
Purification and Biochemical Characterization 
Of the Promoter-Specific Transcription 

Factor, Sp l  

The biochemical analysis of cellular trans-activators in- 
volved in promoter recognition provides an important 
step toward understanding the mechanisms of gene 
expression in animal cells. The promoter selective tran- 
scription factor, Spl, has been purified from human cells 
to more than 95 percent homogeneity by sequence- 
specific DNA affinity chromatography. Isolation and re- 
naturation of proteins purified from sodium dodecyl 
sulfate polyacrylamide gels allowed the identification of 
two polypeptides (105 and 95 kilodaltons) as those 
responsible for recognizing and interacting specifically 
with the GC-box promoter elements characteristic of Spl 
binding sites. 

I N HIGHER EUKARYOTIC CELLS, REGULATION OF GENE EX- 

pression is often mediated by turning on and off RNA synthesis 
in a temporally ordered manner. Although the mechanisms of 

transcriptional regulation are as yet not fully understood, studies in 
vitro have shown that a number of auxiliary transcription factors are 
required to reconstitute accurate initiation of transcription. Bio- 
chemical and genetic analysis suggests that for synthesis of messen- 
ger RNA by RNA polymerase 11, promoter selectivity involves the 
interaction of multiple cellular factors that recognize and bind to 
specific DNA sequences located within the promoter regions of 
eukaryotic genes. It is likely that both temporal regulation and tissue 
specificity of transcription are governed by the action of these 
cellular DNA binding proteins (1). 

The promoter-specific transcription factor, Spl ,  was first detected 
in HeLa cells on the basis of its ability to activate the SV40 early 
promoter (2). Subsequently it was shown that Spl  recognizes and 
binds selectively to a GC-rich decanucleotide sequence (GC box) 
present as six tandem copies in the SV40 early promoter (3). Spl  
interacts with its recognition sites by forming protein-DNA contacts 
in the major groove of the DNA. In the SV40 promoter, each 
binding site occurs once per turn of the DNA helix, and the five 
highest affinity sites are occupied by protomers of Spl  aligned on 
the same face of the DNA (4). Most important, a detailed analysis of 
its DNA binding and in vitro transcription properties, made with 
wild-type and mutant SV40 DNA templates, demonstrated a func- 
tional link between Spl  binding and transcriptional activation (5). 

Although Spl  was originally discovered by study of the SV40 
promoter, recent work indicates that it can also activate transcrip- 
tion from other viral and cellular genes that have one or more GC- 
box recognition elements within the 5' flanking promoter sequences 
(6-8). In addition, several other cellular factors that bind selectively 

to promoter elements and potentiate transcription have been identi- 
fied through similar biochemical and genetic analyses (8, 9-11). Of 
particular interest was the finding that certain promoters, such as 
HSV-TK (herpes simplex virus-thymidine kinase), human metal- 
lothionein IIA, and human heat shock hsp70 promoters, require 
multiple distinct DNA binding factors working in conjunction with 
each other to modulate the level of transcription (12, 13). Thus, it 
has become increasingly clear that in higher eukaryotes, transcrip- 
tional specificity and regulation is dependent on the combined 
action of multiple specific DNA binding factors interacting with 
distinct control elements in a selective fashion to activate RNA 
synthesis. 

Although the DNA binding properties of auxiliary transcription 
factors such as Sp l  provide an important clue to their mode of 
action, the molecular mechanisms of transcriptional activation by 
Spl  and other related proteins remain unknown. The initial studies 
that allowed detection of Spl  and other cellular transcription factors 
had been carried out with either crude or partially purified prepara- 
tions. However, continued progress and the success offuture studies 
will depend largely on characterization of the biochemical properties 
of transcription factors. A major experimental barrier has been the 
purification and identification of transcription proteins because they 
are generally present in extremely low levels in the cell. Here we 
report the purification of Sp l  to apparent homogeneity. Our 
primary objective was to identify the polypeptide or polypeptides 
responsible for Sp l  DNA binding and transcriptional activation and 
thus define the polypeptide species comprising Spl.  To purify Spl,  
we have developed a rapid and efficient sequence-specific DNA 
affinity chromatography procedure. We have identified Sp l  proteins 
by renaturing the DNA binding activity of polypeptides isolated 
from an SDS polyacrylamide gel. Purified Sp l  has subsequently 
been used to investigate the protein-DNA interactions at its tandem 
recognition sequences within the SV40 early promoter. In addition, 
we have characterized the transcriptional properties of Sp l  in 
reconstituted in vitro reactions. 

