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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 polym@§saS8)
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 HelLa cell nuclear extract (NEd) with purified
human Spl, indicating that pAS8 promoter activity is dependent upon Spl. 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 compley ékBembly as well as

by enhancing the rate of promoter clearanig. (There was no significant effect of Sp1 on the apparent
rate of open complex (RlPformation ) of the pAS8 promoter. These studies define more precisely the
kinetic mechanisms by which Spl may regulate the rate of transcript formation of a TATA-containing

promoter.

Gene expression in eukaryotic cells is regulated in part at an ATP-dependent isomerization of DNA template to form

the level of transcriptional initiation, which involves a series
of site-specific proteifDNA and proteinprotein interactions
(1—3). To begin RNA synthesis by RNA polymerase Il
(RNA pol I)! at the transcription initiation site, several basal
factors and RNA pol Il itself bind to a promoter in a multistep
process to form a preinitiation compleX)( In TATA-
containing promoters, TFIID binds first to a TATA-core
element to nucleate the transcription initiation site, followed

an open preinitiation complex (RRand step Il 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 Spl is a member of the zinc
finger family of transcription factors and binds to DNA at a
consensus GC-box sequentd)( There are three other Sp1-
related proteins, known as Sp2, Sp3, and S%} 1§. The

by the binding of a series of basal factors in a highly ordered Sp1 family members are ubiquitously expressed. These

fashion @).

factors are glutamine- and serine/threonine-rich proteins that

Regulated expression of genes utilizing the basal transcrip-have similar DNA-binding specificity, but display differential
tion apparatus is achieved using several upstream activatorsffects on gene regulatiori 7—19). Among these, Sp1l is

that participate in the transcription initiation proce$3. (

the best studied factor, and is known to activate many GC-

Transcriptional initiation is a complex process, which consists hox-containing viral and cellular promoter80-23). Spl
of three distinct steps, as described by McClure with regard interacts with the transcription preinitiation complex through

to prokaryotic gene regulatior6), Step | of the transcrip-

the TFIID-complex with specific binding to TATA-associ-

tional initiation process is described for assembly of tran- ated factors (TAF)Z4).

scription factors on the promoter at the transcription start

site to form a closed preinitiation complex (PStep Il is
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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
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gene (TdT; a TATA-containing promoter) does not activate
the apparent rate constant for RBssembly K;). 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, RP
complexes. Although transcription initiation is a multistep
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process, the observations derived from these studies wereanitiation model is given below:
limited to step | of transcription initiation, i.e., RBssembly.

Whether the increased amount of Spl-mediated transcript k, k, k,
formation was also partially mediated by the enhanced R + P & RP, - RP, —» Transcript
apparent rate of RFormation ;) and/or an enhanced rate k,  NTPs

K

i B
of promoter clearancekd) is not known. Step] Step 1l Step IIl

In the present investigation, we used a three-step kinetic
model of transcription initiation to determine the quantitative

effect of Spl on the activation of a TATA-containing . w0 constark; = association rate constarkt, ; =

chimeric DNA polymerasg (8-pol) promoter (pASB). The dissociation rate constank, = rate constant for open
results discussed in this paper provide a basis for understand-

ing and evaluating the effect of Sp1 on the kinetic parametersComplex formation, andg = rate constant for promoter

where R= RNA pol Il, P = promoter,Kg = equilibrium

D - clearance.
of the transcription initiation of a TATA-containing promoter. A quantitative analysis of the influence of Sp1 on the rate
MATERIALS AND METHODS constants of transcription initiation was carried out as

described previously for the ATF/CREB-dependent activation

PlasmidsThe nucleotide sequences of the pAS8 promoter of the pSH15 promoterd( 10. Data analyses and presenta-
have been derived from a TIS-CAT construct in which the tions were carried out with Kaleidagraph (Synergy Software)
far distal Sp1 site was removed, leaving one distal Sp1 site or Sigma Plot (Jandel Scientific).
(9). The proximal Sp1 site of the TIS-CAT was replaced = KMnO, Footprinting of Open Preinitiation Complex (RP
with a TATA element, and thg-pol promoter initiation site Formation.The KMnGQ, footprinting assay for RFformation
of the TIS-CAT was replaced with the adenovirus major late was performed as described earligr(1). Briefly, the in
promoter (MLP) initiation siteq, 15. The pAH1 construct  vitro runoff transcription assay with pAS8 plasmid, NEd, or
(derived from the pAS8 promoter) serves as a control in NEd supplemented with purified Sp1 was set up as described
which the remaining Sp1 site of the pAS8 promoter was above. After a 30 min preincubation at 26 to form RR,
deleted. The 5ends of these promoters were linked to a 400uM dATP was added and preincubation was continued
vector with theHindlIl site, and the 3ends were joined to  for different periods A 6 mM KMnO, solution was then
CAT-reporter gene coding sequences. The detailed structuresidded to each tube, and the reaction mixture was incubated
of these promoters are shown in Figure 1. for 4 min at 37°C. The DNA was purified, and the KMn©

