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ABSTRACT

Transactivation domains (TADs) are able to contact
several components of the basal transcription apparatus
and co-activator molecules. In order to study these
interactions in biophysical detail, binding of the
well-characterized TAD from the human transcription
factor NF- κB p65 (RelA) to the basal transcription
factors TBP and TFIIB and the viral co-activator protein
E1A 13S was chosen as a model system to investigate
the kinetics and affinities of such protein–protein
interactions by surface plasmon resonance analysis.
The TAD of NF- κB p65 showed remarkably different
affinities and kinetics in binding to the various proteins.
The real-time kinetic measurements revealed an
association rate constant ( kass) of 2.3 × 106/M/s for the
interaction between the p65 TAD and TBP. The associ-
ation rate constants of the p65 TAD were much weaker
for TFIIB (6.8 × 104/M/s) and for the E1A 13S protein
(4.9 × 104/M/s). The dissociation rate constants ( kdiss )
were determined to be 7.9 × 10–4/s for TBP, 1.6 × 10–3/s
for TFIIB and 1.3 × 10–3/s for the E1A protein.
Accordingly, the calculated dissociation constants
(Kd) differed between 3.4 × 10–10 M for the strongly
binding TBP protein and 2.3 × 10–8 M and 2.6 × 10–8 M
for the weaker binding TFIIB and E1A 13S proteins
respectively. Non-linear analysis of the appropriate
part of the sensorgrams revealed monophasic associ-
ation and dissociation kinetics for binding between the
p65 TAD and all three interaction partners. The
remarkable differences in protein affinities add another
aspect to a more detailed understanding of formation
of the transcription preinitiation complex. The co-
transfection of TBP and E1A 13S stimulated NF- κB
p65-dependent gene expression, showing the biological
significance of these interactions.

INTRODUCTION

Transcription initiation at eukaryotic genes requires the assembly
of a preinitation complex (PIC) on the promoter DNA. The PIC
consists of RNA polymerase II and at least seven basal

transcription factors: TFIIA, TFIIB, TFIID, TFIIE, TFIIF, TFIIH
and TFIIG/J (1). The human PIC contains at least 10 distinct
polypeptide subunits in the RNA polymerase II complex plus a
minimum of another 35 polypeptides (2). A key step in
transcription initiation is binding of TFIID to the TATA box,
which in most promoters is located close to the transcription start
site. The multisubunit TFIID complex consists of the TATA
binding protein (TBP) and at least eight additional proteins,
termed TBP-associated factors (TAFs) (3). TBP binds to the
TATA box in a sequence-specific fashion and the TBP–promoter
complex is subsequently recognized by TFIIB. This complex
nucleates the subsequent stepwise association of TFIIA, RNA
polymerase II, TFIIF and further factors (4).

In addition to a properly assembled PIC, sequence-specific
DNA binding proteins are required for activated transcription.
These are typically composed of several domains minimally
mediating DNA binding, nuclear translocation and transactivation.
Transactivation domains (TADs) from various transcription
factors have been found to exert their stimulatory effects on
transcription even over large distances by directly contacting
general transcription factors, such as TBP and TFIIB, TAFs or
co-activator proteins. These multiple protein–protein interactions
might either facilitate binding of the general transcription factors
to the promoter, result in covalent modifications of promoter-
associated proteins or lead to conformational changes in the PIC
(5). Contact between the TADs and its binding partners finally
results in initiation of transcription and increases the efficiency of
transcription elongation (6). Co-activators, including TAF and
non-TAF proteins, constitute another group of proteins participating
in transcription (7,8). A well-studied example of a non-TAF
co-activator is the adenovirus-encoded E1A 13S protein, which
stimulates transcription of several host transcription factors,
including ATF-2, Oct-4, c-Jun, USF, Sp1 and NF-κB p65 (9,10).

