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Spl activation of RNA polymerase II transcription 
complexes involves a heat-labile DNA-binding 
component

Peggy J. Farnham1 and Marilyn M. Cornwell2

McArdle Laboratory for Cancer Research1 and Department of Human Oncology,2 University of Wisconsin, 
Madison, Wisconsin

We have identified a component of the eukaryotic RNA polymerase II transcriptional machinery 
that is more heat-labile than TFIID. DHFR transcriptional activity was severely reduced in 40 °C 
heat-treated extracts in which TFIID was fully active. This heat-labile activity was required for the 
transcription of both TATA box and non-TATA box promoters that are activated by the transcrip
tion factor Spl. Gel mobility shifts indicated that Spl DNA binding activity was heat-labile, and 
the addition of purified Spl to 40°C  heat-treated extracts fully restored DHFR transcriptional 
activity. In contrast, the addition of Spl to 47°C  heat-treated extract did not result in transcrip
tional activity from the DHFR promoter. We conclude that reduction in Spl DNA binding activity 
is partially responsible for the heat-sensitive loss of DHFR transcriptional activity, but that a sec
ond essential activity is also inactivated by 47°C  heat-treatment. The discovery of this heat-labile 
component of Spl activation has two important implications in the analysis of transcriptional 
regulation. First, it demonstrates that heat-treated extracts are not appropriate for examination 
of the involvement of TFIID in the transcription of Spl-activated promoters. Second, it explains 
the previously reported low-temperature optima for transcription from the DHFR promoter and 
demonstrates that transcriptional studies of Spl-activated promoters should not be performed at 30°C.

Recent studies have indicated that RNA poly
. merase II promoters contain two elements 

important for positioning polymerase for ac
curate transcription initiation: the TATA box 
located 20-30  bp upstream of the start site, and 
the initiator element located at the start site 
(Sawadogo and Sentenac, 1990; Hariharan and 
Perry, 1990; Smale and Baltimore, 1989; Ayer 
and Dynan, 1988; Means and Farnham, 1990; 
Garfinkel et al., 1990). The relative importance 
of these elements varies in different promot
ers. The major late promoter of adenovirus 2 
(MLP) is influenced by both elements, whereas

the dihydrofolate reductase (DHFR) promoter 
lacks a TATA box but does contain an initiator 
element. Similar to many promoters that lack 
a TATA box, the DHFR promoter is GC-rich. 
Many GC-rich promoters contain multiple bind
ing sites for the transcription factor Spl, with 
one site usually located 40 to 90 bp upstream 
of the transcription initiation site (Kadonaga 
et al., 1986). Spl binds to multiple GGGCGG 
sequence elements and was identified as an ac
tivator of in vitro transcription of the SV40 early 
promoter (Dynan and Tjian, 1983b; Kadonaga 
et al., 1987). The DHFR promoter contains 10
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consensus Spl binding sites (McGrogan et al., 
1985). Partially purified Spl has been shown 
to bind to the four GC boxes nearest to the ini
tiation site and to activate DHFR transcription 
(Dynan et al. 1986). Through deletion analysis, 
we have shown that one Spl site located 60 bp 
upstream of the DHFR initiation site is sufficient 
for accurate transcription (Farnham and Means,
1990). Additionally, the combination of a single 
Spl site and the DHFR initiator element creates 
a functional promoter when inserted into a plas
mid vector (Means and Farnham, 1990). The 
lack of an obvious TATA box and a kinetic analy
sis of DHFR transcription complex formation 
(Farnham and Schimke, 1986; L. J. Schilling, un
published data) suggest thatTFIID does not bind 
to the DHFR promoter region; however, it re
mains possible that TFIID can be involved in 
transcription of the DHFR gene via protein- 
protein interactions. Using an assay that relies 
on the heat-inactivation of TFIID, we asked if 
TFIID can stimulate transcription from non- 
TATA box promoters. We found that cloned 
TFIID was unable to stimulate activity from sev
eral non-TATA box promoters in the 47°C heat- 
treated extract. These studies led to the discov
ery that optimal transcriptional activity from 
some promoters required an activity that was 
more heat-labile than TFIID. Our results indi
cate that the addition of TFIID to 47°C  heat- 
treated extracts cannot reactivate Spl-activated 
promoters that lack a TATA box due to the in
ability of heat-treated Spl to bind DNA.

