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general  transcription  factors  and  the major late  promoter 
resulted in stimulation of transcription (Sawadogo and Roe- 
der, 1985a). The  adenovirus major late  transcription  factor  is 
present  in  uninfected  HeLa cells, and recognition sites for 
this  factor have  been  observed  in  cellular promoters  (Chodosh 
et al., 1987; Carthew et al., 1987; Morgan et al., 1988). Thus, 
an  understanding of the  mechanism by which MLTF  stimu- 
lates  transcription from the  adenovirus major late  promoter 
may  have implications for the regulation of transcription of 
cellular genes. 

The  adenovirus major late  promoter  appears  to be one of 
the  simplest  promoters. Only two DNA  elements located 
upstream of the  initiation  site  are required  for transcription 
(Hen et al., 1982; Miyamoto et al., 1984; Yu and Manley, 
1984). However, it  also  appears  that sequences  located at  and 
downstream of the  CAP  site  can  participate  in  regulating 
transcription  (Concino et al., 1984; Mansour et al., 1986; 
Reinberg et al., 1987a; Jansen-Durr et al., 1988; Cohen et al., 
1988). In  addition,  the  MLP-CAP  site is located 210 nucleo- 
tides  upstream  from  the  initiation  site of the IVa2 promoter, 
a non-TATA sequence containing  promoter.  Transcription 
from  these two promoters utilizes different  DNA  strands 
(Baker et al., 1979; Baker  and Ziff, 1981).  Thus  it seemed 
possible that  the  divergent  transcription  from  these two pro- 
moters could contain common elements  that regulate their 
expression. 

We have studied  the  mechanism by which MLTF  stimu- 
lates  transcription  from  the  adenovirus major late  promoter 
and  report  here  that  MLTF also participates  in  regulating 
transcription  from  the IVa2 promoter. Analysis of the  factors 
required  for  transcription  from  the IVa2 promoter revealed 
the  surprising  result  that  TFIID,  the  TATA  binding  protein, 
participated  in  transcription  from  this  TATA-less  promoter. 

MATERIALS AND  METHODS 

Plasmid DNA-The construction of the recombinant DNA  mole- 
cules containing the adenovirus major late promoter, pML(C2AT) 
and pSmaF, were previously described by  Sawadogo and Roeder 
(1985b) and Weil et al. (1979), respectively. The recombinant DNA 
molecule containing the adenovirus IVa2 promoter (pAd-204) was 
described by Natarajan  et al. (1984). This DNA  molecule contains  a 
deletion of sequences upstream of -204, relative to  the IVa2 CAP 
site,  and resulted in the removal of the MLP-CAP site. 

Specific Transcription Reactions-Reactions that measured tran- 
scription from the adenovirus major late promoter (40 pl) were as 
previously described (Flores et al., 1988) and contained 20 mM Hepes 
buffer, pH 7.9, 8 mM MgC12, 60 mM KC1, 10 mM ammonium sulfate, 
12% (v/v) glycerol, 4 mM dithiothreitol, 0.6 mM ribonucleoside tri- 
phosphates (ATP  and  CTP), 12.5 p~ [LY-~'P]UTP (10,000 cpm/pmol), 
2% (w/v) polyethylene glycol  8000, and DNA pML(C2AT) (Sawadogo 
and Roeder, 1985b) or  pSmaF (Weil et al., 1979) which  was linearized 
with the restriction endonuclease SrnaI, as indicated in the figure 
legends. Mixtures that received pML(C2AT) DNA  were also supple- 
mented with ribonuclease T1 (Sawadogo and Roeder, 1985b). Reac- 
tions were supplemented with purified transcription factors: TFIIA 
(single-stranded DNA agarose fraction, 0.3 pg), TFIIB (single- 
stranded DNA agarose fraction, 0.2 pg), TFIID (single-stranded DNA 
agarose fraction, 0.2 pg), TFIIE/TFIIF (Affi-Gel Blue fraction, 0.35 
pg), RNA polymerase I1 (2.8 units), and  MLTF (DNA affinity step, 
4 pl,  or as indicated in the figure legends). Reactions that measured 
transcription from the adenovirus IVa2 promoter (40 pl) were as 
described for the major late promoter; however, the KC1 concentration 
was  reduced to 45 mM and  the polyethylene glycol  was omitted. The 
DNA template (plasmid DNA pAd-204, 12.5  pg/ml (Natarajan  et al., 
1984)) was linearized with the restriction endonuclease HilzcII. Tran- 
scription from the IVa2 major initiation  site to  the HincII  site of 
plasmid pAd-204 produced an RNA  molecule of  654 nucleotides. The 
factors used in the IVa2 transcription reactions were derived as 
follows (for detail see Reinberg et al., 1987b). TFIIA (single-stranded 
DNA agarose fraction, 0.8 Kg), TFIIB (single-stranded DNA agarose 
fraction, 0.12 pg), TFIIE/TFIIF (Sephacryl S-200 fraction, 1.4 pg), 
TFIID (carboxymethyl cellulose fraction, 0.15 pg), RNA polymerase 

I1 (2.8 units),  MLTF (DNA affinity step, 4 pl). Transcription reac- 
tions were incubated at 30 "C for 75 min, unless otherwise indicated 
in the figure legends. 

The products of the reactions were separated by electrophoresis on 
4% polyacrylamide, 7 M urea gels. The amount of radiolabeled nucle- 
otides incorporated into the specific transcripts was determined by 
excising the labeled band from the dry gel and counting in  a  scintil- 
lation counter. 