Purification of Spl. The purification of Sp l  from HeLa cells is 
summarized in Table 1. The presence of Sp l  DNA binding activity 
was assayed by deoxyribonuclease (DNase) I protection experiments 
(footprinting) with a fragment of SV40 DNA that contains the six 
GC-box recognition sites for Spl .  The HeLa cells were processed by 
hypotonic Dounce homogenization and low speed centrifugation, 
the soluble cytoplasmic fraction was discarded, and the nuclear pellet 
was extracted with buffer containing 0.42M KCI, as described (14). 
This crude nuclear extract was adjusted to 53 percent ammonium 
sulfate, and the precipitated proteins were separated by sequential 
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column chromatography. The first chromatographic step was Se- 
phacryl S-300 gel filtration (Fig. 1A). A symmetrical and highly 
reproducible peak of Spl DNA binding activity eluted between 
fractions 73 and 85 (Fig. 1A). Thus, under our chromatographic 
conditions, Spl appears to migrate as a native species of approxi- 
mately 500 kD. Samples containing Spl activity were pooled and 
subsequently applied to DEAE Sepharose CL-6B in buffer contain- 
ing 0 . M  KCI. Under these conditions, Spl passes through the 
DEAE column and contaminating nucleic acids, phosphatases, and 
polymerase are retained. The proteins that flow through DEAE 
Sepharose at 0 . M  KC1 were directly applied to a heparin-agarose 
column and eluted sequentially with buffer containing 0.2,0.3, and 
1M KCI. Most of the protein flowed through the heparin-agarose 

column at 0 . M  KCI, and the Spl activity was present in the 0.3M 
hction (Fig. 1B). This relatively concentrated and highly active Spl 
fiaction was diluted to 60 mM KC1 and was fiuther purified on a 
high-performance liquid chromatography (HPLC) cation exchange 
column. (FPLC Mono S; Pharmacia). A linear gradient of KC1 
(0.06 to 0.4 M) was applied and Spl eluted between 0.23 and 
0.27M KC1 (Fig. 1C). At this stage of the purification, a roughly 
500-fold increase in specific activity had been achieved relative to 
whole cell extracts (Table 1). We estimate from the total amount of 
DNA binding activity present in the pooled Mono S fiaction that 
Spl represents approximately 1 to 2 percent of the protein in this 
preparation. Moreover, analysis of the polypeptides present in this 
fkaction by SDS gel electrophoresis reveals a complex mixture of 
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to further chromatography. (C) The heparin agarose eluate at 0.2 to 0 . W  
KCI, which contained Spl activity, was diluted to 60 mM KC1 with TM 
buffer (or HM buffer, which contained 25 mM Hepes, pH 7.6, instead of 
tris) and applied to a 1-ml FPLC Mono S column. Spl was eluted with a 20- 
ml linear gradient of KC1 (60 to 400 mM). Fractions (0.5 ml each) were 
collected, and the peak of Spl activity was detected in fractions 29 and 30 
(eluted at approximately 0 . 2 M  KCI), as determined by DNase footprint 
analysis. (D) DNA afbity chromatography was carried out as described 
(15). The Spl eluate from the FPLC Mono S column (1.5 mg of protein in 2 
ml of TM buffer containing 0.25M KCI) was mixed with sonicated calf 
thymus DNA (220 pg in 100 4) and diluted to 0 . M  KC1 with buffer Z [25 
mM Hepes (K+), pH 7.6, containing 12.5 mM MgC12, 1 mM DTT, 20 
percent (by volume) glycerol, and 0.1 percent Nonidet P-401. This mixture 
was allowed to stand at 4°C for 10 minutes; it was then applied to a 1-ml 
DNA afbitv column that was prepared by coupling concatamers (average 

Fig. 1. Column chromatography of Spl. Nudear extract from 60 g of HeLa 
cells was prepared by the procedure of Dignarn c t  al. (I4), except that KC1 
rather than NaCl was used. The nuclear extract was precipitated bv 53 
percent saturated ammonium sulfate and cenaifuged at 3J,000~ for 15 
minutes: the ~cllct was resusmded in TM buffer 150 mM ms-HC1. DH 7.9. 