Materials and methods 

In vitro transcriptions

All reactions contained 100 |ig of HeLa nuclear 
protein, 10 nM DNA, 6 mM MgCL (except for 
MDR1 transcriptions which contained 2 mM 
MgCh), 20 mM Hepes (pH 7.9), and previously 
described buffers and nucleotide concentrations 
(Dignam et al., 1983; Farnham and Kollmar,
1990). Reactions were performed at 24-25°C  
for 30 minutes. Radiolabeled RNA made in vitro 
using SP6 RNA polymerase was included in the 
stop buffer as an internal control to correct for 
recovery of RNA. Signals were quantitated by 
scanning the autoradiographs with an LKB soft 
laser densitometer and integrating the peaks 
with aNumonics Corp. 1224 electronic digitizer. 
One hundred |il aliquots of extract were heat-

treated in a waterbath at 30, 35, 40, or 47°C for 
10 minutes, quickly frozen in liquid nitrogen, 
and stored at -7 0 °C .

Plasmid constructs
Promoter coordinates, restriction enzyme frag
ments, and run-off transcript size for the differ
ent mammalian promoters used in the in vitro 
transcription assays are given in Table 1. All pro
moter constructs have been described previously 
(see Table 1) except for pATS528 and pCMV. 
The construct pATS528 contains sequences ex
tending from - 2 5 9  to +270 of the MLP of 
adenovirus 2 and was created by insertion of 
a TaqI/Sau3A fragment from pLax (Dynan and 
Tjian, 1983) into the AccI and BamHI sites of 
pBSM13+ (Stratagene). The construct pCMV 
contains sequences from -8 0 6  to +15 of the 
CMV promoter inserted into the EcoRI and 
BamHI sites of pUC9. The synthetic promoters 
containing the 21 bp repeats of SV40 plus an 
oligonucleotide for the MLP TATA box (Spl- 
TATA), the 21 bp repeats plus the terminal de- 
oxynucleotidyltransferase (TdT) initiator ele
ment (Spl-Inr), or the TATA oligonucleotide and 
the TdT Inr (TATA-Inr) have been described pre
viously (Smale et al., 1990). The construct pGC 
contains a single Spl consensus binding site 
consisting of the synthetic oligonucleotide 5' 
GATCGGGGCGGGGC 3' and its complement 
inserted into the BamHI site of pUC19. The 
Ndel/Hindlll fragment from pGC was purified 
by electroelution after polyacrylamide gel elec
trophoresis for use in gel mobility shift assays. 
A 38 bp synthetic oligonucleotide consisting 
of sequences from the SV40 promoter spanning 
+ 52 to + 84 (containing three Spl binding sites) 
was also used in gel mobility shift assays.

Gel mobility shift assays

The binding of Spl to DNA was performed as 
previously described (Letovsky and Dynan, 1989) 
with the following modifications. Two gg soni
cated salmon sperm DNA and 100 ng of con- 
catemerized binding sites for either Spl or 
TFIID were incubated with 12 |il of binding 
buffer (7.1 mM Hepes [pH 8.0], 3.6 mM MgCL, 
100 mM KC1, 5.7% glycerol, and 0.03% NP40) 
containing 6 gg nuclear extract for 10 min
utes at 21 °C. Five gl (approximately 0.25 ng) 
of radiolabeled DNA (corresponding to either 
the Ndel/Hindlll fragment from pGC or the 
38 bp double-stranded oligonucleotide con-
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Table 1. Description of promoters.
Genom ic sequences (+1 is the transcription initiation site) present on each template, the size of the transcript, the presence of 
a TATA box, and the num ber of consensus Sp l binding sites are indicated. Templates were prepared by digestion of the plasmid 
DNA with the indicated restriction enzymes.

P rom o te r* Coordinates Transcript TATA Sp i Plasm id Enzymes Reference
DHFR (wt) -3S6/+66 260 No 4 pST410 Pvull Farnham and Means, 1990
DHFR (1 repeat) -87/+S2 290 No 1 pBSpro19 Pvull Farnham and Means, 1990
MDR1 -439/+280 285 No 0 pP3 Pstl/Bglll Cornwell, 1990
REP - 1 90/+270 270 No 6 pRT10- EcoRI/Smal Schilling and Farnham, 1989
CAD -332/+406 436 No 2 pC76B BamHI/Hindlll Farnham and Kollmar, 1990
SV40 early - 1 37/+408 408 Yes 6 pSVS Ndel/Sphl Fromm and Berg, 1982
MLP -259/+270 558 Yes 0 pATS528 Haell t
H2b - 1 75/+520 520 Yes 0 pH2b Hindlll/BamHI Steinberg et at, 1990
IRF -299/+22S 225 No 2 pIRF-CAT Pstl Miyamoto et al., 1988
CMV -806/+15 371 Yes 2 pCMV EcoRI/BamHI t