Purification of MLTF-Nuclear extracts were prepared from  30 
liters of HeLa cells grown to a density of 0.8-1.0 X lo6 cells/ml as 
previously described (Dignam et al., 1983). Six different preparations 
of nuclear extracts (total 4590  mg,  540  ml)  were  pooled and chromat- 
ographed on a phosphocellulose column (10 mg  of protein/ml of 
packed resin) equilibrated with buffer C (20 mM Tris-HCI,  pH 7.9 (at 
4 "C), 20% (v/v) glycerol, 0.2 mM EDTA, 10 mM 0-mercaptoethanol, 
0.2 mM phenylmethylsulfonyl fluoride) as previously described (Rein- 
berg and Roeder, 1987). The  MLTF transcriptional  and specific DNA 
binding activities were present  in the phosphocellulose 0.1 M (3.9  mg/ 
ml, 700 ml) and 0.3 M (2.1 mg/ml, 400 ml) KC1 washes. This is in 
agreement with previous studies that detected MLTF activity in the 
phosphocellulose 0.1 M KC1 fractions (Carthew et al., 1985a) as well 
as in the phosphocellulose 0.3 M KC1 wash (Sawadogo and Roeder, 
1985a). The further  fractionation of either  fraction, by chromatog- 
raphy on a DEAE-cellulose column (10 mg  of protein/ml  resin), 
resulted in the separation of two forms of MLTF. One form contained 
only DNA binding activity which  was specific for the  MLTF recog- 
nition site; the other form contained both transcription and DNA 
binding activities. The transcription activity present  in the fractions 
derived from the phosphocellulose 0.3 M KC1 wash  was  2-3-fold higher 
than  the one derived from the phosphocellulose 0.1 M KC1 wash (data 
not shown). Further  fractionation of the DEAE-cellulose transcrip- 
tionally active pool derived from the phosphocellulose 0.3 M KC1 
wash  was performed by DNA affinity chromatography on a column 
containing multiple copies of the  MLTF recognition site  (Ad-MLP 
sequences extending from -73 to -48, relative to  the CAP site). The 
column was prepared as described by Kadonaga and Tjian (1986). A 
fraction of the DEAE-cellulose pool (6 mg)  which  was in buffer C 
containing 0.1 M KC1 and 8 mM MgCl  was  mixed with nonspecific 
competitor DNAs (poly[d(I-C)], 100 pg/ml, poly[(dA). (dT)], 100 pg/ 
ml)  and polyethylene glycol  8000 to 2% (w/v) final concentration. 
The mixture was loaded onto  a 3-ml column equilibrated with buffer 
C  containing 0.1 M KC1 and 8 mM MgCl as previously described by 
Cortes et al. (1988). The column was  washed with the above buffer (9 
ml/h),  and  the proteins that bound to  the column eluted with succes- 
sive washes (9 ml) with buffer C  containing  8 mM MgCl,  100 pg/ml 
bovine serum albumin, and 0.2 and 0.5 M KCl. The transcriptionally 
active fractions  (present  in the 0.5 M KC1 wash) were pooled and 
further purified by two additional cycles of DNA affinity column 
chromatography. The conditions for chromatography were as de- 
scribed above;  however, the concentration of competitor DNA  was 
reduced to one-half of the original concentration and none for the 
second and  third cycle, respectively. 

DNA Binding Assays-DNA binding reactions (30 pl) were carried 
out under conditions of transcription from the MLP. However, the 
ribonucleoside triphosphates and  the ammonium sulfate were omit- 
ted. In  addition, reaction mixtures were supplemented with nonspe- 
cific competitor DNA (poly[d(I-C)], 15 pg/ml) and a 455-base pair 
3'-end-labeled DNA fragment (2-9 ng) originated by digesting pSmaF 
DNA (Weil et al., 1979) with the restriction endonucleases HindIII 
and XhoI. The label was at  the HindIII site. The products of the 
reactions were separated by electrophoresis on a 4% polyacrylamide 
gel  which was developed using a low ionic strength buffer (40 mM 
Tris, 40 mM boric acid, 1 mM EDTA). 

DNase I Protection Experiments-The binding of MLTF  to  the 
DNA  was performed as described in the previous section. After 
incubation at 30 "C for 60 min, the mixtures received 3 p1 of a solution 
containing  5 mM CaCl and 1 pl of DNase I (Boehringer Mannheim) 
that was freshly diluted to 10 pg/ml. The mixtures were incubated 
for an additional 2 min at 25 "C. Maxam and Gilbert G  and G + A 
sequence ladders of the DNA probe were prepared as described and 
subjected to electrophoresis on urea sequencing gels adjacent to  the 
footprint reactions. 

RESULTS 

MLTF Stimulates Transcription from the MLP-Optimal 
transcription  from  the major late  promoter requires, in  addi- 
tion  to  the  TATA box, an  upstream  element located a t  about 
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position -60 (relative to  the CAP site). It was  shown that 
this element was  recognized by a 46,000-dalton protein, 
MLTF (Chodosh et al., 1986). 

Transcription from a promoter containing  a deletion of the 
MLTF recognition site,  as well as  that from a wild type 
promoter in  the absence of MLTF, required five general 
transcription  factors (IIA, IIB, IID, IIE,  and  IIF)  in addition 
to RNA polymerase I1 (Reinberg and Roeder, 1987; Reinberg 
et al., 198713; Flores et al., 1988). These factors operated via 
the TATA sequence. The addition of HeLa cell nuclear ex- 
tracts  to reaction mixtures reconstituted with saturating 
amounts of the general transcription factors resulted in  stim- 
ulation of transcription from the MLP. This  functional tran- 
scription assay, in combination with a specific DNA binding 
assay was used to purify MLTF. The purification is described 
under “Materials  and Methods.” The last  step  in the fraction- 
ation included chromatography on a DNA affinity column. 
This  step resulted in the isolation of two major polypeptides, 
one of 46,000 daltons  and  another of 50,000 daltons (Fig. a). 
Both the 46,000- and 50,000-dalton protein appears  to co- 
elute with the DNA binding activity (Fig. 1B). This was 
further  demonstrated as both polypeptides were capable of 
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FIG. 1. Analysis  of MLTF by electrophoresis on a polyacryl- 
amide-sodium dodecyl sulfate gel. Aliquots (50 pl) of the different 
fractions of a  representative DNA affinity chromatographic step were 
separated by electrophoresis on  a 10% polyacrylamide-sodium dodecyl 
sulfate gel (panel A )  and visualized by silver staining. The lane labeled 
Input represents the polypeptides present in  the DEAE-cellulose 
fraction (0.5 pg  of protein) that was applied to  the affinity column. 
Flowthrough represents the unbound polypeptides present  in 0.5  pg 
of protein from the DNA affinity column. In panel B the DNA binding 
activity present  in the different fractions (in 10 pl) was analyzed by 
a DNase I  footprinting experiment. The conditions of the assay and 
analysis of the products were as indicated under  “Materials and 
Methods.” The nucleotides protected from DNase I digestion were as 
follow: MLTF footprint  extended from -49 to -67, DF-1  footprint 
extended from nucleotide +24 to +50, DF-2 footprint  extended from 
+64 to +84, DF-3  footprint extended from +91 to +107. The fractions 
of this representative  step of purification were devoid of transcription 
activity; this is probably because the bovine serum albumin protein 
carrier was omitted from the  salt washes (see “Materials and Meth- 
ods”) to allow analysis of the polypeptides. 
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FIG. 2. Effect  of MLTF on the time course of transcription 
from the MLP. Reactions containing the general transcription 
factors, RNA polymerase I1 and a plasmid DNA (2.5 pg/ml) contain- 
ing the  MLP  (pML (C2AT) (Sawadogo and Roeder, 1985b)) were 
incubated under  transcription conditions with and without MLTF 
for different periods of time, as indicated  in the figure. The products 
of the reactions were separated by electrophoresis on  a  4% polyacryl- 
amide-urea gel (panel B) .  The amount of radiolabeled nucleotides 
incorporated into  the specific transcript was determined by excising 

A ) .  
the bands of the dry gel and counting  in  a  scintillation  counter (panel 

binding to  the  MLTF recognition site  after elution and re- 
naturation of the proteins from a polyacrylamide sodium 
dodecyl sulfate gel (data  not shown). This  is  in agreement 
with the studies of Chodosh et al. (1986),  which demonstrated 
that  the DNA binding activity associated with MLTF was 
contained in  a polypeptide of 46,000 daltons. The  nature of 
the 50,000-dalton polypeptide present  in  our  preparations  is 
unknown. It is possible that  it is  a modified form of the 
46,000-dalton protein,  but  this  remains to be further investi- 
gated. Interestingly, when cruder fractions of earlier steps of 
purification were analyzed by DNase I footprinting experi- 
ments, factors that specifically bound to DNA sequences 
present downstream of the  MLP initiation  site were detected 
(Fig. lB, lane 2). The effect of these factors (DF-1, DF-2, and 
DF-3) in  transcription from the  MLP have been independ- 
ently analyzed and will not be discussed further here? 

