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ABSTRACT: Using a HeLa cell nuclear extract (NE)-based in vitro runoff transcription system, we have
examined the effect of Sp1 on the activation of a TATA-containing chimeric DNA polymeraseâ (pAS8)
promoter. The results demonstrated that the TATA element-dependent basal activity of the pAS8 promoter
was stimulated 4-fold by supplementation of a Sp1-depleted HeLa cell nuclear extract (NEd) with purified
human Sp1, indicating that pAS8 promoter activity is dependent upon Sp1. A detailed kinetic analysis
based on a three-step kinetic model of transcription initiation showed that Sp1 stimulates the activity of
the pAS8 promoter by increasing the amount of closed preinitiation complex (RPc) assembly as well as
by enhancing the rate of promoter clearance (k3). There was no significant effect of Sp1 on the apparent
rate of open complex (RPo) formation (k2) of the pAS8 promoter. These studies define more precisely the
kinetic mechanisms by which Sp1 may regulate the rate of transcript formation of a TATA-containing
promoter.

Gene expression in eukaryotic cells is regulated in part at
the level of transcriptional initiation, which involves a series
of site-specific protein‚DNA and protein‚protein interactions
(1-3). To begin RNA synthesis by RNA polymerase II
(RNA pol II)1 at the transcription initiation site, several basal
factors and RNA pol II itself bind to a promoter in a multistep
process to form a preinitiation complex (4). In TATA-
containing promoters, TFIID binds first to a TATA-core
element to nucleate the transcription initiation site, followed
by the binding of a series of basal factors in a highly ordered
fashion (3).

Regulated expression of genes utilizing the basal transcrip-
tion apparatus is achieved using several upstream activators
that participate in the transcription initiation process (5).
Transcriptional initiation is a complex process, which consists
of three distinct steps, as described by McClure with regard
to prokaryotic gene regulation (6). Step I of the transcrip-
tional initiation process is described for assembly of tran-
scription factors on the promoter at the transcription start
site to form a closed preinitiation complex (RPc). Step II is

an ATP-dependent isomerization of DNA template to form
an open preinitiation complex (RPo), and step III is promoter
clearance. Activator proteins may regulate a target gene’s
expression by influencing any one or more of these steps
(7-13).

The transcriptional activator Sp1 is a member of the zinc
finger family of transcription factors and binds to DNA at a
consensus GC-box sequence (14). There are three other Sp1-
related proteins, known as Sp2, Sp3, and Sp4 (15, 16). The
Sp1 family members are ubiquitously expressed. These
factors are glutamine- and serine/threonine-rich proteins that
have similar DNA-binding specificity, but display differential
effects on gene regulation (17-19). Among these, Sp1 is
the best studied factor, and is known to activate many GC-
box-containing viral and cellular promoters (20-23). Sp1
interacts with the transcription preinitiation complex through
the TFIID-complex with specific binding to TATA-associ-
ated factors (TAF) (24).

It has been suggested that activators may enhance the rate
of transcription by enhancing recruitment of basal transcrip-
tion factors onto the promoter and by altering the conforma-
tion of prebound factors, thus modulating their activator or
suppressor activity (7). In a recent study, Yean and Gralla
(13) examined the kinetics of RPc assembly and showed that
the GC element of the terminal deoxynucleotidyl transferase
gene (TdT; a TATA-containing promoter) does not activate
the apparent rate constant for RPc assembly (k1). They
showed that Sp1 stabilized the binding of an essential factor,
which may have enhanced the stability of the prebound
factors, producing increased numbers of functional RPc

complexes. Although transcription initiation is a multistep
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process, the observations derived from these studies were
limited to step I of transcription initiation, i.e., RPc assembly.
Whether the increased amount of Sp1-mediated transcript
formation was also partially mediated by the enhanced
apparent rate of RPo formation (k2) and/or an enhanced rate
of promoter clearance (k3) is not known.