The ubiquitous transcription factor NF-κB regulates expression of
a plethora of immunologically relevant genes (11). In most cell
types the dimeric DNA binding form of this transcription factor
is retained in the cytoplasm by association with the inhibitory IκB
molecule (12,13). Exposure of cells to a variety of pathogenic
agents leads to the degradation of IκB and nuclear translocation
of the released DNA binding subunits (14,15). The NF-κB p65
subunit displays the strongest transactivation potential of the five
distinct DNA binding subunits and contains an acidic TAD in its
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C-terminal 80 amino acids (16–18). This domain is related to the
TAD of herpes simplex protein VP16 and was found to be
unstructured under physiological conditions (19). Under conditions
mimicking protein–protein interactions the NF-κB p65 TAD can
adopt an α-helical conformation. Among the proteins specifically
binding to the p65 TAD are the general transcription factors
TFIIB and TBP, as well as the co-activating E1A 13S protein
(10,20). This viral protein activates NF-κB by a dual mechanism:
in a first step E1A activates cytoplasmic NF-κB by induced
degradation of IκB-α and subsequently binds to the TADs of
NF-κB p65, thereby co-activating its transcriptional activity in
the cell nucleus (10). The various protein–protein interactions
between NF-κB p65 and its ligands were identified by functional
and biochemical studies (10,20). Here we show that TBP binds
two orders of magnitude more strongly to the TAD of NF-κB p65
than E1A 13S and TFIIB. All three ligands of the TAD displayed
a monophasic association and dissociation behavior. The biological
significance of these interactions was evident from co-transfection
experiments in COS cells, where TBP and E1A 13S stimulated
NF-κB p65-dependent gene expression.

MATERIALS AND METHODS

Protein expression and purification

The vector encoding a His-tagged human TFIIB protein was cloned
by PCR using primers A (5′-GGGATCCCATGGCGTCTACC-
AGCCG-3′) and B (5′-GGGATCCTTATAGCTGTGGTAGT-
TT-3′) and a vector containing the full-length cDNA of human
TFIIB as a template. The annealing nucleotides are underlined.
The amplified 963 bp fragment was recut with BamHI and cloned
into the pQE10 vector (Qiagen Inc.) previously opened by
digestion with BamHI. The resulting plasmid, pHis-TFIIB, bears
an N-terminal hexahistidine tag, allowing purification of the
expressed protein on Ni–NTA–agarose. This expression plasmid
was introduced into Escherichia coli strain M15 and grown in LB
medium containing ampicillin and kanamycin until an OD600 of
0.7 was reached. Subsequently, IPTG (Boehringer Inc.) was
added to a final concentration of 1 mM. Protein expression was
allowed for 6 h at 30�C. Cells were collected by 10 min
centrifugation and the pellet was dissolved in 6 ml buffer A [50 mM
NaH2PO4, pH 8.0, 300 mM NaCl, 1 mM phenylmethylsulfonyl
fluoride (PMSF), 1 mM 2-mercaptoethanol] per liter LB. Cells
were lyzed by three cycles of freeze–thawing, the addition of
lysozyme and sonification. Cell debris was removed by centri-
fugation at 15 000 g for 20 min at 4�C. The His-tagged TFIIB
protein was precipitated from the supernatant in 40% ammonium
sulfate. After another centrifugation the protein pellet was
dissolved in 5 ml BC200 (20 mM Tris–HCl, pH 7.9, 200 mM KCl,
20% glycerol, 10 µM ZnCl2, 1 mM 2-mercaptoethanol, 1 mM
PMSF) and TFIIB was allowed to bind to the Ni–NTA–agarose
(Qiagen Inc.) for 1 h. After washing the column with BC200
containing 5 mM imidazole the TFIIB protein was eluted in
BC200 buffer containing 100 mM imidazole and directly applied
to an SP-Sepharose column (Pharmacia Biotech Inc.). After
washing this column with BC200, the TFIIB protein was eluted
in BC400 buffer (20 mM Tris–HCl, pH 7.9, 400 mM KCl, 2 mM
EDTA, 20% glycerol, 10 µM ZnCl2, 1 mM 2-mercaptoethanol,
1 mM PMSF). Recombinant GAL4–p65471–551 protein was
expressed in E.coli and purified on Ni–NTA–agarose and heparin–
agarose columns essentially as described (21). Bovine serum

albumin (BSA) was from Boehringer Mannhein Inc. and the
recombinant purified E1A 13S and human TBP proteins were
obtained from Santa Cruz Inc. and Promega Inc.