* The promoters used in this study are as follows: DHFR (from the mouse dihydrofolate reductase gene); MDR1 (from the human multi
drug resistance gene 1); REP (the upstream opposite strand promoter from the mouse DHFR locus that drives the REP1 gene); CAD (from 
the Syrian hamster carbamoylphosphate synthetase-aspartate transcarbamylase-dihydroorotase gene); SV40 early (the sequences driv
ing the simian virus 40 early transcripts); MLP (the sequences driving the major late transcripts of adenovirus 2); H2b (from the histone 
H2b gene); IRF (from the interferon regulatory factor gene 1); CMV (the sequences driving the major immediate early transcripts from 
cytomegalovirus).
t  See Materials and Methods for description of promoter construct.

taining three Spl binding sites from the SV40 
genome) was then added and the incubation 
continued for 10 minutes. The reactions were 
electrophoresed for 90 minutes on a 4% poly
acrylamide gel which had been pre-electro- 
phoresed for 60 minutes. The gel buffer was 
0.25X TBE (Maniatis et al., 1982). The Ndel/ 
Hindlll fragment and the 38 bp oligonucleo
tide were phosphorylated with T4 polynucleo
tide kinase and [y-32P]ATP, as previously de
scribed (Maniatis et al., 1982).

Results

Cloned TFIID cannot activate transcription from
non-TATA box promoters

1
TFIID in HeLa nuclear extract can be inacti
vated by a 10-minute incubation at 47°C with
out inactivating other general transcription 
factors or RNA polymerase II (Nakajima et al., 
1988). Analysis of two non-TATA box promot
ers, dihydrofolate reductase (DHFR) and multi
drug resistance-1 (MDR1), demonstrated that 
their transcription was also reduced in 47°C  
heat-treated extract (Fig. 1). This suggested that 
the heat-treatment inactivated a factor(s) re
quired for DHFR and MDR1 transcription. To 
determine if the inactivated factor(s) was TFIID, 
an amino-octyl-agarose 0.2 M KC1 fraction from 
a HeLa TFIID purification (Nakajima et al., 
1988) and cloned human TFIID (Hoffmann et 
al., 1990) were added to the heat-treated extract.

Both sources of TFIID restored activity for the 
MLP, while transcription from the MDR1 pro
moter was stimulated by the amino-octyl-agarose 
fraction only. Transcription from the DHFR pro
moter was not stimulated by either source of 
TFIID. Similar results were obtained for the non- 
TATA box CAD promoter (P. J. Farnham, un
published results). The differential activation 
of MDR1 and DHFR by the amino-octyl-agarose 
column fraction suggested that an additional 
heat-sensitive activity that could not be substi
tuted for by TFIID was required for DHFR 
transcription.

An activity required for DHFR transcription is 
more heat-labile than TFIID
To determine if DHFR transcription had the 
same sensitivity to heat-treatment as TFIID in
activation, the transcriptional activity of the 
MLP and the DHFR promoter was examined 
in nuclear extracts that had been heat-treated 
for 10 minutes at 30, 35, 40, or 47°C (Fig. 2). 
The MLP was fully active in the 40 °C heat- 
treated extract, but was inactive in the 47°C  
heat-treated extract. In contrast, transcription 
from the DHFR promoter was reduced in the 
30, 35, and 40°C  heat-treated extracts. This in
creased sensitivity to heat-treatment suggested 
that the DHFR promoter required an activity 
that was more heat-labile than TFIID. Thus, it 
was not possible for TFIID to reactivate tran
scription of DHFR due to the additional require
ment for the heat-labile activity.
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Figure 1. Cloned TFIID cannot reactivate correctly initiated transcription from non-TATA box prom oters in heat- 
treated nuclear extracts. Transcriptions were perform ed on the MLP (lanes 1 -4 ), the DHFR (lanes 5 -8 ), and the 
MDR1 (lanes 9 -1 2 )  prom oters. The bands corresponding to correctly initiated transcription are marked with an 
arrowhead. T he type of H eLa nuclear extract and the source o f TFIID is indicated above the lanes.
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Figure 2. A heat-labile activity is required for DHFR transcription. The run-off transcripts from the MLP (lanes 
1 -5 ) and the D H FR p rom oter (lanes 6 -1 0 )  are shown in the control and heat-treated nuclear extracts.
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Many promoters utilize the heat-labile activity

To determine if the heat-labile activity was a 
general factor for the class of non-TATA box pro
moters, we examined a collection of promoters 
that either contained or lacked a consensus 
TATA box (Table 1). Each promoter was first 
transcribed in unheated control extract to en
sure that transcripts corresponding to the cor
rect initiation site were obtained (Fig. 3A). Analy
sis of the promoters in heat-treated extracts 
demonstrated that they fell into two distinct 
classes (Fig. 3B). The activity from the MLP, H2b, 
and MDR1 promoters was not reduced by 40 °C 
heat-treatment of the nuclear extract. However, 
the activity from the DHFR, CAD, SV40 early, 
CMV, REP, and IRF promoters was greatly re
duced in the 40°C heat-treated extract. The abil
ity of heat-treated extracts to transcribe the 
different promoters did not correlate with the 
overall activity of the promoters, nor did it cor
relate with the presence or absence of a con
sensus TATA box.