In the present investigation, we used a three-step kinetic
model of transcription initiation to determine the quantitative
effect of Sp1 on the activation of a TATA-containing
chimeric DNA polymeraseâ (â-pol) promoter (pAS8). The
results discussed in this paper provide a basis for understand-
ing and evaluating the effect of Sp1 on the kinetic parameters
of the transcription initiation of a TATA-containing promoter.

MATERIALS AND METHODS

Plasmids.The nucleotide sequences of the pAS8 promoter
have been derived from a TIS-CAT construct in which the
far distal Sp1 site was removed, leaving one distal Sp1 site
(9). The proximal Sp1 site of the TIS-CAT was replaced
with a TATA element, and theâ-pol promoter initiation site
of the TIS-CAT was replaced with the adenovirus major late
promoter (MLP) initiation site (9, 15). The pAH1 construct
(derived from the pAS8 promoter) serves as a control in
which the remaining Sp1 site of the pAS8 promoter was
deleted. The 5′ ends of these promoters were linked to a
vector with theHindIII site, and the 3′ ends were joined to
CAT-reporter gene coding sequences. The detailed structures
of these promoters are shown in Figure 1.

In Vitro Runoff Transcription Assay.HeLa cell (S3, from
ATCC) nuclear extract was prepared by the procedure of
Shapiro et al. (26). Sp1-depleted NE (NEd) was prepared as
described by Jackson and Tjian (27). Human recombinant
Sp1 was obtained from Promega. Plasmid DNA substrates
were linearized withPVuII to generate a 180 nt runoff
transcript with pAS8 and pAH1 promoters. In vitro transcrip-
tion reactions were carried out at 25°C in a final volume of
25 µL containing 20 mM Hepes (pH 7.9), 2 mM DTT, 6.5
mM MgCl2, 65 mM KCl, 10% glycerol (v/v), 20 units of
RNasin (Promega), and 30µg of NE, NEd, or NEd
supplemented with Sp1. One microgram of plasmid DNA
was added to the reaction mixture and preincubated for 30-
45 min to form closed preinitiation complexes (RPc). After
preincubation, transcription was initiated by addition of ATP,
GTP, UTP (500µM each), CTP (25µM), and 10µCi of
[R-32P]CTP (800 Ci/mmol, DuPont, NEN). Sarkosyl was
added (0.25%, w/v) 2 min after the addition of NTPs, to
limit the reaction to single-cycle transcript formation by
preventing reinitiation events. Transcription was stopped after
the indicated period with a solution containing 0.2 M Tris-
HCl (pH 7.5), 25 mM EDTA (pH 8), 2% SDS (w/v), and
15 µg of torula yeast RNA (9). Deviation from (or modifica-
tion of) these transcription conditions is indicated in the
figure legends. Runoff transcripts were separated on a 6%
polyacrylamide/8 M urea gel, which was dried and exposed
to X-ray film. Autoradiograms were quantified with an
Imager (Appligene) and analyzed by VISAGE electrophore-
sis gel analysis system (Millipore).

A three-step kinetic model (6, 9, 10) was used to determine
the effects of Sp1 on each of the three stages of transcription
initiation, i.e., RPc assembly, RPo formation and promoter
clearance. A general scheme for this minimum transcription

initiation model is given below:

where R) RNA pol II, P ) promoter,KB ) equilibrium
association constant,k1 ) association rate constant,k-1 )
dissociation rate constant,k2 ) rate constant for open
complex formation, andk3 ) rate constant for promoter
clearance.

A quantitative analysis of the influence of Sp1 on the rate
constants of transcription initiation was carried out as
described previously for the ATF/CREB-dependent activation
of the pSH15 promoter (9, 10). Data analyses and presenta-
tions were carried out with Kaleidagraph (Synergy Software)
or Sigma Plot (Jandel Scientific).