Surface plasmon resonance analysis

Binding kinetics were determined using a BIAcore  biosensor
system (Pharmacia Biosensor) (22). The GAL4–p65471–551

protein was immobilized on research grade CM5 sensor chips in
10 mM sodium acetate, pH 5.5, using the manufacturer’s amine
coupling kit. Unreacted residues on the surface were blocked by
two washes with 1 M ethanolamine, pH 8.5. Measurements were
peformed in binding buffer (10 mM HEPES, pH 7.9, 5 mM
MgCl2, 150 mM KCl, 10 µM ZnCl2, 0.005% v/v P20) at 25�C
at a flow rate of 20 µl/min. Detailed methods for using this device
are reported elsewhere (23). Data processing was performed with
the BIAevaluation software (Pharmacia, version 2.1). The
dissociation rate constants were measured in flow buffer according
to the equation Rt = R0 e–kdiss(t – t0). In this equation kdiss is the
dissociation rate constant, Rt is the relative response at time t and
R0 is the relative response at the starting time t0. The association
rate constants were calculated from the measured kdiss according
to the equationRt� Req[1–e(kdissC�kdiss)(t–t0)], where Req is the
steady-state response level and C is the molar concentration of the
non-immobilized interacting partners. The dissociation constants
were calculated by dividing kdiss by kass.

Cell culture and transient transfection assays

Monkey COS7 cells were grown at 37�C in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum (FCS)
and 1% penicillin and streptomycin (all from Gibco-BRL,
Eggenstein, Germany). Approximately 5 × 105 exponentially
growing COS7 cells were transfected in suspension as described
(24). The amounts of reporter plasmids and expression vectors
used are given in the figure legends. The eukaryotic expression
vectors pHβAPr-E1A 13S (25), CMV-TBP, CMV-TFIIB (20)
and CMV-p65 (16) have been described previously. The NF-κB-
dependent luciferase reporter plasmids used were HIV-1 (κB)wt
LTR luciferase and HIV-1 (κB)mut LTR luciferase (26). Cells
were harvested and analyzed for activity of the reporter genes 36 h
post-transfection. Cells were washed once with ice-cold phosphate-
buffered saline (PBS) and harvested by scraping with a rubber
policeman and transferred to Eppendorf tubes. After centrifugation
for 3 min at 2000 g the pellet was lyzed by addition of 150 µl 1%
(v/v) Triton X-100, 25 mM glycylglycine, pH 7.8 (adjusted with
KOH), 15 mM MgSO4, 4 mM EGTA, pH 8 (adjusted with KOH),
and 1 mM DTT. The lysates were centrifuged at 4�C and 50 µl
supernatant assayed for luciferase activity. This was performed
by adding 150 µl reaction buffer (25 mM glycylglycine, pH 7.8,
15 mM MgSO4, 30 mM potassium phosphate, pH 7.6, 4 mM
EGTA, 1 mM DTT and 3 mM ATP) and measuring the light
emission in a Microlumat LB96 P luminometer (Berthold). The
luminometer was programed to inject 100 µl 0.3 mg/ml luciferin
(Sigma) and to measure light emission for 30 s after injection.

RESULTS AND DISCUSSION

Binding assays using either the DNA binding domain of the yeast
transcription factor GAL4 or a fusion protein beween GAL4 and
the p65 TAD showed exclusive binding of TFIIB, TBP and E1A
13S to the p65 TAD portion. The GAL4 protein alone displayed
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Figure 1. Reducing SDS–PAGE of the purified proteins. The indicated proteins
were produced in E.coli, purified and analyzed on a 15% SDS gel. The gel was
stained with Coomassie blue. Arrowheads indicate the positions of the proteins.
The molecular masses of the pre-stained protein markers are given in kDa.

no binding activity with any of the p65 TAD binding partners
(10,20,27). In order to study these interactions by plasmon
surface resonance analysis, a GAL4–p65 TAD fusion protein
containing amino acids 471–551 of NF-κB p65 fused to GAL4
and TBP, TFIIB and E1A 13S were expressed and purified from
E.coli. These proteins and the control protein BSA were analyzed
by electrophoresis on a reducing SDS–polyacrylamide gel stained
with Coomassie blue. All proteins migrated roughly according to
their predicted size and were sufficiently pure to subject them to
further analysis using a BIAcore� device (Fig. 1).