The addition of affinity purified MLTF  to reactions recon- 
stituted with the general factors resulted in stimulation of 
transcription. The rate of the reaction was affected reactions 
carried out  in  the presence of MLTF showed a 5-min lag, 
whereas reactions carried out  in  the absence of MLTF showed 
a 10-min lag  (Fig. 2). Also, after  a 5-min lag period, reactions 
that received MLTF proceeded at  an increased rate (Fig. 2). 
The observed effect was specific to MLTF, since reactions 
carried out with DNA templates in which the  MLTF recog- 
nition  site was deleted followed kinetics similar to reactions 
in which MLTF  protein was omitted  (data  not shown, see 
below).  Because MLTF is a specific DNA binding protein  and 

J. Carcamo and D. Reinberg, manuscript  in  preparation. 
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previous studies have indicated that  this factor and the TATA 
binding protein cooperated to produce a  stable DNA-protein 
complex at  the  MLP (Sawadogo and Roeder, 1985a), we 
analyzed whether MLTF affected the formation of a  preini- 
tiation complex. The transcription reaction was divided into 
two steps, by the addition of Sarkosyl (Hawley and Roeder, 
1985), as described in the lower part of Fig. 3. Transcription 
factors and a DNA template  containing  the MLP 
(pML(C2AT) (Sawadogo and Roeder, 1985b)) were incubated 
with and without MLTF for different periods of time. Nucle- 
oside triphosphates were then added. This was  followed, 1 
min later, by the addition of Sarkosyl. Reaction mixtures were 
then incubated an additional 30 min. The addition of MLTF 
affected the  rate  as well as  the amount of complex  formed. 
The overall stimulation was  2-fold under the conditions of 
this experiment where reinitiation was  blocked  by the addi- 
tion of Sarkosyl. 

The stimulation observed by MLTF was dependent on the 
concentration of factor as well as on the concentration of 
DNA template added to  the reaction. A stoichiometric rela- 
tionship between MLTF  and  the DNA (containing the  MLP) 
was observed (data  not shown). This  result is in agreement 
with the studies of others (Sawadogo and Roeder, 1985a; 
Lennard  and Egly, 1987). 

MLTF Affected the Stability of a  Preinitiation Complex- 
The results described in the previous section suggested that 
MLTF was capable of stimulating  transcription by increasing 
the number of preinitiation complexes formed (Fig. 3). This 
effect could be explained if MLTF increased the stability of 
the preinitiation complex at  the MLP. This possibility was 
analyzed. A DNA  molecule containing the Ad-MLP directing 
transcription of a 387-nucleotide-long synthetic polydeoxy- 
nucleotide with no cytidilic residues in  the transcribed strand 
(pML(C2AT) (Sawadogo and Roeder, 1985b)) was incubated 
with the transcription  factors  and RNA polymerase 11, with 
and without MLTF (Fig. 4). After a 30-min incubation period 
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FIG. 3. The effect of MLTF in the formation of a preinitia- 
tion complex at the MLP. Two 400-pl reaction mixtures that 
contained the general transcription factors, RNA polymerase I1 and 
a plasmid DNA containing the  MLP (pML(C2AT) (2.5 pg/ml) were 
incubated with and without MLTF. After different periods of incu- 
bation, as indicated in the lower part of the figure, an aliquot (30 pl) 
was removed, nucleotides were added, and  the reaction was further 
incubated for 1 min. Sarkosyl was then added (to 0.02%) and  the 
reaction incubated for an additional 30 min. Products of the reaction 
were separated on a 4% polyacrylamide, 7 M urea gel. The bands 
corresponding to  the specific transcript were excised from a dry gel 
and counted. 
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FIG. 4. MLTF affects the stability of the preinitiation com- 
plex. DNA  molecules containing the Ad-MLP  (pML(C2AT) (10 yg/ 
ml)) were incubated with the general transcription factors, wlth (w, M) and without (A-A, a"-o) MLTF, to allow 
the formation of preinitiation complexes. After 30 min of incubation, 
increasing amounts of nonspecific competitor DNA (pSP18) or a 
DNA containing the  MLP  (pSmaF) were added, as indicated in the 
figure. Another set of tubes contained the specific competitor DNA 
together with MLTF from the beginning of the first incubation 
(M). The addition of competitor DNA  was  followed, after 15 
min of incubation, by the ribonucleoside triphosphates  ATP, CTP, 
and  UTP in addition to ribonuclease T1, and reactions were elongated 
for 30 min. Products of the reaction were separated on polyacryl- 
amide-urea gels. Bands corresponding to specific transcripts were 
excised from the dry gel and counted. 

where preinitiation complexes  were  allowed to form, increas- 
ing amounts of competitor DNA (nonspecific DNA (pSP-18 
(BRL))  or  a DNA that contained the  MLP  (pSmaF (Weil et 
al., 1979)) were added. This was  followed  by the addition of 
the ribonucleoside triphosphates  (ATP,  CTP,  and UTP)  and 
ribonuclease T1,  and  the reactions were incubated for 30 min. 
Since reactions were carried out  in  the absence of GTP, only 
transcripts from the pML(C2AT)  template were observed. 
The inclusion of ribonuclease T1 in the transcription reaction 
mixture degrades RNA  molecules originating from pSmaF 
(the second template used to challenge the stability of the 
complex) that could  be produced as  a consequence of GTP 
contamination. The addition of pSmaF DNA (competitor 
DNA) resulted in  inhibition of transcription. However, sig- 
nificant differences were observed when MLTF was present 
in  the reactions. The addition of 1 pg  of pSmaF DNA, after 
30 min of preincubation, resulted in 80% inhibition, whereas 
only a 25% inhibition was observed if the reaction mixtures 
contained MLTF (Fig. 4). The addition of 1.5 pg  of pSmaF 
DNA resulted in 90% inhibition of transcription when MLTF 
was omitted, whereas only a 50% inhibition was observed 
when MLTF was present (Fig. 4). The low levels of inhibition 
by the competitor DNA, in the presence of MLTF, were 
dependent on preincubation. Inclusion of pSmaF DNA to 
reaction mixtures which were not  preincubated with the gen- 
eral factors and  MLTF resulted in a  drastic  inhibition of 
transcription from the pML DNA template; 0.5  pg  of DNA 
produced 60% inhibition (Fig. 4). The addition of nonspecific 
DNA (pSP18),  after  a 30-min incubation, did not  inhibit the 
reaction; this was independent of the presence of MLTF. 