The existence of a heat-labile activity explains 
our previous finding that DHFR transcription 
is maximal at 24°C (Farnham and Schimke, 
1986), a temperature much lower than 30°C  
which is normally used for in vitro transcrip
tion assays. Although the temperature optima 
for transcription from all the promoters exam
ined have not been determined, a low temper
ature optimum for transcription has also been 
observed for the CAD promoter (Farnham and 
Kollmar, 1990), for the REP promoter (L. J. 
Schilling, unpublished data), and for the CMV 
promoter (P. J. Farnham, unpublished data). It 
is probable that the low temperature require
ment for optimal transcription is at least par
tially due to a heat-labile activity used by this 
class of promoters, but not by the MLP. Tran
scription from the MDR1 promoter does not 
require the heat-labile activity and has a tem
perature optimum between 28°C and 37°C  
(Cornwell, 1990). This temperature optimum 
is higher than the optima for DHFR and CAD, 
but close to the 30°C temperature optimum 
reported for the MLP (Dignam et al., 1983).

It is important to note that the involvement 
of this heat-labile activity in the transcription 
of a promoter may not be apparent if transcrip
tions are performed at 30°C, due to the inac
tivation of the heat-labile activity during the 
preincubation of template and extract. Tran

scription from the CMV promoter at both 24°C  
and 30 °C was examined in the different heat- 
treated extracts (Fig. 3C). A 15-minute pre
incubation of template DNA and extract was 
allowed for complex formation before the ad
dition of nucleotides, followed by a 15-minute 
reaction time. Although the sensitivity of CMV 
transcription to the heat-treatment was obvi
ous at transcriptions performed at 24°C, very 
little difference was detected when transcrip
tions were performed at 30 °C. In fact, the level 
of CMV promoter activity in transcription re
actions performed at 30°C using the unheated 
extract was approximately the same as the level 
in reactions performed at 24°C using extract 
that had been pre heated at 40°C for 10 min
utes. It should be noted that preincubation at 
30 °C of template DNA and extract for longer 
than 15 minutes results in even greater inacti
vation of the heat-labile factor, resulting in cor
respondingly less transcriptional activity (R J. 
Farnham, unpublished data).

The presence of Spl binding sites correlates 
with heat sensitivity

If a specific DNA sequence element correlated 
with the heat sensitivity, then deletion of this 
element from the promoter region should re
duce the heat sensitivity of that construct. We 
have previously mapped the DNA regulatory 
elements of the DHFR promoter (Farnham and 
Means, 1990) and could thus test specific con
structs that lack individual protein binding sites. 
The promoter construct that was used in the 
initial heat sensitivity assays contains four 48 
bp repeats (each of which contain a binding 
site for Spl), a regulatory element that spans 
-1 1  to +10 (a binding site for HIP1), and a pro
tein binding site that spans +46 to + 56 (Fig. 4A). 
Promoter constructs specifically mutated at each 
of these sites were then tested in the heat-treated 
extracts (Fig. 4B). Mutation of the HIP1 site re
duced overall DHFR transcriptional activity but 
did not result in decreased heat sensitivity. Re
activation of 35°C heat-treated nuclear extract 
confirmed that HIP1 is not the heat-labile fac
tor since a flowthrough fraction from a DHFR 
initiator element-DNA oligonucleotide column 
contained the heat-labile activity, but the frac
tions having HIP footprinting activity did not 
(P. J. Farnham, unpublished data). Deletion of 
the DSE (the protein binding site in the 5' un-
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Figure 3. Transcriptional activity o f different prom oters in the heat-treated extracts. A. T he band corresponding  
to the correctly initiated transcript from  each p rom oter in control extract is indicated by the arrowhead in each  
lane. The transcriptional activity o f all prom oters can be directly com pared, except for the activity o f the REP 
tem plate which was analyzed on a separate gel. Size markers in bp are at the left for lanes 1 -9  and at the right 
for lane 10. B. Transcriptional responses o f all the prom oters in the heat-treated extracts. C. Transcriptional re
sponse in the heat-treated extracts o f the CMV prom oter in reactions perform ed at 2 4 °C  or 30°C . T he activity 
is graphed relative to the activity o f the CMV p rom oter in reactions perform ed at 2 4 °C  in the control extract. 
In these reactions, tem plate DNA and extract were preincubated for 15 minutes to allow com plex form ation p rior 
to the addition o f nucleotides.
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Figure 4. Analysis of mutant DHFR promoters. The 
transcriptional responses of different DHFR promoter 
mutants in the heat-treated extracts is shown. Transcrip
tional activity in the different extracts is graphed rel
ative to the activity of the same construct in the control 
extract. The overall activity of the HIP mutant and the 
DSE mutant in control extract is approximately 10-20% 
of the wildtype signal in control extract. The activity 
of the one repeat mutant in control extract is 50% of 
the activity of the wildtype construct in control extract.