In Vitro Runoff Transcription AssayleLa cell (S3, from modified T residue at the-1 position of the “transcrib<_ad
ATCC) nuclear extract was prepared by the procedure of Strand” of the pAS8 promoter was analyzed by primer
Shapiro et al.Z6). Sp1-depleted NE (NEd) was prepared as €xtension using DNA polymerase | (Klenow fragment). The
described by Jackson and Tjia7}. Human recombinant ~ Selection of primer and characterization of the KMnO
Spl was obtained from Promega. Plasmid DNA substratesfootprinting assay were the same as described ealjeid).
were linearized withPuull to generate a 180 nt runoff
transcript with pAS8 and pAH1 promoters. In vitro transcrip- RESULTS
tion reactions were carried out at 26 in a final volume of Transcriptional Actiation of pAS8 Promoter Is Dependent
25 uL containing 20 mM Hepes (pH 7.9), 2 mM DTT, 6.5 upon Sp1lin these studies, we used pAS8, a chimgisol
mM MgCly, 65 mM KCI, 10% glycerol (v/v), 20 units of  promoter, to examine the effects of Spl on the kinetic
RNasin (Promega), and 3@g of NE, NEd, or NEd  parameters of transcription initiation of a TATA-containing
supplemented with Sp1. One microgram of plasmid DNA promoter. The pAS8 promoter was constructed from a TIS-
was added to the reaction mixture and preincubated fer 30 CAT promoter @), which contains a TATA-box and an
45 min to form closed preinitiation complexes (@RPAfter initiation site derived from the adenovirus MLP and a single
preincubation, transcription was initiated by addition of ATP, Sp1-binding site. The control plasmid, pAH1, lacks the Sp1-
GTP, UTP (500uM each), CTP (2%«M), and 10uCi of binding site, but retains the MLP-derived TATA-box and
[a-32P]CTP (800 Ci/mmol, DuPont, NEN). Sarkosyl was initiation site (Figure 1). A HeLa cell nuclear extract-based
added (0.25%, w/v) 2 min after the addition of NTPs, to in vitro transcription assay system was used in these studies.
limit the reaction to single-cycle transcript formation by For some experiments, the nuclear extract was depleted of
preventing reinitiation events. Transcription was stopped after Sp1 as described by Jackson and Tji@¥)( In these
the indicated period with a solution containing 0.2 M Tris- preparations, more than 90% of the Sp1 protein was removed
HCI (pH 7.5), 25 mM EDTA (pH 8), 2% SDS (w/v), and  from the NE, as determined by gel-shift analysis (data not
15 ug of torula yeast RNAY). Deviation from (or modifica- shown).
tion of) these transcription conditions is indicated in the  To examine the effect of Spl on the transcriptional
figure legends. Runoff transcripts were separated on a 6%activation of the pAS8 promoter, in vitro transcription was
polyacrylamide/8 M urea gel, which was dried and exposed carried out with NE, NEd (Spl-depleted NE), or NEd
to X-ray film. Autoradiograms were quantified with an  supplemented with purified Spl. Synthesis of the runoff
Imager (Appligene) and analyzed by VISAGE electrophore- transcript was greater from pAS8 using NE as a source of
sis gel analysis system (Millipore). transcription factors than when using NEd (Figure 2A, lanes