The above results strongly suggest that  MLTF stabilizes 
the preinitiation complex. This observation is in agreement 
with the studies of Sawadogo and Roeder (1985a), which 
demonstrated using DNase I  footprinting experiments that 
MLTF  and  the TATA binding protein cooperated to produce 
a  stable DNA-protein interaction. 

MLTF Stimulates the Formation of  a Committed Complex- 
It was  previously indicated that  the formation of a committed 
complex at  the Ad-MLP (defined by its resistance to low 
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concentrations of Sarkosyl (Hawley and Roeder, 1985))  re- 
quired TFIIA  and  TFIID,  the TATA  binding  protein  (Rein- 
berg et al., 1987a). It was also demonstrated that RNA polym- 
erase I1 increased the  amount of complexes resistant  to low 
concentrations of Sarkosyl (Reinberg et al., 1987a). Because 
in the earlier  experiments the  TFIIA protein  fraction used 
(Sephacryl S-200) also contained MLTF (see "Materials and 
Methods"), we restudied the effect of TFIIA  and analyzed the 
role of MLTF in the formation of a  committed complex. 

The protocol described in the legend to Fig. 5 was  followed. 
In agreement with the early observation, the incubation of 
the general transcription factors and RNA polymerase I1 with 
the Ad-MLP, prior to  the addition of Sarkosyl, resulted  in 
the formation of a complex that was capable of undergoing 
transcription when nucleoside triphosphates were added (Fig. 
5, lanes 1 and 1 1 ) .  The addition of MLTF  to reaction  mixtures 
incubated  in this manner  resulted in  an approximately 2-fold 
stimulation of transcription (lanes 2 and 12). This stimulation 
was consistent with the results  presented  in Fig. 3, which 
indicated that  MLTF stimulated single round transcription 
by a  factor of 2. Furthermore, and  in agreement with earlier 
observations (Reinberg  et al., 1987a), the omission of TFIIB 
and  TFIIE/TFIIF from the preincubation had no effect on 
the formation of a  committed complex (lane 3); however, the 
omission of RNA polymerase I1 resulted in a decrease in the 
amount of Sarkosyl-resistant complex formed (lane 4 ) .  Con- 
trary  to our previous observation indicating that  the incuba- 
tion of only TFIIA  and  TFIID with the Ad-MLP,  prior to 
Sarkosyl addition, was capable of producing low amounts of 
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FIG. 5. MLTF stimulates the formation of a committed com- 
plex. Reaction mixtures (60 pl) were carried out  as described in the 
diagram in  the lower  part of the figure. Reactions  contained the 
general transcription factors, RNA polymerase 11, MLTF,  or a subset 
of these as indicated, and a DNA containing  the major late promoter 
(pML(C2AT) (83 pglml)), were incubated a t  30 "C for 45 min before 
Sarkosyl (to 0.02% w/v) was added. After 1 min, the  protein(s) 
omitted from the  first incubation were added; after  another minute, 
the ribonucleoside triphosphates were added and  the incubation  con- 
tinued at  30 "C. After 30 min the reactions were processed for product 
analysis as described. Products of the reaction were separated by 
electrophoresis on a 4% polyacrylamide, 7 M urea gel. Bands were 
excised from the dry gel, and  the  amount of labeled nucleotide 
incorporated was determined. 

Sarkosyl-resistant complex, we were not able to observe such 
a complex (Fig. 5, lane 7). However, the inclusion of RNA 
polymerase I1 (lane 5) or MLTF (lane 4 )  to a reaction mixture 
that contained  TFIIA, TFIID,  and  the  MLP produced low 
amounts of Sarkosyl-resistant complexes. These  results sug- 
gested that RNA polymerase I1 and  MLTF had  a similar 
effect on the production of a  committed complex, probably 
the stabilization of a preformed complex. The addition of 
MLTF  and RNA polymerase 11, to a reaction that contained 
TFIIA, TFIID,  and  the  MLP, resulted in an increase in  the 
amount of Sarkosyl-resistant complex formed (lane 3) .  The 
omission of TFIIA resulted in the formation of a drastically 
reduced amount of committed complex (lane 6). This result 
may suggest that  MLTF can  partially overcome the require- 
ments for TFIIA or that some of the factors were contami- 
nated with trace  amounts of TFIIA. The incubation of TFIID 
with MLTF (lane 9) or RNA polymerase I1 (lane IO), in 
addition to  the  MLP prior to Sarkosyl addition, failed to 
produce any  detectable levels of committed complex. 

These data together with those  presented  in Fig. 4 indicated 
that  MLTF increased the stability of a  committed complex. 
Since the incubation of TFIID, TFIIA, and RNA polymerase 
I1 with the  MLP (lane 5 ) )  resulted in low levels of committed 
complex, an absolute requirement for MLTF in the formation 
of such a complex seems unlikely. To rule out  the possibility 
that  trace  amounts of MLTF were present as  contaminants 
in  the TFIIA, TFIID, or RNA polymerase I1 preparations, we 
performed DNA binding assays using the gel retardation 
method (data  not shown). The most logical interpretation of 
these  results is that both TFIID  and  TFIIA  are required for 
the formation of an initial complex at  the MLP. This complex 
is sensitive to Sarkosyl, but can be converted to a  partially 
resistant from by RNA polymerase I1 or MLTF.  A complex 
fully resistant  to Sarkosyl requires TFIIA, TFIID,  MLTF, 
and RNA polymerase 11. The requirement of polymerase in 
such  a complex is probably artifactual because of an effect of 
Sarkosyl on the association of the polymerase with the com- 
plex (Reinberg  et al., 1987a). 

Similar  results were obtained by Davidson et al. (1983) and 
Fire et al. (1984). Their studies indicated that  the formation 
of an initial complex at  the major late promoter required two 
protein  fractions which are equivalent to TFIIA and  TFIID; 
however, their experiments were performed with crude prep- 
arations of TFIIA; thus i t  is possible that  the complex also 
contained  MLTF. 

MLTF Stimulates Multiple Rounds of Transcription-The 
above studies  indicated that  MLTF was capable of stimulating 
the overall transcription reaction 10-fold (Fig. 2). This stim- 
ulation was because of both an increase of the  rate of the 
reaction as well as  an increase in the  amount of transcript 
produced. Furthermore, when transcription  reactions were 
studied  under  conditions in which initiation was limited to 
one round by Sarkosyl addition, MLTF only stimulated tran- 
scription 2-fold. These results suggested that  MLTF also 
affected, directly or indirectly, a step  after  the formation of a 
preinitiation complex. 