12.5 mM M~CI;, 1 m~ EDTA, 1 DTT, and 2 0 ~ p e ~ e n t  
glycerol) to a final protein concentration of about 30 mglrnl. (A) The soluble 
protein extract was applied to a Sephacryl S-300 column (5 by 51 un) 
equilibrated with TM buffer containing 0 . M  KCI. Protein elution was 
monitored by absorbance (A) at 280 nm, and Spl activity was determined by 
deoxyribonudease protection (footprint) analysis of column fractions. The 
probe DNA was a 5' end-labeled fragment generated from plasmid pW07 
(28) by cleavage with endonudeases Hind I11 and Eco RI. Footprinting was 
conducted as dexribed in the legend to Table 1. The ratio of elution volume 
to void volume (VJV,) for Spl was approximately 1.4. Fractions containing 
Spl were pooled (40 mg of protein in 40 to 60 ml) and applied to a 10-ml 
DEAESepharose CLdB column equilibrated with TM buffer containing 
0 . M  KCI. The Spl activity flowed through the DEAE column and was 
collected in one fraction containing approximately 30 mg of protein. (B) The 
heparin agarose resin was prepared as described (29). The material that 
flowed through the DEAE Sepharose was applied to a heparin agarose 
column (6 ml), equilibrated with TM buffer containing 0 . M  KCI, and was 
eluted with a TM buffer series containing, successively, 0.2M, 0.M, and 
1 .W KCI. The Spl activity eluting at 0 . W  KC1 was pooled and subjected 

length -10j of annealed syn&etik o l i~eo~uc1 ' eo t ides  c o n h g  &e 
high afIinitv S D ~  recoenition seouence. 5'-GGGGCGGGGC-3' to CNBr- 
a2vated ~;~h&ose cL-2~.  The i o l u k  was washed with buffer Z contain- 
ing O . M  KCI, and protein was eluted by addition of successive portions (1 
ml each) of buffer Z containing O.M increments of KC!. The peak of Spl 
DNA bin* activity was eluted in fractions 21 to 23 (0.4 to 0 . M  KCI). 
The relative activity recovered from each of the chromatographic steps is 
given as the total number of DNase footprint units per column fraction as 
defined in the legend of Table 1. 
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many proteins (Fig. 2B), confirming that hrther purification of Spl 
is necessary to achieve homogeneity. 

We subsequently tried other chromatographic columns, including 
FPLC Mono Q, FPLC Superose 6, Biorex-70 (Bio-Rad), hydroxyl- 
apatite, and various hydrophobic resins, but none of t h w  mvided P any further purification. In most cases a gain in specific awvity was 
achieved, but the recovery of Spl was poor (less than 14 percent). 
Consequently, we were prompted to develop less convcptional yet 
more efficient chromatographic methods that would allow a sub- 
stantially bigher degree of purification. 
Sequence-specific DNA aflhity chromatography. The final 

step in *e purification of Spl was achieved by applying the pooled 
Mono S fractions to a DNA W t y  column prepared by covalently 
linking tandemly ligated synthetic oligodeoxyribonucleotide frag- 
ments coqwing high a5nity Spl recognition sequences to Sepha- 
rose (see legend to Fig. 1D) (15). The partially purified Mono S 
preparation was first mixed with an appropriate amount of nonspe- 
cific competitor DNA, such as sonicated calf thymus DNA or 
synthetic p l y  d(I C), and then binding of Spl to the aikity resin 
was carried out in a buffer containing O . M  KCI. After washing the 
&ity resin with buffer containing 0 . M  KC], Spl was eluted with 
a multiple step gradient (0.2 to 1.W KCI). Individual fractions 
eluted from the DNA a5nity column were then assayed by DNase 
footprint protection (Fig. ID). A peak of Spl DNA binding activity 
eluted between 0.3 and 0 . U  KC1 in fractions 20 to 24. 

The proteins in these fractions were visualized by SDS polyacryl- 
arnide gel electrophoresis and silver staining (Fig. 2A). Comparison 
of the protein pattern before and after chromatography (Fig. 2B) 
showed that the sequence-specific DNA &ty column, which 
gives more than 50 percent recovery of Spl, affords a remarkably 
efticient purification step. We estimate fiom the SDS gel that the 
a h i t y  fraction contains a total of 10 to 15 ~g of protein, whereas 
the input Mono S fraction contained approximately 1.5 mg of 
protein. Thus, the DNA a5nity step provides further purification of 
Spl, up to 60- to 100-fold, and the cumulative gain in specific 
activity throughout the purification scheme (Table 1) is approxi- 
mately 30,000-fold. 

The strategy that we describe for the purification of Spl has also 
been successfully applied to the isolation of several other transcrip- 
tion factors. Using different sequence-specific DNA a5nity resins, 
we have purified CAAT-binding transcription factor (CTF) and 
activator proteins 1 and 2 (AP1 and AP2) that interact with 
enhancer elements, to more than 90 percent homogeneity (13, 16). 
It is likely that other sequence-specific DNA binding proteins can be 
isolated in a similar manner, and thus, this afKnity procedure may 
significantly facilitate the purification of cellular DNA biding 
proteins. Moreover, nuclear factor I has been purified by a different 
DNA &ity chromatographic procedure with plasmid DNA COP- 

taining multiple binding sites adsorbed to cellulose (17). 
Analysis of purified Spl by SDS gel electrophoresis. The most 