A three-step kinetic modeb( 9, 10 was used to determine 1 and 2). The pAH1 promoter, on the other hand, has a
the effects of Sp1l on each of the three stages of transcriptionsimilar (and lower) level of activity with either NE or NEd
initiation, i.e., RR assembly, RPformation and promoter  (Figure 2A, lanes 3 and 4), which is consistent with the basal
clearance. A general scheme for this minimum transcription level of transcription observed with TATA-box-containing
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TIS-CAT
Sp1 Sp1 ATF/CRE TATA
5'- GCCCCGCCCC GCCCCGCCCG GGACGCGTGA CGTCACAACA GGCTATAAAA

GGGGGTGGGG GCATGCCTCG TCCTCACTCT CTTCCCGGCC GCGCCGGCGC

TGGGTTGCTC -3
pAS8-CAT

Sp1 TATA
5'- GCCCCGCCCC GCACAACA GGCTATAAAA

—
GGGGGTGGGG GCATGCCTCG TCCTCACTCT CTTCCCGGCC GCGCCGGCGC

TGGGTTGCTC -3
PAH1-CAT

TATA
5'- CACAACA GGCTATAAAA

GGGGGTGGGG GCATGCCTCG TCCTCACTCT CTTCCCGGCC GCGCCGGCGC

TGGGTTGCTC -3

Ficure 1: Structures of the CAT-reporter constructs. Nucleotide
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initiation of the pAS8 promoter. Based on these results, a
concentration of 50 nM Spl was used in the future experi-
ments.

Apparent Rate Constant for RRssembly (§ of pAS8
Promoter Is Not Affected by Spl, but the Formation of
Functional RR 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 4, 11, 12, 24, 29, 30 Since RR
assembly is a slow proces$, (3)), it is possible that the
Spl could enhance the recruitment of factors on the promoter
and increase the amount of transcript formation.

To examine these possibilities, the kinetic parameters of
Spl-mediated RPformation 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 RR formed, a single-cycle runoff transcript

sequences of the promoter constructs pAS8 and pAH1 are given,reaction was carried out, and the amount of product was

which are derived from TIS-CAT, a chimeric construct of thpol
promoter. The transcription start sites are denoted with arrows.

A B pass

pAS8 pAH1

20 F

Al

4 Lane
- NE
+

Run-off Transcript

5 6

NEd + + + + +
Sp1 (nM) - 10 20 50 100

FiGure 2: Transcriptional activation of pAS8 promoter by Spl.
Panel A: pAS8 and pAH1 promoter activity with NE (lanes 1 and

L

measured (Figure 3). The data were fitted to a single binding
model to determine the apparent rate constant fog RP
assemblyl;) and the amount of RFPormed Q). The results
indicate that Sp1 did not significantly change the apparent
rate of RR assembly on the pAS8 promoter (Figure 3C,
compare promoter activity with and without Sp1). However,
a 3-fold increase in the amount of RFormation was
observed when transcription reactions with pAS8 were
carried out in the presence of NEd supplemented with 50
nM Sp1l versus NEd alone (Figure 3C). These results suggest
that Spl increased the amount of RBsembly on the pAS8
promoter without changing the apparent rate of recruitment
(ky). Similar results indicating that a TATA-containing
promoter increased Spl-mediated recruitment (amount) of
RP; were reported previousiylB).

Apparent Rate Constantfjkfor Open Complex Formation
(RR,) of pAS8 Promoter Is Unchanged by SpAfter
establishing that Sp1 enhances the amount gff&Puitment

3) or NEd (lanes 2 and 4), respectively, is shown. Arrow denotes onto the pAS8 promoter, we further examined its effects on
location of 180 nt runoff transcript. Panel B: To examine the effects the succeeding steps of transcription initiation, i.e., the
of Spl on the transcriptional activity of the pAS8 promoter, the apparent rate of open complex formatiée) @nd/or promoter

transcription assay was assembled with increasing amounts of h L
recombinant human Spl (lanes-@ 10, 20, 50, and 100 nM, clearancel(s). In prokaryotic systems, it is well documented

respectively). The runoff transcript levels were quantified and that activator proteins regulate gene expression by affecting
plotted in arbitrary densitometric units. Data are mearSE of the binding constani), k», or ks (6, 32—34). Recently, in

three independent experiments. eukaryotic systems we have used a similar kinetic model to
promoters 9, 28. This indicates that Spl is required for describe the role of an ATF/CREB protein in the transcrip-
maximal activity of the pAS8 promoter. To examine whether tional regulation of the pSH15 promote®,(10. The