It has previously been demonstrated that  the formation of 
a  committed complex at  the  MLP served as  an  entry  site for 
RNA polymerase I1 into  the transcription cycle (Reinberg et 
al., 1987a; also see Fig. 5). Reactions carried out in the absence 
of MLTF (or with limiting amounts of MLTF (Reinberg et 
al., 1987a)) formed a  stable  committed complex only when 
RNA polymerase I1 was present (see Fig. 5); thus,  it is perti- 
nent  to postulate that when the polymerase leaves the com- 
plex, to undergo elongation, the committed complex (now 
only containing  TFIIA and  TFIID) dissociates. However, if 
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MLTF stabilizes the formation of a committed complex;  when 
RNA polymerase translocates during elongation, the commit- 
ted complex should remain at  the promoter (containing 
TFIID,  TFIIA,  and  MLTF) where it would  be free to be 
recognized  by a second polymerase I1 molecule. 

The addition of MLTF resulted in  a  stimulation of the 
overall transcription reaction (Fig. 2). This stimulation could 
be correlated with an increase in the amount of full-size 
transcripts (Fig. 2); however, shorter RNA molecules,  which 
were dependent  on the presence of MLTF  and  separated by 
a periodicity were also observed as products (Fig. 6, A and B, 
lanes 2 4 ,  also see Sawadogo and Roeder (1985a)). The shorter 
RNA  molecules, as well as  the full size  RNA  molecules, 
appeared as a  triplet (see Fig. 6B). The meaning of these 
triplets at present  is unknown; it is possible that they origi- 
nated by GTP contamination  and incomplete digestion with 
endonuclease T1, as  the end of the synthetic polydeoxynu- 
cleotide chain  contains 3 cytidilic residues as  part of a recog- 
nition  site for the SrnaI endonuclease (see Fig. 6C). 

A possible interpretation of these results, as initially pos- 
tulated by  Sawadogo and Roeder (1985a), is that  the DNA 
templates  in reactions carried out  in the presence of MLTF 
could undergo multiple rounds of transcription. Since the 
MLP directed transcription of a  synthetic 387 polydeoxynu- 
cleotide lacking cytidilic residues in the transcribed  strand 
(pML(C2AT) (Sawadogo and Roeder, 1985b)), and reactions 
were carried out using a circular DNA  molecule in the absence 
of GTP,  then when the elongating machinery arrives to  the 
end of the synthetic sequences and  encounters the  first C 

A B 
MLTF 
added - Ix 2x 4 x  I 2 3  

residue in the plasmid DNA sequences (see Fig. 6C), RNA 
polymerase I1 stops due to  the absence of GTP. The difference 
in sizes (approximately 40 nucleotides) of each of the small 
transcripts probably represents the length of the DNA  covered 
by each paused RNA polymerase I1 molecule. 

In order to analyze whether the small RNA  molecules 
produced in the presence of MLTF resulted from reinitiation, 
the experiment described in the lower part of Fig. 6D was 
performed. Preinitiation complexes at  the major late promoter 
were formed with and without MLTF. After 45 min of incu- 
bation Sarkosyl was added to prevent  reinitiation (Hawley 
and Roeder, 1985). This was  followed, 1 min later, by the 
addition of nucleotides. Reactions were elongated for 30 min. 
The addition of MLTF resulted in a stimulation of transcrip- 
tion (compares lanes 1 and 3 with 4 and 5, respectively). The 
addition of Sarkosyl after preincubation did not affect the 
MLTF mediated stimulation of transcription (compare lanes 
3 and 4);  however, it did inhibit the production of the small 
RNA molecules (compare lanes 2 and 4 ) .  Reactions carried 
out  in the absence of MLTF (lanes 1 and 3) yielded only full 
size transcripts, whereas reactions carried out  in the presence 
of MLTF  but  in  the absence of Sarkosyl produced full size 
transcripts  as well as a  set of bands that were shorter than 
the full size transcript. The shorter bands were sensitive to 
Sarkosyl. 

These  results strongly suggest that  MLTF permits more 
than one round of transcription per DNA template. Interest- 
ingly, an unequal distribution of labeling was  observed be- 
tween the full size transcript  and  the  shorter  transcripts (Fig. 
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FIG. 6. The effect of MLTF on transcription  from  a circular DNA template. Panel A, transcription 
reactions were as described under  “Materials and Methods” and contained the general transcription  factors, RNA 
polymerase I1 and increasing amounts of affinity purified MLTF,  as indicated in the figure. In addition, a circular 
DNA template  (pML(C2AT) (2.5 pg/ml)) in which the major late promoter directed transcription of a 387-base 
pair  synthetic DNA fragment lacking cytidilic residues in the transcribed strand was used (Sawadogo and Roeder, 
198513; also see panel C). The products of the reactions were analyzed as described. The amount of [~u-~’P]UMP 
incorporated into  the specific transcripts was determined by excising each lane from the dry gel. The X at  the  top 
of the panel indicated different amounts of MLTF added. The exact concentration of MLTF added is unknown 
because the DNA affinity-purified fraction  contained bovine serum  albumin (100 pglml). This is required to 
preserve the transcriptional  activity of MLTF. Panel B, over-exposure of the lower part of the gel shown in panel 
A; panel C, schematic  representation of the pML(C2AT) DNA template and  its transcription.  For  details see text: 
Panel D, the effect of Sarkosyl on  MLTF-mediated  stimulation of transcription from the MLP. Reaction mixtures 
were as described in the legend to Fig. 5 and outlined  in the lower part of the figure. After 45 min of incubation, 
Sarkosyl and nucleotides were added as indicated in the figure. Reactions were elongated for 30 min, and  the 
products were separated by electrophoresis on  a 4% polyacrylamide-urea gel. 
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6,  A, B, and D). This suggests that  not every DNA molecule 
that formed a  preinitiation complex and underwent  one  round 
of transcription was capable of reinitiation. This could be 
explained if not every MLTF molecule that bound to  its 
cognate site was transcriptionally  active and capable of sta- 
bilizing a productive interaction with the  other  transcription 
factors. This possibility is in agreement  with the observation 
that  at least two populations of MLTF could be observed 
during  purification,  one  containing transcription  and DNA 
binding  activities and  another containing  only the  latter (see 
“Materials and Methods”). 

MLTF Stimulates  Transcription  from  the Adenovirus IVa2 
Promoter-The initiation  site of the IVa2 promoter,  a  non- 
TATA sequence containing  promoter, is located 210 nucleo- 
tides  upstream from the  MLP-CAP site. The  arrangement of 
the  transcription  initiation  sites  and  the  fact  that  transcrip- 
tion from these two promoters utilizes different DNA strands, 
offers the possibility that  they may share  upstream regulatory 
elements (see Fig. 1lA and  Natarajan  et al., 1987). Further- 
more, the studies of Lennard  and Egly (1987) demonstrated 
that, when the  orientation of the  MLTF recognition site was 
inverted, it still was functional for transcription from the 
MLP. This observation further suggested that  the  MLTF 
could regulate transcription from both promoters. In order to 
study the possible role of MLTF in transcription from the 
IVa2 promoter, we attempted  to reconstitute transcription 
from this promoter. 