striking feature of the protein pattern seen in the SDS gel are two 
prominent polypeptide species, one 105,000 daltons and the other 
95,000 daltons, that are consistently present in the fmions  contain- 
ing Spl activity (Fig. 2, A and B). These two polypeptides 
constitute more than 95 percent of the protein in the purified 
samples, and they coelute with the peak of Spl DNA binding 
activity (Figs. 1D and 2A). Inspection of the SDS gels (Fig. 2) 
indicates also that there are several other polypeptides detectable in 
the fractions containing Spl activity, including minor species at 
190,115, and 110 kD, and trace amounts of polypeptides smaller 
than 90 kD. The 190-kD species is only seen when the protein 
samples are subjected to SDS gel electrophoresis in the absence of 
reducing agents such as dithiothreitol ( D m )  or P-mercaptoethanol 
(compare Fig. 2, A and B), which suggests that the 190-kD specip 

is a dimer of 95-kD polypeptides linked by intermolecular disulfide 
bonds. An estimate of Spl DNA binding activity present in the 
DNA &ity column fractions suggests that the 105- and 95-kD 
species are the only proteins present in sufficient quantities to bind 
stoichiometrically the Spl recognition s i p  of the probe DNA used 
in the footprint assays. Consequently, these two polypeptides 
represent the best candidates for Spl. 

Fig. 2. Polypeptide composition of Spl containing fractions at di&rcnt 
stages of purification. SDS polyacrylamide gels were prepared and subjected 
to electrophoresis by the method of Laemmli (30), and proteins were 
visuakd by staining with silver by a modification of (31). (A) Samples (40 
4 )  of each DNA &ity fraction were precipitated wifh trichloroacetic acid, 
resuspended in SDS sample buffer, and subjected to electrophoresis on an 8 
percent SDS polyacrylamide gel. Lane 19 represents a sample fiom the 0.2M 
KC1 step; lanes 20 to 28 are samples eluted with incremental steps of KC1 
from 0.3 to 1.W. This gel was run under nonreducing conditions. (B) 
Samples of pooled fractions at various stages of purification. Numbers at the 
bottom refer to the amount of Spl DNA binding (activity units) displayed in 
each lane. Molecular size marker lanes are designated M, molecular sizes are 
given in kilodaltons. The arrows designate the 105- and 95-kD Spl 
polypeptides. This 8 percent SDS polyacrylamide gel was run under 
reducing conditions. 

Table 1. Purification of Spl. One unit of activity is defined as the amount of 
Spl required to bind the entire region of the SV40 early promoter that 
encompasses the six GC boxes of.the 21-bp repeats and protect these 
sequences from digestion by pancreatic DNase I. The DNase I footprint 
reaction contains 10 h o l e  of a 237-bp 5' end-labeled DNA fragment 
generated by Eco RI and Hind I11 digestion of plasmid pSV07 (28) in a 50- 
p1 reaction mixture containing 25 mM tris-HC1, pH 7.9,6.25 mM bivlgCla 
0.5 mM EDTA, 0.5 mM DTT, 50 mM KCI, 10 percent glycerol, 2 percent 
polyvinyl alcohol, 0.3 pg of poly[d(I - C)], and the protein sample to be 
assayed. Binding was carried out for 10 minutes at O°C, then 50 4 of a 
solution of 5 mM CaCl and 10 mM MgClz was added at room temperature, 
the DNase I was added (the quantity was dependent on the purity of the 
protein fraction assayed), and mixed; the reaction mixture was incubated at 
room temperature for 1 minute and then stopped by the addition of an equal 
volume of 1 percent SDS, 20 mM EDTA, 200 mM NaCI, and 200 pg of 
RNA. The mixture was then extracted with phenol and chloroform, 
precipitated with ethanol, and analyzed on ah 8 percent urea-acrylamide 
sequencing gel. 

Total Activity m- cumu- 
Pmedure lative P r  T a r l  S p i f c  cation yield 

te'n activity activity factor 
(mg) (units) (unitlmg) (96) 

HeLa cells (60 g) 3,000 
Nuclear extract 600 10,000* 17  5 x  100 
Sephacryl S300 40 10,000 250 15x 100 
DEAE Sepharose 30 7,900 250 1.Ox 75 
Heparin %arose 8 4,000 500 2 x  40 
FPLC Mono S 1.5 1,800 1,200 2.4x 18 
DNA h i t y  0.01 1,000 100,000 $ 3 ~  10 

*On the basis that there is 100 percent recovc of S 1 at the Scphacryl S300 step; 
accurate determination of activity cannot be ma% on &e nnudcac -act. 
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Renaturation of Spl  activity putitid by SDS polyacrylamide 
gel electrophoresis. To provide conclusive evidence that the two 
major polypeptide species purified by the DNA afhnity column 
represent Spl, we have taken the pooled fractions and separated 
these proteins by preparative SDS gel electrophoresis. The region of 
the gel containing the 105- or 95-kD polypeptides (or both) was 
excised arid eluted from the polyacrylamide gel. The SDS was 
removed from the protein by acetone precipitation, and the precip- 
itated protein was resuspended in 6M guanidine hydrochloride (Gd- 
HCI) to denature the polypeptide chains (18). Subsequent removal 
of the Gd-HCI by gel filtration allows refolding of the polypeptide 
chains and recovery of DNA binding activities, as determined by 
two different assays. 