the decreased activity of the pAS8 promoter using NEd was experimental approach used in the present study was similar
due to lack of Sp1, we performed transcription assays whereto that utilized for the study of ATF/CREB. A time course
purified Sp1 was added to the NEd and the runoff transcript for transcript formation was generated with pAS8 and NEd
was measured. The results showed that the addition ofor with NEd supplemented with 50 nM Sp1. In this protocol,
purified Spl to NEd restored the decreased pAS8 promoterthe nuclear extracts, plasmids, and NTPs were added at ‘0’
activity in a dose-dependent manner (Figure 2B, lane8)3 time. At different time points, aliquots were removed from
These results indicate that activation of pAS8 promoter is the preincubation mixture, and runoff transcripts were
dependent upon Spl. After addition of 50 nM Sp1l, there measured. To determitg the data were fitted to an equation
was a consistent 4-fold increase in pAS8 promoter activity which describes a lag phase followed by a linear phase using
(Figure 2B, lane 5). The pAS8 promoter activity with 100 nonlinear least-squares metho@ @A distinct lag in runoff

nM Spl was lower (Figure 2B, lane 6) than with 50 nM transcript formation with pAS8 promoter was observed,
Sp1l (Figure 2B, lane 5), which may be due to a squelching followed by a steady-state rate of transcript formativ)(
effect of Sp1 at higher concentrations on the transcriptional (Figure 4A). The observel, for the pAS8 promoter with



Kinetic Analysis of Sp1-Mediated Gene Regulation

A. Protocol:

NEd Time course NTP
Sp1 —_ = s —

P Sarkosyl Stop
pASS8

B

(min) 1 7.51530456090 1 7.51530 4560 90

!
180 nt —» ...”Q

! .
1 23 456 7 8 91011121314

NEd NEd + 50 nM.Sp1
C s
. Amount of | (min)
5- [ RP, formed
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2 r —©—NEd + Sp1 10.5 0.007
§ .
- 41
Y
¥
?
c 2¢
=]
o L
0' PRI U S R T N SN S SN T N ST T T S N T 'l
0O 20 40 60 80 100

Time (min)

Ficure 3: Spl-mediated recruitment of RB increased on pAS8
promoter. Panel A: Spl-mediated assembly of R&s examined

by incubating the pAS8 plasmid with NEd plus/minus 50 nM Sp1l
(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.

NEd (0.11 min?; without Sp1) or with NEd supplemented
with Sp1 (0.09 mint) was similar.

To further examine whether Sp1 affekts we performed
KMnO, footprinting of RR formation. In this assay system,
KMnQ, reacts selectively wita T residue in single-stranded
DNA and produces hypersensitivity at the T residue after
primer extension with Klenow fragmerit). In the previous

Biochemistry, Vol. 39, No. 4, 20021

A. Time course B. KMnO, footprinting
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Ficure 4: Effect of Spl on the rate of open complex formation
(k;) 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 Spl. 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 ©). The kinetic parameters lagqfs relaxation time required
for RP; to RR, transition = 1/k;) and the steady-state rate of
transcript formation \{ss runoff transcript/min= [RP]ks) were
determined as describe8, (10. Panel B: KMnQ footprinting for
Spl-dependent opening of the initiation site of pAS8 promoter
during RR formation. The RPwas assembled with pAS8 plasmid
and NEd (lanes 15) or with NEd supplemented with 50 nM Sp1l
(lanes 6-10) for 30 min. Then 40«M dATP was added, and
incubation was continued for different periods before probing with
KMnO,4. The dATP incubation time is given on the top of each
panel. The hypersensitive T residue at thg position is shown
by the arrow.

0

0 10 40 50

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

Although Sp1 did not affeck, for the pAS8 promoter,
the apparent steady-state rate of transcript formatiQp (
was significantly increased for both (Figure 4A). Sinég
is a function of [REB] and ks, andk, did not contribute to
the observed increase in Spl-mediated transcript formation,
then Spl may increasés either by increasing [RfPor by
increasingks, or both. It is expected that the amount of RP
will be similar to the amount of RRassembled 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 RRnd RR were increased by
purified ATF/CREB protein from MNNG-treated HeLa cells,
while no increase irk; occurred 10). Thus, in the present

studies, we have characterized this technique by measuringstudies, the most likely explanation for the increased

hypersensitivity of the+1T residue of the “transcribed
strand” as a function of RFformation @, 10. The reaction
mixture was assembled for RFormation with pAS8
plasmid, NEd, or NEd supplemented with 50 nM Sp1. Then

would be an increase iks.