Previous  studies have indicated that sequences around  the 
MLP-CAP  site  had  an inhibitory effect on transcription from 
the IVa2 promoter (Natarajan  et ul., 1984, 1985). We have 
reproduced this observation and interestingly, the inhibitory 
effect of the  MLP-CAP  site  and surrounding sequences on 
IVa2 transcription was only observed when the two promoters 
were linked (in cis) (data  not shown). Thus,  in  our studies  on 
transcription from the IVa2 promoter we utilized a DNA 
plasmid from which sequences upstream of  -204 (relative to 
the IVa2 CAP site) were deleted (deletion of the  MLP-CAP 
site). Transcription from the IVa2 promoter  required  all the 
previously described general factors (Fig. 7). The omission of 
TFIIA, RNA polymerase 11, TFIIE/TFIIF, or TFIIB from the 
reconstituted  system  resulted in low or no  transcription (lanes 
1,  5, 6, and 10, respectively). Furthermore,  the levels of 
transcription from the IVa2 promoter were directly  propor- 
tional  to  the  amount of each of the general factors  added to 
the reaction (Fig. 7). Interestingly and surprisingly, transcrip- 
tion from this TATA-less promoter in  the reconstituted sys- 
tem also required TFIID,  the  TATA binding protein (Fig. 8A, 
lanes 1-5, and see below). MLTF was also required for optimal 
levels of transcription from the IVa2 promoter (Fig. 9). Tran- 
scription from the IVa2 promoter in  the absence of MLTF 
was observed (Fig. 9A, lane 1, and Fig. 9B). The addition of 
MLTF resulted in  stimulation of transcription.  The stimula- 
tion was proportional to  the  amount of MLTF added (Fig. 9, 
A and B)  and dependent on  TFIID (Fig. 9B). The highest 
concentration of MLTF added produced 8-fold stimulation 
(Fig. 9B). 

The requirement of TFIID  and  MLTF  on  transcription 
from the IVa2 promoter was further analyzed by oligonucle- 
otide  competition  experiments. The addition of different 
amounts of oligonucleotides containing the  MLTF recogni- 
tion  site  to a  partially  reconstituted transcription system 
inhibited transcription from the IVa2 and  ML promoters (Fig. 
10, compare lanes 8 with 12-14 and lane 1 with 5-7, respec- 
tively). The inhibition was specific for the IVa2 and  ML 
promoters, as inclusion in  the  same reaction  mixture of a 
second promoter which lacks the  MLTF recognition site, the 
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FIG. 7. Factor requirement for transcription from the IVa2 
promoter. Reaction mixtures were as described under “Materials 
and Methods” and contained  a plasmid DNA containing the IVa2 
promoter (pAd -204 (Natarajan et al., 1984) (10 pg/ml)), TFIID 
(CM-cellulose fraction, 0.15 pg), affinity-purified MLTF (4-p1), and 
the general transcription  factors IIA, IIB,  IIE/IIF, and RNA polym- 
erase I1 as indicated in  the figure and purified as described under 
“Materials and Methods.” Reactions were incubated at  30 “C for 90 
min. Products were separated by electrophoresis on  a 4% polyacryl- 
amide, 7 M urea gel. 

Eiv  promoter, was not affected. Conversely, the addition of 
oligonucleotides containing the recognition site for a  factor 
that is specifically required for transcription from the Eiv 
promoter,  EivF  (Cortes et al., 1988), had no effect on  tran- 
scription from the IVa2 promoter, but inhibited transcription 
from the Eiv  promoter (Fig. 8, lanes 18 and 19). Consistent 
with the observation that  TFIID was required for transcrip- 
tion from the IVa2 promoter, the addition of oligonucleotides 
containing the  MLP-TATA sequence, extending from -174 
to -199 (relative to  the IVa2 CAP site) resulted in inhibition 
of transcription from the IVa2, ML, and Eiv  promoters (lanes 
2 4  and 9-11). This inhibition appears  to be specific since the 
addition of an oligonucleotide containing  “nonimportant” se- 
quences from the IVa2 promoter,  extending from -100 to 
-130, had no effect on transcription from the IVa2 or Eiv 
promoters  (lanes 15-17). In order to  further analyze the 
specificity of inhibition of the oligonucleotides containing the 
MLP  TATA sequence on transcription from the TATA-less 
promoter, the experiment described on  the lower part of Fig. 
8A was followed. A  plasmid DNA containing the IVa2 pro- 
moter  together  with either a  plasmid DNA containing the 
MLP (with sequences extending from -56 to +33 (pD-139, 
Reinberg and Roeder, 1987), lunes 18-23), or the Eiv  promoter 
(with sequences extending from -46 to +70 (Leza and  Hear- 
ing, 1988), lanes 12-17), or an Eiv  promoter  without  TATA 
box (with sequences extending from -11 to +70 (Leza and 
Hearing, 1988), lanes 6-11), were mixed with TFIID  and all 
the  other factors required for optimal transcription from the 
IVa2 promoter. After 10-min  incubation,  mixtures  containing 
the highest concentration of competitor DNA (pD-139 or pE4) 
were supplemented  with  increasing amounts of TFIID,  as 
indicated on  the figure. After another 10 min of incubation, 
reactions received ribonucleoside triphosphates  and were 
elongated for 90 min. The result of this experiment  indicated 
that plasmid DNA containing  the  ML or the Eiv  promoters 
(containing the TATA sequence) inhibited transcription from 
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FIG. 8. Transcription from the IVa2 promoter requires TFIID. Panel A, reaction mixtures containing 
the general transcription factors IIA, IIB, IIE/IIF, RNA polymerase 11, MLTF, and different amounts of TFIID 
(as indicated in the figure under 0 )  and DNA (the IVa2 promoter (pAd-204,lO pg/ml, lanes 1-23) and, in addition, 
the Eiv promoter (pE4A-227/-11 (lanes 8-11) or pE4A-227/-46 (lanes 13-17) or the Ad-MLP (pD-139 (lanes 20- 
23), as indicated at  the top of the figure by 1X (10 pg/ml) or 2X (20 pg/ml), were incubated as described under 
"Materials and Methods." After 10 min at 30 "C, some tubes (lanes 9, IO, 11, 15, 16, 17,, 21,  22, and 23) received 
an additional  amount of TFIID, as indicated on the figure under 0). After another 10 min of incubation, mixtures 
were supplemented with nucleotides and elongated for 90 min. Products of the reactions were separated on a 4% 
polyacrylamide-urea gel as described. Panel B, quantitative analysis of the  data presented in panel A. Bands of the 
gel corresponding to transcription from the IVa2 promoter which are indicated by an arrow, were  excised and 
counted. The amount of [c~-~'P]UMP incorporated into  the specific transcript was determined and plotted as  a 
function of the TFIID concentration added to  the reaction. The arrow denotes the concentration of TFIID at  
which a second template was added. 

the IVA2 promoter (lanes 19,ZO and 13,14, respectively, also 
see Fig. 8B). However, the addition of a plasmid DNA con- 
taining  the Eiv promoter but lacking the TATA sequence had 
no or little effect on  transcription from the TATA-less pro- 
moter (Fig. SA, lanes 7 and 8, also see Fig. 8B). The inhibition 
observed by the  ML  and Eiv promoters could be overcome by 
the addition of TFIID (Fig. 8, A and B) .  The results of this 
experiment strongly suggest that  TFIID was required for 
transcription from the IVa2 promoter and  that  this require- 
ment was not due to a contaminant present  in that protein 
fraction, but  rather  to a  direct effect of TFIID on transcription 
from the IVa2 promoter. 