Renaturation of Spl activity was tested by a gel mobility shift 

- 0 

" 8 -  - - 1 
rbr.( e 

+ - =.z 
+ + -  + - + - +  + +  - - -  

1 "  - - 5  6 7 8 9 1 0 1 1 1 2  -...---- 
-**a** 

1 2 3 4 5 6  

Fi 3. Renaturation of Spl DNA binding activity. Approximately 2 pg of 
&ity purified Spl (>95 percent pure) was precipitated with trichloroace- 
tic acid resuspended in SDS sample buffer, heated for 15 niinutes at 68'C, 
and fractionated on a preparative SDS polyacrylamide gel. The region of the 
gel containing the 105- and 95-kD polypeptides was excised, transferred to a 
siliconized tissue homogenizer in 1 rnl of elution buffer (50 mM tris-HC1, 
pH 7.9, buffer with 0.1 mM EDTA, 0.1 percent SDS, 5 mM D'lT and 150 
rnM NaCI), crushed with a Teflon pestle, and incubated for 4 hours at mom 
temperature. The acrylamide was removed by centrifitgation, and the eluate 
was precipitated with five volumes of acetone at -20°C and centrifuged in a 
siliconized 15-1111 Corex tube at 10,0008 for 30 minutes at 4°C. The resulting 
protein pellet was resus nded in 50 pl of TM buffer containing 0 . M  KCI, 
0.1 percent NP-40, anfCMI Gd-HCI and incubated for 30 minutes at mom 
temperature. The Gd-HCI was removed bv passing the soludon through a 
350:pl P-10 (Bio-Rad polyacrylamide gel &&tion;esin) column equili6rat- 
ed with TM buffer containing 0 . M  KCI. 0.1 oercent NP-40. 1 mM DlT 
[adapted from (I t?)] .  ~ ~ ~ i &  recovery' was'30 t6 50 percent of the 
polypeptides from the gel in the elution step, and renaturation efficiency after 
removal of the Gd-HCI was approximately 10 percent, for a net yield of 
about 3 percent recovery of specific binding activity. (A) Gel mobility shift 
assay (32). Samples of native, denatured, and renaturcd Spl were added to a 
DNA binding reaction with 32P-labeled probe containing one (+) or no (-) 
Spl binding site. The negative control probe used in this experiment had a 
contaminating DNA fragment that is evident particularly in lams 5,7, and 9. 
After protein-DNA complexes were allowed to form (under standard 
footprint conditions), the samples were subjected to electrophoresis on a 3.5 
percent nondenaturing acrylamide gel. Lanes 1 and 11 contain 2 ng of native 
Spl; lanes 2,3, and 10 contain 4 ng of Spl, and lane 12 contains 8 ng of 
Spl. Lanes 4 and 5 contain renatured 105- and 95-kD polypeptides (-16 ng 
active for binding). Lanes 6 and 7 contain material extracted from a region of 
the gel that does not contain the 105- and 95-kD polypeptides and that was 
subjected to the renaturation process; lanes 8 and 9 contain eluted 105- and 
95-kD polypeptides that were not subjected to the renaturation process. (B) 
DNase footprint protection with renatured Spl. Lanes 1, 3, 4, and 6 are 
negative controls with no protein added. Lane 2 shows the pamm of 
protection observed with renatured 105- and 95-kD polypeptides and lane 5 
displays the footprint pattern characteristic of native Spl. DNase I footprint 
reactions were carried out with a fragment of SV40 DNA, as described in the 
legend to Table 1. 