KMnO4 Footprinting of Open Preinitiation Complex (RPo)
Formation.The KMnO4 footprinting assay for RPo formation
was performed as described earlier (9-11). Briefly, the in
vitro runoff transcription assay with pAS8 plasmid, NEd, or
NEd supplemented with purified Sp1 was set up as described
above. After a 30 min preincubation at 25°C to form RPc,
400µM dATP was added and preincubation was continued
for different periods. A 6 mM KMnO4 solution was then
added to each tube, and the reaction mixture was incubated
for 4 min at 37°C. The DNA was purified, and the KMnO4-
modified T residue at the+1 position of the “transcribed
strand” of the pAS8 promoter was analyzed by primer
extension using DNA polymerase I (Klenow fragment). The
selection of primer and characterization of the KMnO4

footprinting assay were the same as described earlier (9, 10).

RESULTS

Transcriptional ActiVation of pAS8 Promoter Is Dependent
upon Sp1.In these studies, we used pAS8, a chimericâ-pol
promoter, to examine the effects of Sp1 on the kinetic
parameters of transcription initiation of a TATA-containing
promoter. The pAS8 promoter was constructed from a TIS-
CAT promoter (9), which contains a TATA-box and an
initiation site derived from the adenovirus MLP and a single
Sp1-binding site. The control plasmid, pAH1, lacks the Sp1-
binding site, but retains the MLP-derived TATA-box and
initiation site (Figure 1). A HeLa cell nuclear extract-based
in vitro transcription assay system was used in these studies.
For some experiments, the nuclear extract was depleted of
Sp1 as described by Jackson and Tjian (27). In these
preparations, more than 90% of the Sp1 protein was removed
from the NE, as determined by gel-shift analysis (data not
shown).

To examine the effect of Sp1 on the transcriptional
activation of the pAS8 promoter, in vitro transcription was
carried out with NE, NEd (Sp1-depleted NE), or NEd
supplemented with purified Sp1. Synthesis of the runoff
transcript was greater from pAS8 using NE as a source of
transcription factors than when using NEd (Figure 2A, lanes
1 and 2). The pAH1 promoter, on the other hand, has a
similar (and lower) level of activity with either NE or NEd
(Figure 2A, lanes 3 and 4), which is consistent with the basal
level of transcription observed with TATA-box-containing
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promoters (9, 28). This indicates that Sp1 is required for
maximal activity of the pAS8 promoter. To examine whether
the decreased activity of the pAS8 promoter using NEd was
due to lack of Sp1, we performed transcription assays where
purified Sp1 was added to the NEd and the runoff transcript
was measured. The results showed that the addition of
purified Sp1 to NEd restored the decreased pAS8 promoter
activity in a dose-dependent manner (Figure 2B, lanes 3-6).
These results indicate that activation of pAS8 promoter is
dependent upon Sp1. After addition of 50 nM Sp1, there
was a consistent 4-fold increase in pAS8 promoter activity
(Figure 2B, lane 5). The pAS8 promoter activity with 100
nM Sp1 was lower (Figure 2B, lane 6) than with 50 nM
Sp1 (Figure 2B, lane 5), which may be due to a squelching
effect of Sp1 at higher concentrations on the transcriptional

initiation of the pAS8 promoter. Based on these results, a
concentration of 50 nM Sp1 was used in the future experi-
ments.

Apparent Rate Constant for RPc Assembly (k1) of pAS8
Promoter Is Not Affected by Sp1, but the Formation of
Functional RPc Is Increased.In a purified reconstituted
transcription system, it has been reported that activators bind
to their consensus DNA sequences and then participate in
preinitiation complex assembly by interacting with basal
transcription factors (7, 11, 12, 24, 29, 30). Since RPc
assembly is a slow process (9, 31), it is possible that the
Sp1 could enhance the recruitment of factors on the promoter
and increase the amount of transcript formation.