In order to  further analyze the effect of MLTF  in  transcrip- 
tion from the TATA-less promoter,  point mutations  that 
affected the binding of MLTF  to  its cognate site were intro- 
duced into  the DNA template (see Fig. 11A). The transcrip- 
tional  template  activity of these mutants was analyzed in  a 
IVa2 transcription  system  reconstituted  with  partially  puri- 
fied factors. Point  mutations  (T-G) at  position -156 (-54 
relative to  the  MLP CAP site) or at  position -154 (A-C), 
resulted in an inhibition of the binding of MLTF  to  the 
promoter (Fig. 11C). MLTF binding  correlated directly with 

the level of transcription from the IVa2 promoter. The point 
mutation at  position -156, which resulted in  a decrease of 
the binding of MLTF  to its site, also resulted in  a decrease of 
the levels of transcription; however, transcription from an 
internal control, the Eiv promoter, was not affected (Fig. 11B, 
compare lanes 1 and 2). Furthermore,  a  mutation  (position 
-154, A-C) that almost abolished the binding of MLTF  to  its 
cognate site (Fig. 11C, compare lanes 2 and 3 with 6 and 7), 
yielded only basal levels of transcription from the IVa2 pro- 
moter (Fig. 11B, lane 3).  

The above results strongly suggested that  TFIID partici- 
pated in transcription from the TATA-less promoter and also 
demonstrated that  MLTF was required for maximal levels of 
transcription from the IVa2 promoter. The MLTF-mediated 
stimulation required TFIID. 

DISCUSSION 

Our studies indicated that transcription from the ML and 
IVa2 promoters was regulated by a common DNA element, 
the  MLTF recognition site. 

The purification of MLTF resulted in the isolation of two 
major polypeptides, one of 46,000 and  another of approxi- 
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FIG. 9. The effect of MLTF on transcription from the IVa2 
promoter. Reaction  mixtures were as described under  "Materials 
and Methods" and  different  amounts of MLTF were added as indi- 
cated  in  the figure (panel A ) .  Products of the  reactions were analyzed 
as described and  the  amount of [cY-~*P]UMP incorporated  into  the 
specific transcript was determined by excising the  bands  from  the  dry 
gel and  counting.  The  extent of transcription from the IVa2 promoter 
with respect to  the  amount of MLTF added  to  the  reaction  is 
presented  in panel B. The  amount of transcription observed in  the 
absence of TFIID, which is  indicated  in panel B, was derived from 
the  experiment  presented  in Fig. 8 (lane 1).  

mately 50,000 daltons.  The 46,000-dalton protein  appears to 
coelute with  the specific DNA  binding  activity (Fig. 1). This 
is in  agreement  with  the  studies of Chodosh et al. (1986), 
which demonstrated  that  the DNA binding  activity of MLTF 
was contained  in a  polypeptide of 46,000 daltons.  Interest- 
ingly, the  studies of Moncollin et al. (1986), resulted  in  the 
isolation of a protein of approximately 55,000 daltons.  This 
protein  cosedimented  on a glycerol gradient with both,  DNA 
binding  and  transcription activities. I t  is possible that  the 
transcription  and  DNA  binding  activities  are  contained  in  the 
50,000-dalton  polypeptide  which we detected  in  our  prepara- 
tions of MLTF  and  that  the 46,000 daltons is a proteolyzed 
form of a  larger protein. I t  is  important  to  mention  that  many 
of our  preparations of MLTF  resulted  in  the  isolation of a 
protein which was devoid of transcription  stimulatory  activity 
but  retained  the  DNA  binding activity. Furthermore,  the 
studies of Safer et al. (1988), resulted  in  the  isolation of a 
116,000-dalton protein  that specifically recognized the  MLTF 
recognition  site. The  relationship of the 116,000-dalton  poly- 

peptide with the  other two proteins  is unknown. 
Using  a highly purified preparation of MLTF  and a func- 

tional  transcription  assay  reconstituted  with purified factors, 
we have  analyzed the  mechanism by which MLTF  stimulated 
transcription from the  MLP. Our studies  indicated  that  the 
addition of MLTF  to a transcription  system  reconstituted 
with  the general transcription  factors resulted in approxi- 
mately 10-fold stimulation of transcription  from  the  MLP. 
The  stimulation  appears  to be the  result of an increase  in the 
stability of the  preinitiation complex. Reactions  carried  out 
in  the presence of MLTF increased the  amount of complex 
formed by 2-fold (Figs. 3 and 5). Furthermore,  preinitiation 
complexes  formed at   the  MLP which contained  the  MLTF 
were more resistant  to challenge by a DNA  that  contained 
the  MLP  than complexes  formed in  the  absence of MLTF 
(Fig. 4). 