The GAL4–p65 TAD protein, which is also a potent activator
of transcription in intact cells, was coupled to the surface of a
sensor chip solely via its GAL4 portion, since the p65 TAD does
not contain any basic amino acids, which are necessary for
covalent attachment of the protein to the sensor chip. Three
different concentrations of GAL4–p65 [719, 872 and 3800
response units (RU)] were immobilized on the gold-coated surface
of three sensor chips. The amount of protein which associates
with the immobilized protein is quantified by measurement of the
surface plasmon resonance signal, from which parameters of the
binding can be calculated. In order to define the conditions
allowing measurement of true and specific protein–protein
interactions, the control protein BSA was dialyzed against
binding buffer containing either 100, 150 or 200 mM salt
respectively. Various concentrations of these dialysates were
injected into flow cells with immobilized GAL4–p65 TAD and
the interactions were measured. In accordance with previous
results obtained from column binding assays (20), no significant
binding of BSA could be measured in binding buffer containing
150 or 200 mM KCl (data not shown). In order to ensure the
specificity of the recorded data, the binding proteins TBP, TFIIB
and E1A 13S were therefore dialyzed against binding buffer
containing 150 mM KCl prior to measurement of the protein–
protein interaction. The injection of binding buffer containing
TFIIB to a sensor chip coated with immobilized GAL4–p65 TAD
protein showed a typical increase in RUs indicative of a binding
reaction (Fig. 2A). Replacement of the TFIIB solution by plain
buffer was followed by rapid dissociation of most of the bound
TFIIB. In a control experiment, no binding of TFIIB was
observed when a sensor chip was used that lacked the GAL4–p65
TAD protein during the coating process (data not shown).
Concentration-dependent binding studies were conducted to allow
calculation of kinetic paramenters. The time- and concentration-
dependent increase in RUs observed during the binding of TFIIB
(Fig. 2A) is indicative of a primarily monophasic reaction, which

Figure 2. Analysis of TFIIB binding to the immobilized GAL4–p65 TAD
protein. (A) Real-time kinetic analysis of binding. For the recording of the
displayed sensogram the following concentrations of TFIIB were used (from
bottom to top): 100, 150, 200, 250, 300 and 330 nM. The two arrows indicate
the beginning and end of injections. (B) Overlay plot of the fitted association
curve and the residual plot of TFIIB protein according to the BIAevaluation
homogeneous A + B � AB model. The dots are displayed by plotting the
statistical residual value on the y-axis against time on the x-axis of the graph.
The randomly scattered residual values around the x-axis are indicative of a
good curve fitting. The curved line represents the experimentally determined
values after plotting time versus RUs, the line representing the calculated ideal
fit. (C) Curve fitting for dissociation of the TFIIB protein according to the
BIAevaluation A + B � AB homogeneous model. Details of the figure legend
are as explained in (B).

A

B

C
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Figure 3. Real-time kinetic analysis of the binding of E1A 13S and TBP to
immobilized GAL4–p65 TAD protein. (A) Sensogram obtained after injection
of 10, 50, 100, 150, 200 and 250 nM (from bottom to top) E1A 13S protein.
(B) Sensogram obtained after injection of increasing amounts (1, 5, 10, 20 and
30 nM) of TBP protein. The two arrows indicate the beginning and end of
injections.

was confirmed by residual plotting. Non-linear analysis of the
appropriate part of the sensorgrams showed good curve fitting to
the homogeneous association model according to the equation
A + B � AB (Fig. 2B). Similarly, dissociation of TFIIB from the
GAL4–p65 TAD protein revealed a monophasic reaction (Fig. 2C).
Using the type 1 association software (BIAevaluation 2.1) the
association rate constant of the interaction between TFIIB and the
GAL4–p65 TAD protein was calculated to be 6.8 ± 0.6 × 104/M/s
and the dissociation rate constant to be 1.6 ± 0.2 × 10–3/s, resulting
in a Kd value of 2.3 × 10–8 M.