To examine these possibilities, the kinetic parameters of
Sp1-mediated RPc formation were examined using the
following transcription conditions. The TATA-containing
promoter on pAS8 was preincubated with NEd or with NEd
supplemented with 50 nM Sp1. After different periods, an
aliquot of the preincubation mixture was removed, and
transcription was initiated with NTPs. To determine the
amount of RPc formed, a single-cycle runoff transcript
reaction was carried out, and the amount of product was
measured (Figure 3). The data were fitted to a single binding
model to determine the apparent rate constant for RPc

assembly (k1) and the amount of RPc formed (9). The results
indicate that Sp1 did not significantly change the apparent
rate of RPc assembly on the pAS8 promoter (Figure 3C,
compare promoter activity with and without Sp1). However,
a 3-fold increase in the amount of RPc formation was
observed when transcription reactions with pAS8 were
carried out in the presence of NEd supplemented with 50
nM Sp1 versus NEd alone (Figure 3C). These results suggest
that Sp1 increased the amount of RPc assembly on the pAS8
promoter without changing the apparent rate of recruitment
(k1). Similar results indicating that a TATA-containing
promoter increased Sp1-mediated recruitment (amount) of
RPc were reported previously (13).

Apparent Rate Constant (k2) for Open Complex Formation
(RPo) of pAS8 Promoter Is Unchanged by Sp1.After
establishing that Sp1 enhances the amount of RPc recruitment
onto the pAS8 promoter, we further examined its effects on
the succeeding steps of transcription initiation, i.e., the
apparent rate of open complex formation (k2) and/or promoter
clearance (k3). In prokaryotic systems, it is well documented
that activator proteins regulate gene expression by affecting
the binding constant (KB), k2, or k3 (6, 32-34). Recently, in
eukaryotic systems we have used a similar kinetic model to
describe the role of an ATF/CREB protein in the transcrip-
tional regulation of the pSH15 promoter (9, 10). The
experimental approach used in the present study was similar
to that utilized for the study of ATF/CREB. A time course
for transcript formation was generated with pAS8 and NEd
or with NEd supplemented with 50 nM Sp1. In this protocol,
the nuclear extracts, plasmids, and NTPs were added at ‘0’
time. At different time points, aliquots were removed from
the preincubation mixture, and runoff transcripts were
measured. To determinek2, the data were fitted to an equation
which describes a lag phase followed by a linear phase using
nonlinear least-squares methods (9). A distinct lag in runoff
transcript formation with pAS8 promoter was observed,
followed by a steady-state rate of transcript formation (Vss)
(Figure 4A). The observedk2 for the pAS8 promoter with

FIGURE 1: Structures of the CAT-reporter constructs. Nucleotide
sequences of the promoter constructs pAS8 and pAH1 are given,
which are derived from TIS-CAT, a chimeric construct of theâ-pol
promoter. The transcription start sites are denoted with arrows.

FIGURE 2: Transcriptional activation of pAS8 promoter by Sp1.
Panel A: pAS8 and pAH1 promoter activity with NE (lanes 1 and
3) or NEd (lanes 2 and 4), respectively, is shown. Arrow denotes
location of 180 nt runoff transcript. Panel B: To examine the effects
of Sp1 on the transcriptional activity of the pAS8 promoter, the
transcription assay was assembled with increasing amounts of
recombinant human Sp1 (lanes 3-6: 10, 20, 50, and 100 nM,
respectively). The runoff transcript levels were quantified and
plotted in arbitrary densitometric units. Data are mean( SE of
three independent experiments.
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NEd (0.11 min-1; without Sp1) or with NEd supplemented
with Sp1 (0.09 min-1) was similar.