translated region) again reduced transcriptional 
activity of the DHFR promoter, but also did 
not decrease the heat sensitivity of the DHFR 
promoter. However, deletion of three of the four 
Spl sites reduced the heat sensitivity of the 
promoter, suggesting that Spl was involved in 
the heat sensitivity. Deletion of all four Spl 
sites results in a non functional DHFR promoter 
(Farnham and Means, 1990); therefore we could 
not determine the heat sensitivity of a DHFR 
promoter construct that lacks all Spl sites. How
ever, the fact that deletion of three Spl sites 
reduced the heat sensitivity, whereas deletion 
of the other binding sites increased the heat 
sensitivity of the DHFR promoter, suggested 
that Spl sites were involved.

Inspection of the other promoters examined 
revealed that although reduced transcription 
in the 40°C heat-treated extract did not corre
late with the presence or absence of a TATA 
box, it did correlate with the presence of an 
Spl consensus binding site (Table 1). In general, 
promoters that have many Spl sites (such as

SV40 early and REP) are more heat-sensitive 
than promoters that have only a few Spl sites 
(such as the one repeat DHFR construct and 
CMV). However, because each of the promot
ers tested is very different, we could not di
rectly determine if the same DNA binding pro
tein was the heat-labile activity. We therefore 
tested a series of synthetic promoters either con
taining or lacking Spl sites (Fig. 5). First, syn
thetic promoters consisting of Spl sites activat
ing two different initiator elements were tested. 
The construct denoted Spl-TATA consists of a 
restriction fragment containing the 21 bp re
peats of SV40 inserted upstream of a consen
sus TATA box, whereas the construct denoted 
Spl-Inr contains the same region from SV40 
inserted upstream of the TdT initiator element 
(Smale et al., 1990). Both Spl-TATA and Spl-Inr 
were heat-sensitive, again demonstrating that 
the heat-labile activity is required for both TATA 
and non-TATA box promoters. However a con
struct containing a consensus TATA box up
stream of the TdT Inr denoted TATA-Inr (Smale 
et al., 1990) did not require the heat-labile 
activity. Similar to MLP, MDR1, and H2B, tran
scription from TATA-Inr increased after heat- 
treatment of the extract.

The ability of Spl to bind DNA is reduced in 
the heat-treated extracts
The correlation between Spl sites and heat sen
sitivity suggested that some component of Spl

temperature of heat-treatment (°C)

Figure 5. Synthetic promoters demonstrate that the 
heat-labile activity is required for Spl activity. The tran
scriptional responses in the heat-treated extracts of syn
thetic promoters containing Spl sites activating tran
scription from a TATA box (Spl-TATA) or an initiator 
element (Spl-Inr) are compared to the response of a 
synthetic promoter that lacks Spl sites (TATA-Inr).
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Figure 6. Binding of Spl to DNA is heat- 
sensitive. A 278 bp N del/H indlll frag
ment containing a single Spl consensus 
site (A) or a 38 bp synthetic oligonucleo
tide containing 3 Spl sites from the SV40 
prom oter (B) were used in gel mobility 
shift assays with control extract and ex
tracts that had been heat-treated for 10 
minutes at 30, 35, 40, o r 47°C . All reac
tions contained 100 ng of concatem er- 
ized oligonucleotides of the sequence 
AATTCTATAAAAGCG except for lanes 
C* which contained 100 ng o f concatem- 
erized Spl binding site oligonucleotides 
of the sequence GATCGGGGCGGGGC. 
Five ng o f purified Spl were added to 
the 4 7 °C  heat-treated extract in the last 
lane of B. The results from  two separate  
gel mobility shift experim ents for each  
probe were averaged, and the relative 
binding activity (com pared to the activ
ity in the control extract) was graphed  
in C.