The parameters for binding to the immobilizd GAL4–p65 TAD
protein were subsequently recorded for E1A 13S and TBP
respectively (Fig. 3A and B). Both proteins dose-dependently
bound to the TAD of NF-κB p65. Analysis of the binding
parameters of the E1A 13S protein revealed a kass of 4.9 ± 0.5 ×
104/M/s and a kdiss of 1.3 ± 0.4 × 10–3/s (Kd = 2.6 × 10–8 M). The
binding parameters recorded for the interaction between the TBP
protein and immobilized GAL4–p65 TAD differed strongly in
comparison with the other two protein ligands. After omission of
TBP in the binding buffer a significant amount of TBP remained
bound to its substrate protein (Fig. 3B). The stronger interaction
between TBP and its GAL–p65 TAD binding partner was also
evident from the calculated association rate constant of 2.3 ± 0.4
× 106/M/s and the dissociation rate constant of 7.9 ± 0.4 × 10–4/s.
The resulting Kd of 3.4 × 10–10 M revealed a two orders of
magnitude higher affinity of TBP for the p65 TAD when
compared with the binding affinities of TFIIB and E1A 13S. Like
TFIIB, E1A and the TBP also showed monophasic association
and dissociation kinetics, as verified by residual plotting (data not

Figure 4. Binding analysis of E1A 13S and TBP protein mixes to immobilized
GAL4–p65 TAD protein ligand. (A) For the recording of the displayed
sensogram two mixtures of E1A and TBP proteins were analyzed for binding:
100 nM E1A and 20 nM TBP (lower) and 200 nM E1A and 20 nM TBP (upper).
The two arrows indicate the beginning and end of injections. (B) Analysis of
TBP binding to a preformed E1A–GAL4–p65 complex. 100 (lower) and 200
nM E1A protein (upper) were injected onto a sensor chip containing the
immobilized GAL4–p65 protein. After the end of E1A injection 20 (lower) and
30 nM (upper) TBP was injected as indicated on the sensogram. (C) Analysis
of E1A binding to a preformed TBP–GAL4–p65 complex. Twenty (lower) and
30 nM TBP protein (upper) were injected onto a sensor chip containing the
immobilized GAL4–p65 protein, followed by injection of 100 (lower) and 200
nM (upper) E1A protein as shown on the sensogram.

shown). The stronger affinity for TBP is apparently not a feature
of all acidic TADs, since the C-terminal TAD of the yeast GAL4
protein showed a comparable affinity for yeast TBP and yeast
TFIIB (28).

Since E1A can also bind to the TBP protein (27), we next
investigated whether E1A and TBP may form a ternary complex
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Figure 5. Functional interaction of TBP, TFIIB and E1A 13S with NF-κB p65 in transcription activation. COS cells were co-transfected with 1.5 pmol HIV-1 LTR–luc
reporter gene constructs, 1 pmol p65 expression vector and 1 pmol expression vectors encoding binding partners as indicated. Thirty-six hours after transfection cells
were harvested and gene expression was determined. The transcriptional activities are given as fold induction, which was calculated by comparison with the basal level
of transcription of the luc reporter gene alone. The standard deviations obtained from four experiments are given by error bars.

with the GAL4–p65 protein. Therefore, the GAL4–p65 protein
was immobilized on a sensor chip and binding of co-injected E1A
and TBP or a mixture of both proteins was recorded. There was
no significant difference in the binding of a mixture of E1A and
TBP to the immobilized GAL4–p65 protein when compared with
binding of the individual proteins (Fig. 4A). This excludes
formation of a ternary complex being highly favored over
formation of a bimolecular complex. We next tested the binding
of TBP to an already existing complex between GAL4–p65 and
E1A (Fig 4B). Addition of TBP prevented the reduction in RUs
after the end of E1A injection. In a further experiment an already
preformed complex between GAL4–p65 and TBP was not a
preferred target for E1A binding (Fig. 4C). Again, these results
exclude the predominance of a ternary complex over the
bimolecular complex. On the other hand, some ternary complex
formation on the sensor cannot been ruled out, since the binding
characteristics are indistinguishable from a bimolecular model in
which displaced TBP (or E1A) is replaced by available E1A (or
TBP).