To further examine whether Sp1 affectsk2, we performed
KMnO4 footprinting of RPo formation. In this assay system,
KMnO4 reacts selectively with a T residue in single-stranded
DNA and produces hypersensitivity at the T residue after
primer extension with Klenow fragment (11). In the previous
studies, we have characterized this technique by measuring
hypersensitivity of the+1T residue of the “transcribed
strand” as a function of RPo formation (9, 10). The reaction
mixture was assembled for RPc formation with pAS8
plasmid, NEd, or NEd supplemented with 50 nM Sp1. Then
dATP was added, and the incubation was continued for
different periods. Although thet1/2 of RPo formation is about
2.5 min (11), we incubated for longer periods (10 min) to
convert most of the RPc to RPo, and then probed with
KMnO4. The results are shown in Figure 4B. When measured
as a function of time after dATP addition, we observed no
significant difference in the appearance of KMnO4 hyper-
sensitivity at the+1T residue in the absence (lanes 1-5) or
presence of 50 nM Sp1 (lanes 6-10). Thus, the KMnO4
footprinting results are consistent with the kinetic results

described above, suggesting that Sp1 does not affectk2 of
the pAS8 promoter (Figure 2A).

Although Sp1 did not affectk2 for the pAS8 promoter,
the apparent steady-state rate of transcript formation (Vss)
was significantly increased for both (Figure 4A). SinceVss

is a function of [RPo] and k3, andk2 did not contribute to
the observed increase in Sp1-mediated transcript formation,
then Sp1 may increaseVss, either by increasing [RPo] or by
increasingk3, or both. It is expected that the amount of RPo

will be similar to the amount of RPc assembled on both types
of promoters. A similar observation was found in our
previous studies with the pSH15 promoter (an ATF/CREB-
dependent TATA-containing chimeric promoter). In those
studies, the amounts of RPc and RPo were increased by
purified ATF/CREB protein from MNNG-treated HeLa cells,
while no increase ink2 occurred (10). Thus, in the present
studies, the most likely explanation for the increasedVss

would be an increase ink3.

Effect of Sp1 on the Apparent Rate of Promoter Clearance
(k3) of pAS8 Promoter.To examine the effects of Sp1 onk3

of the pAS8 promoter, a time course of transcript formation
was generated starting from RPo (9, 10). RPc was assembled
with NEd for 30 min, and then dATP was added to form
RPo. Transcription was initiated with preassembled RPo by
adding NTPs and incubating plus/minus 50 nM Sp1 (Figure
5A). The amount of 180 nt runoff transcript was measured
after different periods (Figure 5B). Since Sp1 was added to
the reaction mixture after RPo was formed, any Sp1-mediated
difference in the rate of transcript formation will be a function
of k3, andk2 is insensitive to Sp1. The results indicate that
the rate of pAS8 promoter clearance was 3-fold higher in

FIGURE 3: Sp1-mediated recruitment of RPc is increased on pAS8
promoter. Panel A: Sp1-mediated assembly of RPc was examined
by incubating the pAS8 plasmid with NEd plus/minus 50 nM Sp1
(Protocol). Panel B: An autoradiograph of a time course experi-
ment. At different time points, aliquots of the reaction mixture were
removed, NTPs were added, and single-cycle runoff transcription
was carried out in the presence of 0.25% (w/v) sarkosyl. Panel C:
The data from panel B were quantified and fitted into computer-
derived theoretical hyperbolic curves. Data shown are arbitrary
densitometric units from two different experiments.

FIGURE 4: Effect of Sp1 on the rate of open complex formation
(k2) of pAS8 promoter. Panel A: Time course of transcript
formation. Transcript formation was measured at various time
intervals with pAS8 promoter in the presence of NEd plus/minus
50 nM Sp1. NTPs were added to initiate the reaction at ‘0’ time.
Runoff transcripts were quantified in arbitrary densitometric units.
The solid lines represent computer-derived theoretical curves based
upon the best fit of the data to a mathematical equation as described
earlier (9). The kinetic parameters lag (τobs, relaxation time required
for RPc to RPo transition ) 1/k2) and the steady-state rate of
transcript formation (Vss, runoff transcript/min) [RPo]k3) were
determined as described (9, 10). Panel B: KMnO4 footprinting for
Sp1-dependent opening of the initiation site of pAS8 promoter
during RPo formation. The RPc was assembled with pAS8 plasmid
and NEd (lanes 1-5) or with NEd supplemented with 50 nM Sp1
(lanes 6-10) for 30 min. Then 400µM dATP was added, and
incubation was continued for different periods before probing with
KMnO4. The dATP incubation time is given on the top of each
panel. The hypersensitive T residue at the+1 position is shown
by the arrow.
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the presence of NEd supplemented with Sp1 than in the
presence of NEd alone (Figure 5C). Sincek3 is also a function
of Vss/[RNA pol II] and the concentration of RNA pol II in
our assay system is approximately 1.5 nM, the rate of
transcript formation per minute (Vss) with NEd or NEd
supplemented with 50 nM Sp1 will be 0.015 and 0.060 nM,
respectively. The Sp1-mediated increase ink3 of the pAS8
promoter was similar, and also corresponded to the amount
of RPc. These results suggest that RPc assembled with pAS8
is strongly stabilized by Sp1, which leads to a quantitative
increase in promoter clearance.