activation m ight be p erturbed  by the heat- 
treatm ent. T herefore, we exam ined the ability 
o f S p l to bind to DNA in the heat-treated  ex 
tracts. A 278  bp DNA fragm ent containing a 
single Spl consensus site (Fig. 6A) and a 38  bp 
SV40 DNA sequence oligonucleotide co n ta in 
ing three Spl binding sites (Fig. 6B) were used  
in gel m obility shift assays. T h e DNA fragm ents  
m igrated  with a slower m obility after incuba
tion with control H eLa n uclear extract, d em o n 
strating that a protein  bound to each fragm ent. 
This binding activity was shown to be due to 
Spl since it could be co m p eted  by an oligonu
cleotide consisting o f  concatem erized Spl bind
ing sites (lanes C *), but not by an oligonucleo
tide consisting o f concatem erized TFIID binding 
sites (lanes C). T he ability o f Spl to bind to these  
DNA fragments was severely reduced in the heat- 
treated  extracts (Fig. 6C), suggesting that loss 
o f  Spl DNA binding activity was responsible  
for the reduction  in transcriptional activity o f  
the heat-sensitive prom oters. To determ ine if 
the h eat-treatm ent had activated an inhibitor 
o f S p l binding, purified S p l was added to the  
4 7 °C  heat-treated  extract (Fig. 6B, lane 4 7 °  
+ S p l). Since Spl could bind to the DNA when

added after heat-treatm ent, this suggested that 
Spl itself was inactivated and that the loss in 
activity in the heat-treated  extracts was not due 
to an inhibitor o f Spl binding.

Reactivation of transcriptional activity in 
heat-treated extracts by Spl

Since purified Spl could bind to DNA when 
added to a heat-treated  extract, this led us to 
test w hether the addition o f S pl could restore  
transcriptional activity from  the D H FR  p ro 
m oter in the heat-treated extracts. Control, 40°C , 
and 4 7 °C  heat-treated  extracts were exam ined  
for activity from  the D H FR  p ro m o ter before  
and after the addition o f 10 ng o f  purified Spl 
(Fig. 7A). T h e addition o f  Spl could restore full 
D H FR  transcriptional activity to the 40  °C  heat- 
treated  extract, dem onstrating that the inacti
vation o f Spl was responsible for the loss o f  
activity from  the D H FR  prom oter. In contrast, 
the addition o f Spl did not result in D H FR  p ro 
m o ter activity in the 4 7 ° C heat-treated  extract, 
suggesting that an oth er essential com ponent 
o f the transcriptional m achinery was inactivated  
in this extract. We have not yet been successful 
in restoring D H FR  transcriptional activity to
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Figure 7. Addition of purified Spl to heat-treated extracts. A. The transcriptional response of the D H FR p ro
m oter was examined in control extracts and extracts heated for 10 minutes at 40  or 47°C . The reactions were sup
plemented with purified Spl as indicated. The correctly initiated transcript is indicated by the arrow. B. The tran 
scriptional response of the SplTATA prom oter was examined in control extracts and extracts heated for 10 minutes 
at 40 or 47°C . The reactions were supplemented with purified human Spl or bacterially expressed yeast TFIID  
as indicated. The correctly initiated transcript is indicated by the arrow.

the 4 7 °C  heat-treated  extract by the addition  
o f TFIID  plus Spl (data not shown), suggesting  
that as yet an oth er factor, e ith er instead o f or 
in addition to TFIID, is required  to restore  
D H FR  transcriptional activity to 4 7 °C  heat- 
treated  extracts.

We next tested w hether the addition o f Spl 
to the heat-treated  extracts could restore tran 
scription from  the SplTATA p rom oter (Fig. 7B). 
First, control and 4 0 °C  heat-treated extracts were 
exam ined for activity from  the SplTATA p ro 
m oter before and after the addition  o f  purified  
Spl. T h e addition o f Spl could restore full S p l
TATA p ro m o ter activity from  the 4 0 °C  heat- 
treated  extract. O thers have shown that the ad 
dition o f yeast TFIID can restore activity to 47°C  
heat-treated  extracts for Spl-activated  p ro m o t
ers such as E1B (Schm idt et al., 1989) and S p l
TATA (Sm ale et al., 1990). We have rep rod uced  
the results for SplTATA (Fig. 7B) which again  
d em onstrate that the addition o f yeast TFIID  
alone can restore SplTATA transcription  in the 
4 7 °C  heat-treated extract. T h e addition o f both  
Spl and TFIID  to the 4 7 °C  heat-treated  extract  
also restored  high levels o f  activity; however, 
transcription  was not increased above the sig
nal detected  by the addition o f  TFIID  alone. 
Finally, the addition o f Spl to the 4 7 °C  heat- 
treated  extract resulted in a small am ount o f  
correctly  initiated transcription from  SplTATA,

suggesting that accu rate  initiation could occur, 
albeit at a low level, w ithout the addition o f  
TFIID.