The regulatory effects of the three interacting proteins on p65-
dependent transcription were directly compared in co-transfection
experiments. Monkey COS cells were transiently transfected
with luc reporter gene constructs and expression vectors for
NF-κB p65 and the respective interacting proteins (Fig. 5).
Expression of NF-κB p65 and E1A induced transcription of the
κB-dependent luc reporter gene. The transcriptional activity of
p65 was stimulated to comparable amounts by co-expression of
either TBP or E1A 13S. These transcriptional activations were
dependent on integrity of the two κB binding sites in the reporter
gene construct, showing that the observed effects are due to
interactions of the various interacting proteins with NF-κB rather
than with other transcription factors (Fig. 5). The superactivation
of p65-dependent transcription by E1A 13S is due to its
co-activating function. It has previously been shown that the 13S
splice variant of E1A specifically enhanced the transcriptional
activity of a GAL4–p65286–551 fusion protein on a Gal4-dependent
reporter gene (29). Co-expression of TBP also stimulated
transcriptional activity of the GAL4–p65286–551 fusion protein
(data not shown). The stimulatory role of TBP expression on
NF-κB p65-dependent transcription might be simply explained

Figure 6. Model for the simultaneous association of NF-κB p65 TADs with the
co-activating E1A 13S protein and components of the basal transcription
apparatus. The calculated Kd values are given next to the arrows, which
symbolize the different binding affinities. The transcription start site is
indicated.

by limiting amounts of this basal transcription factor in the cell
nucleus. Alternatively, TBP overexpression could compete for
negative transcriptional regulators such as NC2/DR1 or DR1/p19,
which directly contact TBP. Both models can explain the
stimulatory effect of TBP co-expression, which was also seen in
transient transfection experiments on the RAR-β2 promoter
activated by E1A (30). The inability of TFIIB to further enhance
transcription might be due to saturated amounts of this protein or
to more indirect effects. It is known that TBP, TFIIB and E1A 13S
interact with numerous cellular regulatory proteins, including
TAFs and co-activators. Some of these proteins, such as human
TAFII250 and Drosophila TAFII110 are bound by both E1A 13S
and TBP (31). It is quite possible that these associated regulatory
proteins contribute to the observed transcriptional effects.
Potential mechanisms could involve squelching, post-translational
modifications or conformatorial changes within the PIC. On the
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other hand, it is well documented that TBP is crucial for the
functioning of acidic TADs (32,33) and the dual role of E1A 13S
in NF-κB activation is known in some detail (10). The physiological
relevance of interaction between TFIIB and NF-κB p65 is evident
from yeast one-hybrid experiments in intact cells (20).

It has been suggested that simultaneous contact of TADs with
several components of the basal transcription apparatus is the
underlying mechanism for transcription activation and synergistic
effects, as seen in functional and biochemical experiments (34).
In support of this idea, structural studies on the TBP–TFIIB TATA
element ternary complex revealed the presence of exposed
surfaces from both proteins that are accessible for simultaneous
interaction with TADs (35,36), as schematically displayed in
Figure 6. The high affinity of the NF-κB p65 TAD for TBP
suggests that this interaction is of especial structural relevance to
formation of the PIC. The physiological importance of this
interaction is highlighted by the finding that co-transfection of
TBP resulted in stimulation of p65-dependent transcription in
monkey COS cells. The concept that interactions between
activators and the general transcription machinery are important
in vivo was supported by an analysis of a yeast strain mutated in
GAL11P, a protein associated with the RNA polymerase II
complex. The point-mutated GAL11P protein allowed contact
with the DNA binding domain of GAL4, a region that is normally
not involved in transactivation. This interaction led to rescue of
the defunct GAL4 protein and resulted in transcription activation
(37). Further studies showed that covalent or non-covalent fusion
of TBP to a promoter-bound protein lacking a TAD could bypass
the need for an activation domain (32,33). The strong affinity of
TBP for a TAD might possibbly also account for the finding that
the TAD of the VP16 protein could adopt a stable secondary
structure exclusively upon contacting TBP, but not upon contacting
TFIIB (38). It is tempting to speculate that the high affinity of
TBP for the TAD of NF-κB p65 significantly contributes to the
driving force required to target this transcription factor to its
promoter, while the intervening DNA stretch is looped out. In this
scenario the weaker binding TFIIB and E1A 13S proteins would
contribute to this driving force to a significantly lesser extent.
They would rather be important for non-structural functions such
as transcription initiation site selection and stimulation of already
ongoing transcription.
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