DISCUSSION

In the present investigation, the mechanism of Sp1 action
and its influence on kinetic parameters of a TATA-containing
chimericâ-pol promoter (pAS8) were examined. For TATA-
less promoters, it has been suggested that Sp1 interacts with
the TFIID complex via a heat-labile tethering factor (35, 36).
On the other hand, in most of the TATA-containing
promoters, the TFIID complex nucleates the transcription
initiation site (3). A similar effect was observed on the Sp1-
mediated increase in the recruitment of RPc on the pAS8
promoter (Figures 2 and 3). The rate constant for RPc

assembly by Sp1 was unchanged for pAS8 promoter. Our
results on Sp1-mediated recruitment of RPc and the rate of
RPc assembly of the pAS8 promoter are in agreement with
those reported by Yean and Gralla (13). Under our experi-

mental conditions, the presence of Sp1 may be required
during preincubation to have an effect on the recruitment of
RPc. This is consistent with previous reports where the
interaction of Sp1 with basal factors is required to stimulate
transcription (24, 35, 37-40).

ATF/CREB, in its phosphorylated form, is a transcriptional
activator protein which has been shown to influence the
overall rate of transcript formation of a TATA-containing
promoter (pSH15) by influencing more than one step of the
transcription initiation process (10). Therefore, in this study,
potential roles for Sp1 at all stages of transcription initiation
were examined. Our results suggest that Sp1 did not influence
the rate of open complex formation (k2) with pAS8 promoter.
Furthermore, the rate of promoter clearance (k3) of the pAS8
promoter was increased by Sp1, suggesting that the overall
rate of transcript formation of a TATA-containing promoter
is regulated by Sp1 both by increasing the amount of RPc

assembled and by stimulating the rate of promoter clearance.
The latter effect of Sp1 on a TATA-containing promoter is
similar to that of ATF/CREB (10). Thus, activators may
influence the rate of transcript formation of TATA-containing
promoters at multiple steps of the transcription initiation
process.

The involvement of activator proteins at one or more steps
of transcription initiation can be explained by their interac-
tions with different basal factors. For example, when Sp1 is
present during preincubation, it may recruit and stabilize
basal factors through its interaction with the TAF110 and
TAF55 subunits of the TFIID complex (39, 40). Furthermore,
the TFIID complex also interacts with the TFIIE and TFIIH
complexes, which may be involved in the regulation of gene
transcription at the step of promoter clearance (39, 41).
However, when Sp1 enters into the transcription initiation
process after RPo is formed (or remains present during RPc

assembly but is activated after RPo is formed) of TATA-
containing promoters where all these basal factors are present
in the RPc, it may influence the activity of the preexisting
factors by modulating their protein‚protein interactions and
stimulating promoter clearance. These possibilities can be
tested with a purified reconstituted transcription system.

In summary, we have provided a simple three-step kinetic
model, and compared the kinetic parameters of transcription
initiation of a TATA-containing promoter in the presence
and absence of Sp1. Thus, the effect of the transcription
activator Sp1 on these parameters has been defined, to better
understand the mechanism by which Sp1 modulates the rate
of transcript formation.
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