assay in which portions of renatured 105- and 95-kD polypeptides 
were allowed to bind a small fragment of DNA containing a single 
copy of an Spl recognition site (Fig. 3A). In the presence of native 
Spl, protein-DNA complexes migrate with retarded mobility rela- 
tive to unbound DNA on nondenaturing polyacrylamide gel elec- 
trophoresis (Fig. 3A, lanes 1,3,10,11, and 12). The renatured 105- 
or 95-kD polypeptides also gave rise to die same pattern of slower 
migrating bands as the native Spl (Fig. 3A, lane 4). By contrast, a 
control sample containing excised ahd renatured proteins from other 
regions of the gel did not bind to nor form a specific complex with 
the GC-box DNA fragment (Fig. 3A, lane 6). A sample containing 
the 105- and 95-kD polypeptides that had been denatured but not 
subjected to the renaturation process also showed no DNA binding 
activity (Fig. 3 4  lane 8). As was expected, all of the protein 
samples, including native Spl and the renatured 105- and 95-kD 
species, did not bind and retard a control DNA fragment that lacks a 
GC-box Spl recognition sequence (Fig. 3A, lanes 2, 5, 7, and 9). 
Even when a homogeneous preparation of Spl is used there are 
multiple species of slower migrating protein-DNA complexes. One 
possibility is that the different species represent dimers or oligomers 
of Spl bound to the sirigle recognition site. 

For a more discriminating assay, we have used both native Spl 
and the renatured 105- and 95-kD polypeptides to carry out DNase 
I fmtpriht protection. The pattern of protected bands observed 
with the renatured polypeptides is indistinguishable from the fmt- 
print of native DNA afhity purified Spl (Fig. 3B). The results 
provide conclusive evidence that at least the 105- and 95-kD species 
are capable of recognizing and binding specifically to the GC-box 
motifi in a manner characteristic of Spl. 

Recently, we succeeded in separating the 109-kD species from the 
95-kD species on a high resolution SDS gel and found that both 
polypeptides, after renaturation, are independkntly capable of bind- 
ing selectively to the GC-box sequences of SV40. In addition, amino 
acid composition and preliminary HPLC analysis of peptide frag- 
ments generated by tryptic digestion of the 105- and 95:kD 
polyptptides suggests that they are structurally related to each other. 
These two species most likely represent different forms of the same 
protein, perhaps as a result of protplytic degradation or covalent 
modification. It is also possible that the 95- and 105-kD forms of 
Spl are both proteolytic degradation products of a larger, full- 
len@' polypeptide. We are not at present able to distinguish 
between these two possibilities and further expetiments are neces- 
sary to establish their functional relationship. 

The more general applicability of renaming specific DNA bind- 
ing activity from SDS gek was shown by teshg the recovery of 
bindirlg activity of two other eukaryotic transcription factor, AP1 
and Adfl (13). In tach case we found that it was possible to recover 
specific DNA binding activity from the renatured polypeptides. A 
number of other DNA binding factors have been isolated, and this 
technique may be a useful method for assigning function to specific 
polypkptides. Although renaturing DNA binding activity from SDS 
gels has not been widely used, a similar approach has been success- 
fully applied to the identification of various bacterial transcription 
components and sigma factors (18, 19). 

Transcriptional activation properties of Spl. 
Throughout the ptuification described above, we relied solely on 
monitoring Spl DNA binding activity. It is therefore necessary to 
establish whether the nearly homogeneous preparations of Spl also 
retain the capacity to activate in vitro transcription. This is a 
particularly important point because all previous transcription stud- 
ies have used relatively impure preparations of Spl (on the order of 
1 to 2 percent pure), and thus, it was possible that the protein 
responsible for DNA binding is distinct &om the transcriptional 
activator protein (5, 7, 12). We therefore used the most highly 
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purified preparations of Spl (more than 95 percent pure) to 
stimulate transcription in a reconstituted in v im reaction directed 
by the SV40 earl; and human metallothionein IA (MTIA) promot- 
ers. In the presence of endogenous RNA polymerase I1 and a 
fraction (Sp2) that contains various general initiation factors- 
TFIIB, TFIID, and TFIIE (20)-required for RNA synthesis, only 
very low basal level transcription of the SV40 and MTIA templates 
was observed (Fig. 4A, lanes 3 and 5). However, when purified Spl 
is added to the reaction, a 5- to 20-fold enhancement of transcrip- 
tion is observed (Fig. 4A, lanes 4 and 6). By contrast, transcription 
of a control template (adenovirus major late promoter) that does not 
contain an Spl recognition element showed no significant stimula- 
tion of transcription (Fig. 4A, lane 2). In addition to assaying for 
transcriptional activity of the most purified pooled Spl fractions, we 
also assayed its transcription in each fraction eluted from the DNA 
&ity column. Transcriptional activation coincides perfectly with 
both the DNA binding activities and the presence of the 105- and 
95-kD polypeptides (Figs. 2A and 4B). These findings provide the 
most direct biochemical evidence that both DNA binding and 
transcriptional activities of Spl are carried out by the same protein. 
These data confirm that the 105- and 95-kD proteins are responsible 
for Spl activity. 