Discussion

O u r experim ents provide evidence for the ex
istence o f a heat-labile activity o f the eukary
otic RNA polym erase II transcriptional m a
chinery required  for tran scrip tion  o f several 
prom oters that either contain (CMV, SV40 early) 
o r lack (D H FR, CAD, IRF, R EP) a TATA box. Im 
portantly, all o f these prom oters con tain  co n 
sensus binding sites for the transcription  fac
tor S pl, suggesting that som e com ponent o f Spl 
activation is the heat-sensitive activity. Since 
purified Spl can restore activity to 4 0 °C  heat- 
treated  extracts for both the D H FR  and the  
SplTATA prom oters, this indicates that heat- 
treatm ent has not activated an inhibitor o f Spl 
function. Instead, the activity o f the Spl p ro 
tein itself has been reduced. T he transcriptional 
effects o f Spl are m ediated  through the bind
ing o f Spl to DNA via a zinc finger m otif  
(K adonaga et al., 1987), and activation o f  tran 
scrip tion  through glutam ine-rich  dom ains 
(Courey et al., 1988). O u r d ata  suggest that one  
o f these functions has been im paired  in heat- 
treated  extracts.

We have shown that heat-treated  Spl is de-
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ficient in DNA binding activity. Gel mobility 
shift assays revealed that protein binding to Spl 
consensus sequences is not detectable after heat
ing the extract to 47°C. DNAse I footprinting 
studies also indicated that protein binding to 
the Spl consensus sites in the DHFR promoter 
is eliminated after 47°C heat-treatment of HeLa 
nuclear extract (A. L. Means, unpublished data). 
This reduction of binding to the Spl sites in 
heat-treated extracts correlates well with the 
transcriptional profile of promoters that are ac
tivated by Spl. The ability of Spl to bind DNA 
could be reduced by either differential protein 
modification in the heat-treated extracts or by 
a heat-induced conformational change in a DNA 
binding domain. Spl has been shown to be post- 
translationally modified by glycosylation and 
phosphorylation. However, neither the extent 
of glycosylation nor the degree of phosphoryla
tion affects binding of Spl to DNA (Jackson and 
Tjian, 1988; Jackson et al., 1990). Spl is phos- 
phorylated by a DNA-activated protein kinase 
(Jackson et al., 1990, Carter et al., 1990, Lees- 
Miller et al., 1990). This protein kinase is fairly 
stable to heat-treatment in the absence of DNA 
(greater than 25% activity remains after incu
bation for 10 minutes at 50°C), but it displays 
an increased rate of inactivation in the presence 
of DNA. In contrast, the heat-sensitivity of Spl- 
activated promoters is stabilized by the addition 
of template DNA to the extract during the heat- 
treatment (R. Kollmar, unpublished data). Thus, 
the loss of DNA binding activity of the heat- 
inactivated Spl is probably not due to changes 
in the extent of glycosylation or phosphoryla
tion of Spl. Spl is present in HeLa cells in two 
forms that bind DNA with low versus high affin
ity (Kadonaga et al., 1988). The region of Spl 
that confers high affinity binding is distinct from 
the zinc finger region required for sequence- 
specific, low affinity binding. It is possible that 
heat-treatment has altered one or both of these 
DNA binding domains. Disruption of high af
finity binding might result in a form of Spl that 
could no longer bind stably to the promoter 
construct under in vitro transcription condi
tions. Alternatively, conformational changes in 
the zinc finger region may result in loss of 
sequence-specific DNA binding ability.

We cannot directly assess the effects of heat- 
treatment on the Spl activation domains. How
ever, promoters that contain Spl sites plus a 
TATA box are active in 47°C heat-treated ex

tracts after addition of TFIID. For example, the 
E1B promoter, containing a single Spl site and 
a TATA box, and the synthetic Spl-TATA pro
moter can be reactivated by the addition of yeast 
TFIID to 47°C heat-treated extracts (Schmidt 
et al., 1989; Smale et al., 1990). We have shown 
that addition of active Spl to the 47°C heat- 
treated extract along with yeast TFIID does not 
result in activity from the Spl-TATA promoter 
above that seen by the addition of TFIID alone. 
There are at least two explanations for these 
results. One explanation for the transcriptional 
activity from Spl-TATA in the 47°C heat-treated 
extract after addition of TFIID is that activity 
from this promoter may not depend upon activa
tion by Spl. Smale et al. (1990) have shown that 
a construct containing only a TATA box is active 
after addition of yeast TFIID to heat-treated ex
tract. Thus, it is possible that heat-inactivation 
may have impaired Spl DNA binding and ac
tivation functions, and that the activity from 
the Spl-TATA promoter in 47°C heat-treated ex
tracts supplemented with TFIID is simply the 
result of basal transcription driven by the TATA 
box.