The  direct effect of MLTF was to produce  a stable com- 
mitted complex (defined by the  formation of a DNA-protein 
complex  which confers  resistance of the  transcription reaction 
to low concentrations of Sarkosyl (Hawley and Roeder, 
1985)). I t  was  previously demonstrated  that  the  committed 
complex, containing  TFIIA  and  TFIID,  served as an  entry 
site for RNA polymerase I1 into  the  transcription cycle (Fire 
et al., 1984a; Reinberg et al., 1987a). The  studies described 
here  indicated that  MLTF was  required for  the  formation of 
a Sarkosyl-resistant complex; however, the  MLTF require- 
ment could  be partially overcome by RNA polymerase I1 (Fig. 
5). These  results suggested that  MLTF  and/or  RNA polym- 
erase I1 could stabilize a preformed  complex containing  TFIID 
and  TFIIA.  These  results  are  consistent  with  the  studies 
presented  here which indicated  that  the DNA templates  in 
reactions  carried  out  in  the presence of MLTF undergo  mul- 
tiple  rounds of transcription.  Reactions  carried  out  in  the 
absence of MLTF formed  a stable  committed complex  only 
when the polymerase  was part of it; thus when the polymerase 
leaves to undergo elongation,  the complex dissociates. How- 
ever, reactions  carried  out in the presence of MLTF formed  a 
stable  committed complex independent of the polymerase, 
thus  when  the polymerase translocated  during  elongation,  the 
complex remained at   the promoter  and served as recognition 
for  a  second RNA polymerase I1 molecule. Our  results  are  in 
agreement  with  the  studies of Sawadogo and Roeder  (1985a), 
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FIG. 10. Oligonucleotides containing the MLTF or TFIID recognition site inhibited transcription 
from the IVa2 and ML promoters. Transcription  from  the  ML (lanes 1-7) and  the IVa2 (lanes 8-19) promoters 
was reconstituted with partially purified  general transcription  factors  and  MLTF,  as described under  "Materials 
and Methods."  A plasmid  DNA  containing  the Eiv promoter  and  EivF  (Sephacryl S-200 fraction, 0.3 pg, Cortes et 
al., 1988) was  also added  to  the  different  transcription mixtures. In  addition  different  amounts of oligonucleotide 
containing  the recognition site for MLTF  (Ad-MLP sequences  from -73 to -48), the  TATA  binding  protein of 
the  MLP  (Ad-MLP sequences from -46 to -21), EivF (see Cortes et al., 1988) or no known factor  (IVa2), were 
added  as indicated. Reactions were incubated at 30 "C for 45 min. Products were separated by electrophoresis on 
a 4% polyacrylamide-urea gel. Lanes 1 and 8 represent  reactions that received no oligonucleotide. 
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FIG. 11. Inhibition of transcription  from  the IVa2 promoter 

by  mutations  in the MLTF recognition site. Panel A ,  schematic 
representation of the IVa2 promoter. The  MLTF recognition site and 
two point  mutations  are  illustrated. Also the location of the  MLP- 
TATA box is indicated. Panel B, transcription  template  activity of 
different IVa2 promoter  constructs.  Reactions were as described 
under  “Materials and Methods” and contained the general transcrip- 
tion factors, RNA polymerase 11, MLTF,  and plasmid DNAs contain- 
ing the IVa2 promoter with different mutations as indicated in the 
figure. In addition, reactions also received a plasmid DNA containing 
the Eiv promoter (4 pg/ml) and EivF (Sephacryl S-200 fraction, 0.14 
pg (Cortes et al., 1988)). Products of the reactions were analyzed as 
described. Panel C, analysis of the  MLTF DNA binding activity to 
the wild type and two mutant DNAs. Reaction conditions and sepa- 
ration of the DNA-protein complex by electrophoresis on  a 4% 
polyacrylamide gel were as described under  “Materials and Methods.” 
The amounts of MLTF added and  the DNA used in this analysis are 
indicated in the figure. 

that  demonstrated  that  the addition of a  partially purified 
protein fraction  containing the major late  upstream promoter 
factor, to a  DNase  I  footprinting  reaction that studied the 
binding of the TATA  binding  protein to  its cognate site, 
resulted in  the formation of a more stable DNA protein 
complex. Furthermore,  they also postulated that  the upstream 
factor could permit DNA template molecules to undergo mul- 
tiple  rounds of transcription. 

The Ad-MLP  CAP site is separated by 210 nucleotides from 
the CAP site of the IVa2 promoter,  a  non-TATA sequence 
containing  promoter which is transcribed from the opposite 
DNA strand  (Baker et al., 1979; Baker and Ziff, 1981). Two 
DNA elements have been defined as positively regulating this 
promoter;  a  G/C-rich  proximal  element  centered at  position 
-40, relative to  the IVa2 CAP site,  and a  distal  element that 
overlaps with the  MLTF binding site  (Natarajan et al., 1984, 
1985, 1987). The studies of Lennard  and Egly (1987), indi- 

cated that  the  MLTF recognition site could function bidirec- 
tionally, as inversion of the site had no effect on transcription 
from the  MLP in vivo and in uitro. The studies  presented 
here demonstrated  that  MLTF directly stimulated transcrip- 
tion from the IVa2 promoter (Figs. 8, 10, and 11). The 
stimulation was dependent on the  MLTF recognition site 
(centered at  position -155, relative to  the IVa2 CAP site),  as 
point  mutations  that affected the binding of MLTF directly 
affected the levels of transcription from the IVa2 promoter in 
uitro. This result suggests that  MLTF can regulate transcrip- 
tion from both the IVa2 and  ML promoters and  further 
demonstrated that  this  site can  function  independently of its 
orientation,  consistent  with the dyad-symmetry sequence of 
the  MLTF recognition site.  Unfortunately, because sequences 
in  and  around  the  MLP-CAP  site have an inhibitory effect 
on transcription from the IVa2 promoter (Natarajan et al., 
1985), we were unable to analyze the MLTF-mediated stim- 
ulation of both promoters simultaneously. 

The IVa2 and  ML promoters are  both expressed late  in  the 
adenovirus  infection cycle. The studies of Lennard  and Egly 
(1987), indicated that  the  MLTF binding site served as rec- 
ognition for a monomeric MLTF molecule. It is puzzling at  
this time how the binding of one MLTF molecule can simul- 
taneously regulate transcription from both promoters. In our 
efforts to address this question, we have reconstituted tran- 
scription from the IVa2 promoter using partially purified 
factors. These studies  indicated that  transcription from the 
TATA-less promoter in uitro, was dependent  on all the pre- 
viously described general transcription factors, including 
TFIID,  the TATA  binding  protein. The analysis of the DNA 
sequence that affected transcription from this promoter in- 
dicated that  the  MLP-TATA sequence plays  no role or a 
negative effect in  transcription from the IVa2 promoter (Na- 
tarajan et al., 1984,1985). However, the requirement of TFIID 
was demonstrated by reconstitution  experiments and by oli- 
gonucleotide competition  experiments. This analysis  indi- 
cated that plasmid DNAs containing a  TATA box element 
inhibited transcription from the IVa2 promoter (Fig. 9); how- 
ever, the inhibition could be overcome by the addition of 
TFIID.  The competition  experiments argue against the pos- 
sibility of a contaminant in the  TFIID  protein fraction that 
is required for transcription from the IVa2 promoter. How- 
ever, these experiments do not rule out  the possibility that 
the TATA  binding  proteins is in a complex with another 
factor which is required for transcription from the IVa2 
promoter. It is possible that  TFIID can recognize different 
DNA sequences, other  than  the  MLP-TATA box, or that  the 
DNA sequence specificity of TFIID can be modulated by a 
factor(s) that  interacts with TFIID. Certainly the role of the 
TFIID protein  fraction  in transcription from the IVa2 pro- 
moter  remains to be investigated further. 

The experiments described here  indicated that  TFIID was 
required for transcription of the IVa2 promoter and  that 
MLTF can modulate expression of two physically linked 
promoters; the  MLP  and  the IVa2 promoter,  a  non-TATA 
sequence containing  promoter. 
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