DNA binding properties of puri6ed Spl. DNA binding studies 
were done to test whether there are any significant differences 
between the specificity and affinity pf the highly purified Spl 
relative to more crude fractions that had been used in most of the 
prior studies on Spl. In particular, we previously found that the 
pattern of Spl binding to the SV40 21-bp repeat elements was 
rather complex because there are six potential Spl recognition sites, 
but only five are generally occupied. Our results suggested that each 
of the GC-box elements in SV40 could interact independently with 
protomers of Spl, and that there appeared to be a hierarchy of 

Fig. 4. Analysis of Spl directed transcription of the SV40 early promoter. In 
v i m  reconstituted transcription reactions were assayed by primer extension 
analysis as described previously (2). (A) Characterization of Spl dependence 
of various eukaryotic promoters. Lane 2,4, and 6 contain Spl (20 ng) in 
the reaction, whereas lanes 1.3, and 5 do not. Lanes 1 and 2 show the lack of 
a response to Spl characteristic of adenovirus 2 major late promoter. Lanes 3 
and 4 show the human cellular gene metallothionein I* and l a w  5 and 6 
show the res nse of SV40 early promoter. (B) Transcriptiop profile across 
the DNA &ty column (see Pigs. I D  and 2A). Lane I represents the 
activity that flows through the resin; lane 2 is the 0.1M washing; and lanes 3 
to 11 are the 0 . M  incremental steps from 0.2M to 1.W KC]. A 1-pl (-10 
ng) sample of each fraction was assayed for Spl activity. Lane 12 shows the 
reaction products in the absence of Spl. Each nanscription reaction 
contained 100 ng of SV40 template DNA, a crude RNA polymerase I1 
fraction (-25 pg of total protein), and the general transcription factor (or 
factors) Sp2 [-3 pg of total protein (2, 3)]. Purified Spl was added as 
indicated. The transcription reaction was allowed to proceed for 45 minutes 
at 30°C, and single-stranded, end-labeled specific primer was added, hybrid- 
ized at 60°C for 1 hour, and extended with AMV reverse transcriptase (10 
units, Lie Sciences) for 1 hour at 37°C. The final products were subsequent- 
ly analyzed on denaturing 8 percent polyacrylamide gels and visualized by 
autoradiography . 

binding f i i t ies .  With increasing concentrations of the highly 
purified protein, DNase I footprint analysis of Spl and the SV40 
21-bp repeats shows the characteristic pattern of protected and 
enhanced bands that was previously observed with crude Spl 
fra*ons (Fig. 5A). To examine the interaction of Spl with the 21- 
bp repeats at higher resolution, protection was also carried out with 
methidiumpropyl-EDTA Fe(I1) [MPE Fe(II)] as the cleavage 
reagent (21) instead of DNase I. Interestingly, MPE Fe(I1) foot- 
print analysis reveals that a region of approximately nine nucleotides 
at site IV is not efficiently protected by Spl (Fig. 5B). These results 
confirm dimethylsulfate methylation protection studies performed 
with partially purified Spl on a collection of clustered base substitu- 
tion mutations spanning the Spl binding sites of SV40 (5). Thus, 
MPE protection shows that site IV is bound less well by Spl under 
conditions where the other sites are fully occupied. Analysis of 
mutants in site V suggests that the poor binding of Spl to site IV is 
at least in part due to steric constraints imposed by protomers of Spl 
bound at the adjacent high &ty site V. The physiological 

Fig. 5. DNA bdmg analysis with hi punlied Spl. (A) DNase I footprint 
analysis. Purified Spl was used to p ootprint SV40 DNA as described (3). 
The (+) lane is a control showing the footprint characteristic of a crude Spl 
protein fraction (heparin 0.3M KCI). The remainder of the gel shows the 
footprint obtained by increasing the concentration of homogeneous Spl 
from 0 to 20 ng (left to right). Outside lanes are no protein controls (-). (B) 
MPE . Fe (II) footprint analysis (22). Purified Spl(50 to 100 ng) in buffer P 
[ l o  4; bufer P is 500 mM Pipes (K+),pH 7.0, containing 50 mM KC1 and 
10% (vlv) glycerol] was combined with '*P-labeled pSV07 probe (25 fmol 
in 6 pl H2Q) and incubated on ice for 15 minutes. A solution of 200 phf 
Fe(NI-L,)(S04)2 (28 pl) was combined with 1.5 mMMPE (2 pl), and 2 pl 
of this solution was added to each sample. The digestion of DNA was 
initiated by the addition of 40 rnM D l T  (2 pl), and the samples were 
incubated for 5 minutes at 24°C. The ractiops were stopped by the addition 
of 100 mM EDTA, pH 8, containing 10 mM thiourea, 150 mM sodium 
acetate, and 200 pI of transfer RNA at 0.15 pg/ml. The samples were 
extracted with a mixture of phenol and chloroform (1: 1, by volume) and 
then precipitated. The resulting oil was resuspended in 70 percent ethanol 
(800 pl), chided, and reprecipitated. The pellet was resuspended in sample 
buffer containing formamide and subjected to electrophoresis on an 8 
percent urea-acrylamide gel. Lane 1 shows sequence markers from the 
cytosifle-spdc reaction on the probe DNA as described by Maxam and 
Gdberc (33). Lanes 2 and 5 are no protein controls; lane 3 is 50 ng Spl; lane 
4 i s  100 ng; lane 6 is the guanine-specific sequence markers (33). 
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significance of this apparent negative cooperativity between site IV 
and V is not known. 