Effect of Sp1 on the Apparent Rate of Promoter Clearance
(ks) of pAS8 PromotefTo examine the effects of Spl &
of the pAS8 promoter, a time course of transcript formation

dATP was added, and the incubation was continued for was generated starting from R@, 10. RP. was assembled

different periods. Although thig/, of RP, formation is about
2.5 min 1), we incubated for longer periods (10 min) to
convert most of the RPto RR,, and then probed with

with NEd for 30 min, and then dATP was added to form
RP,. Transcription was initiated with preassembled, Rl
adding NTPs and incubating plus/minus 50 nM Sp1 (Figure

KMnO,. The results are shown in Figure 4B. When measured 5A). The amount of 180 nt runoff transcript was measured

as a function of time after dATP addition, we observed no
significant difference in the appearance of KMnyper-
sensitivity at thet1T residue in the absence (lanesS) or
presence of 50 nM Spl (lanes-60). Thus, the KMn@
footprinting results are consistent with the kinetic results

after different periods (Figure 5B). Since Spl was added to
the reaction mixture after RWwas formed, any Spl-mediated
difference in the rate of transcript formation will be a function
of ks, andk; is insensitive to Spl. The results indicate that
the rate of pAS8 promoter clearance was 3-fold higher in
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A. Protocol:

NEd
pAS8

B

Sp1
—— dATP ——= 0p . — Time course
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Ficure 5: Spl-mediated activation of the apparent rate of promoter
clearancel(z) of the pAS8 promoter. The protocol fé&g determi-
nation is given in panel A. RRvas assembled with pAS8 plasmid
and NEd plus/minus 50 nM Sp1. After 30 min preincubation, 400
uM dATP was added to the transcription mixture, and preincubation
was continued for an additional 5 min to allow the conversion of
RP; into RR,. Sp1 and NTPs were then added to the transcription
mixture, and a time course of transcript formation was determined.

0 10 40 50

A representative autoradiogram is shown in panel B. The data were

fitted into computer-derived curves (panel C) to deternkin®ata
are derived from two independent experiments.

the presence of NEd supplemented with Spl1 than in the
presence of NEd alone (Figure 5C). Sitgés also a function

of V&J[RNA pol II] and the concentration of RNA pol Il in
our assay system is approximately 1.5 nM, the rate of
transcript formation per minuteV{) with NEd or NEd
supplemented with 50 nM Sp1 will be 0.015 and 0.060 nM,
respectively. The Spl-mediated increasdjof the pAS8

promoter was similar, and also corresponded to the amount

of RP.. These results suggest thatRIBsembled 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
chimeric-pol promoter (pAS8) were examined. For TATA-

less promoters, it has been suggested that Sp1 interacts wit

the TFIID complex via a heat-labile tethering factdb( 39.

On the other hand, in most of the TATA-containing
promoters, the TFIID complex nucleates the transcription
initiation site @). A similar effect was observed on the Sp1-
mediated increase in the recruitment of Rid the pAS8
promoter (Figures 2 and 3). The rate constant for, RP

assembly by Spl was unchanged for pAS8 promoter. Our

results on Spl-mediated recruitment of R¥Ad the rate of
RP. assembly of the pAS8 promoter are in agreement with
those reported by Yean and GrallB3]. Under our experi-

Narayan and Wilson

mental conditions, the presence of Spl may be required
during preincubation to have an effect on the recruitment of
RP.. 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 procesd.(). 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 formatioky) with pAS8 promoter.
Furthermore, the rate of promoter cleararicg ¢f the pAS8
promoter was increased by Sp1, suggesting that the overall
rate of transcript formation of a TATA-containing promoter
is regulated by Spl both by increasing the amount of RP
assembled and by stimulating the rate of promoter clearance.
The latter effect of Spl 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 TAfand
TAFss subunits of the TFIID complex3@, 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 clearan8&8, (4J.
However, when Spl enters into the transcription initiation
process after RAs formed (or remains present during RP
assembly but is activated after RB formed) of TATA-
containing promoters where all these basal factors are present
in the RR, it may influence the activity of the preexisting
factors by modulating their proteiprotein 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 Spl. 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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