange
et nl. [56] and Kim et
nl. [SS] present evidence
for wrapping
of DNA within the
assembled
PIC. The insight provided
by these chemical
studies will help pave the way towards a defined topology
of the PIC.

Conclusions

and future

directions

Research
reported
in the past two years has increased
our understanding
of several chemical
issues that arise
in the early stages of PIC formation.
The debate
over
whether
TBP dimerization
or DNA bending
constitutes
the rate-limiting
step for promoter
binding
was ended
by kinetics
experiments
indicating
that both steps can
contribute
to the formation
of TBP-TATA
box complexes. This conclusion
permits
speculation
that one or
both of these steps could be regulated
by interactions
with other factors in the cell, an idea currently
being
investigated.
The mystery
of why the highly symmetric
TBP molecule
binds in one direction
to an asymmetric
T.4TA
box was superseded
by the observation
that
both bound
orientations
are populated
in solution.
In
addition,
X-ray crystallography
provided
a look at ternary
complexes
containing
TFIIA-TBP-TATA
[48”,49”],
TFB-TBP-TATA
[45”] and TFIIB-TFIIE-pol
II [SO].
Despite
this progress,
many
interesting
and difficult
questions
remain.
For example,
what effect
do TAFs
have on the kinetic
barriers
defined
with TBP alone?
Can interactions
between
upstream
activators
and TBP or
TAFs louer the barrier for TFIID-TATA
box assembly
so that later steps become
rate limiting!
Do all PIC
complexes
possess
the same orientational
specificities?
How is the PIG assembled
at promoters
that lack TATA
boxes?
Because
activator
function
is intimately
related
to recruitment
of TBP/TFIID,
a better
understanding
of the mechanism
of TBP-TAT.4
box association
should
allow the chemical
detail of activation
mechanisms
to
be understood.
Improved
kinetic
methods
and high
resolution
structural
studies
of the relevant
assemblies
may ultimately
provide sufficient
guidance
for a chemical
understanding
of both regulated
gene expression
and
to what extent
the stepwise
and holoenzyme
assembly
pathways
are used at various pal II promoters.
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