Presence of Spl in different eukaryotic cells. We have surveyed 
a number of sources other than HeLa cells for Spl DNA binding 
activity. Thus far, we have detected Spl  activity in nuclear extracts 
from cultured Chinese hamster ovary cells, human T cells, and 
human placenta tissue (22). Preliminary analysis of Spl purified 
from human placenta suggests that the active DNA binding species 
is a polypeptide of approximately 40 kD rather than the 105- and 
95-kD proteins characteristic of HeLa Spl.  The behavior of the 
placental Spl  suggests that it is most likely a proteolytic subfrag- 
ment of the 105- and 95-kD species. Interestingly, the truncated 
placental protein displays the same affinity and specificity for 
binding to the Spl recognition elements of SV40 as the HeLa 
protein, but unlike the 105- and 95-kD species, the smaller form 
appears to be significantly less potent in transcriptional activity (22). 
Thus, it seems unlikely that DNA binding in itself will be directly 
responsible for potentiating transcription. It would, however, not 
be surprising to find that eukaryotic transcription factors such as 
Spl are multifunctional proteins with separate domains devoted to 
DNA binding and transcriptional activation. For example, distinct 
DNA binding and transcriptional activation domains have been 
repoited for the yeast transcriptional activator GAL4 (23). Indeed, 
our findings suggest that it may be possible to isolate a proteolytic 
fragment of Spl bearing the DNA binding domain but lacking the 
transcriptional activation functiijfib. They are also consistent with 
the idea that Spl  may activate mRNA spnthesis by binding to the 
promoter and interacting selectively with additional components of 
the transcriptional apparatus, such as RNA polymerase I1 subunits, 
enhancer binding proteins, and other transcription factors through 
direct protein-protein contact. 

How many genes respond to Spl? It is now evident that Spl  is a 
cellular transcription factor that has the potential to activate tran- 
scription from a number of different viral and cellular promoters, 
provided that in each case, at least one properly positioned GC-box 
element is contained within the promoter element. A comparison of 
36 different binding sites reveals a range of binding affinities, 
differing by at least 10- to 20-fold with individual binding sites 
displaying a remarkable degree of sequence variation (24, 25). 
Nonetheless, it has been possible to define a decanucleotide consen- 
sus sequence that is charicteristic of Spl  binding sites, 

GGGC 
5' GGCG TAAT 3' 

In all of the cases studied thus far, the binding of purified Spl to the 
promoter region can be correlated with in vitro transcriptional 
activation mediated by Spl.  More significantly, in many cases 
including SV40, HSV TK, and MT IIA, Spl  appears to act in 
conjunction with other cellular transcription factors such as CTF, 
AP1, and AP2 to modulate the level of transcription. Perhaps the 
interplay of multiple interdigitated sequence-specific transcription 
factors will emerge as a characteristic feature common to most 

eukaryotic promoters. Examples of multiple factor interactions at 
eukaryotic promoters have recently been reported for tPdhscription 
of human ribosomal RNA genes by RNA polymekd8e I (26), 
adenovirus 2 major late transcription by RNA polymerdse I1 ( l o ) ,  
and transfer RNA gene transcription by RNA polymerase I11 (27). 

Spl  appears to be an important component of tfit! cellular 
transcriptional apparatus. Unfortunately, we cannot predict from 
the examples tested how many transcription units in the cell are 
capable of responding to Spl,  or how many different sequence- 
specific DNA binding proteins participate in the formation of a 
complex regulatory circuitry that is necessary to govern eukaryotic 
gene (hpression. However, with the purification of Spl  and the 
identifledtion of the active polypeptide species, it should now be 
possible to obtain a partial amino acid sequence and prepare 
appropridte DNA probes to isolate the gene encoding Spl.  In 
addition, purified Spl  will be used to generate antibodies against 
this transcription factor. These experiments should facilitate analysis 
of the temporal and spatial expression of Spl  as well as the shdy of 
the mechanism of transcriptional activation by promoter-specific 
factors. 
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