The second possibility is that, in contrast to 
the DNA binding function, the ability of Spl 
to activate transcription may not be significantly 
affected by the heat-treatment. If so, then heat- 
treated Spl may be able to activate transcription 
if it is recruited into a transcription complex 
via direct or indirect interactions with another 
DNA binding factor such as TFIID (Pugh and 
Tjian, 1990). A mechanism of Spl activation 
that is independent of DNA binding is not un
precedented, since a DNA binding-deficient 
mutant of Spl has been previously shown to 
interact with bound Spl to superactivate tran
scription (Courey et al., 1989). If Spl and TFIID 
interact (either directly or indirectly), then per
haps the addition of either Spl or TFIID to the 
47°C heat-treated extract could lead to transcrip
tion from the Spl-TATA promoter. Accordingly, 
we found that the addition of Spl to the 47°C  
heat-treated extract did restore a very small 
amount of accurate initiation from the Spl -TATA 
promoter, suggesting that perhaps Spl was 
bringing a DNA-binding deficient TFIID into 
the transcription complex. The failure to restore 
full activity could be due to the heat-inactivation 
of a TFIID function other than DNA binding. 
The ability of Spl to recruit TFIID into a tran
scription complex could be tested directly in
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reconstitution experiments using TFIID DNA 
binding mutants. Alternatively, the kinetics of 
Spl binding to and dissociation from the tem
plate may not be optimal for formation of a 
stable transcription complex in the absence of 
TFIID binding. In contrast to TFIID which dis
sociates from the DNA with a half-life of 1 hour 
at 25°C, Spl dissociates very rapidly with a half
life of 1 minute at 25°C (Schmidt et al., 1989). 
Thus, the binding of Spl alone may not be suffi
cient to create a stable transcription complex.

We have shown that accurate initiation from 
the DHFR promoter in 47°C heat-treated ex
tract cannot be restored by TFIID, and others 
have published similar results using the Spl- 
Inr promoter (Smale et al., 1990). Further, the 
addition of Spl plus yeast TFIID also does not 
restore accurate initiation from the DHFR pro
moter in 47°C heat-treated extract (data not 
shown), suggesting that at least one additional 
component has been inactivated by the heat- 
treatment that cannot be restored by the ad
dition of Spl or TFIID. Thus, determining the 
involvement of TFIID in the transcriptional reg
ulation of the DHFR gene must await further 
characterization of the components required 
to reactivate DHFR transcription.

In conclusion, the characterization of a heat- 
labile Spl DNA binding activity has two im
portant implications in the analysis of tran
scriptional regulation. First, these experiments 
demonstrate that 47°C heat-treated extracts are 
not optimal for analysis of the involvement of 
TFIID in the transcription of promoters that 
are dependent on Spl-activation. Heat-treat
ment at 47°C  does not selectively inactivate 
TFIID, but also destroys the ability of Spl to 
bind to DNA. This inactivation of the DNA bind
ing ability of Spl by heat-treatment is helpful 
in understanding the inconsistencies that have 
been reported regarding the ability of TFIID 
to activate Spl-driven promoters (Smale et al., 
1990). If binding of Spl is absolutely required 
for activity of a promoter, it cannot be trans
cribed in the 47°C heat-treated extract simply 
by the addition of TFIID. However, if Spl is just 
one of several activator proteins utilized by a 
promoter, then it may be possible to restore ac
tivity for that promoter by addition of TFIID 
to 47°C  heat-treated extracts. Second, our re
sults suggest that studies of the transcriptional 
regulation of Spl-activated promoters should 
not be performed at 30°C (the temperature at

which many investigators perform transcription 
reactions) because at least one important com
ponent of the complex (Spl binding) will be 
inactivated. Our results explain the previously 
reported observation that DHFR (Farnham and 
Schimke, 1986) and CAD (Farnham and Koll- 
mar, 1990) transcription is optimal at temper
atures lower than 30°C. We have also confirmed 
that transcription from the REP and CMV pro
moters is greater at 24°C than at 30°C. It is likely 
that many Spl-activated promoters will have 
similar temperature optima.
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