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Identification of three mammalian proteins that bind to 
the yeast TATA box protein TFIID
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The TATA box binding transcription factor TFIID of S. cerevisiae was used as a ligand for affinity 
chromatography. Polypeptides that bind specifically to yeast TFIID (TFIID-associated proteins, DAPs) 
were purified from human HeLa (heDAPs) and calf thymus (ctDAPs) whole cell extracts. Both heDAP 
and ctDAP fractions altered the binding of TFIID to the TATA element, and substituted for the 
TFIIA transcription activity in a reconstituted in vitro system. The heDAP fraction also behaved 
like TFIIA in its ability to form a promoter-TFIID-TFIIA complex and to recruit TFIIB to such 
a complex. The interaction of DAPs with TFIID can confer heat-resistance (47°C) on recombinant 
yeast or human TFIID. SDS-PAGE analysis revealed that three polypeptides from HeLa extracts 
specifically bound to yTFIID columns (heDAP35, heDAP21, and heDAP12). These data suggest 
that a multi-subunit transcription factor with the properties of TFIIA can bind to TFIID in the 
absence of DNA.

Initiation of transcription by RNA polymerase 
II (pol II) is a highly regulated process which 

requires a number of auxiliary transcription 
factors. Most sequence-specific DNA-binding fac
tors are required for the optimal transcription 
only of particular genes, while the general tran
scription factors are necessary for the transcrip
tion of all pol Il-transcribed genes (reviewed 
in Mitchell et al., 1989). Separation and puri
fication of the general transcription factors have 
revealed that at least five different fractions are 
required in addition to RNA pol II in cell-free 
systems to produce a basal level of transcription: 
TFIIA, TFIIB, TFIID, TFIIE, and TFIIF (or RAP 
30/74; reviewed in Mermelstein et al., 1989; 
Mitchell et al., 1989; Saltzman and Weinmann, 
1989). A polypeptide contained in the TFIID

fraction binds to the TATA element located 
upstream of most pol Il-transcribed genes 
(Davison et al., 1983; Reinberg et al., 1987; 
Butatowski et al., 1988; Cavallini et al., 1988; 
VanDyke et al., 1988; VanDyke et al., 1989). At 
least one general transcription factor has been 
shown to facilitate the binding of TFIID to the 
promoter (Samuels et al., 1982; Davison et al., 
1983; Egly et al., 1984; Fire et al., 1984; Samuels 
and Sharp, 1986; Reinberg et al., 1987; Buratow- 
ski et al., 1988; Hahn et al., 1989; Maldonado 
et al., 1990). This activity, known as TFIIA (Rein
berg et al., 1987; Maldonado et al., 1990), AB 
(Fire et al., 1984; Samuels and Sharp, 1986), or 
STF (Davison et al., 1983; Egly et al., 1984), has 
been purified to varying extents. TFIIA retards 
the fnobility of cloned TFIID in gel mobility
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shift assays and extends the TFIID footprint at 
the promoter (Buratowski et al., 1989; Hahn et 
al., 1989; and Maldonado et al., 1990). The other 
transcription factors and pol II are believed to 
be recruited onto the template after TFIID and 
TFIIA to form a functional preinitiation com
plex (Davison et al., 1983; Fire et al., 1984; Rein- 
berg et al., 1987; Reinberg and Roeder, 1987; 
VanDyke et al., 1988; Horikoshi et al., 1988; Bur
atowski et al., 1989; VanDyke et al., 1989; Cona
way et al., 1990; Maldonado et al., 1990). Such 
an initiation complex must be stabilized by mul
tiple protein-protein interactions, and some 
of these interactions have been detected by 
protein-affinity chromatography (see, for exam
ple, Sopta et al., 1985). Additional interactions 
between TFIID or TFIIB and particular regu
latory factors have also been detected (Stringer 
et al., 1990; Lin et al., 1991; Horikoshi et al., 
1991; Lee et al., 1991).

General initiation factors derived from yeast 
and mammalian sources are to some extent 
interchangeable. Thus, the cloned TATA-binding 
TFIID polypeptide (Buratowski et al., 1988; 
Cavallini et al., 1988) and TFIIA (Hahn et al., 
1989) derived from S. cerevisiae can replace 
their human counterparts in basal transcription 
reactions containing mammalian RNA poly
merase II and general initiation factors. Since 
protein-affinity chromatography can precisely 
identify intermolecular contacts between the 
general initiation factors, we have employed the 
recombinant yeast TFIID (yTFIID) polypeptide 
as an immobilized ligand to detect mammalian 
polypeptides that bind to TFIID in the absence 
of DNA. The eluate from a yTFIID column was 
analyzed for its effect on the binding of TFIID 
to the adenovirus major late promoter using 
gel mobility shift and DNase I footprinting 
assays, for its role in transcription using a re
constituted in vitro system, and for its protein 
content using SDS-PAGE. Our data identify 
three mammalian proteins (TFIID-associated 
proteins or DAPs) that specifically bind to 
yTFIID and indicate that they probably com
prise transcription factor TFIIA.

Materials and methods

Purification of recombinant yeast and 
human TFIIDs
Yeast TFIID was produced in E. coli using a 
phage T7 promoter expression system (Studier

and Moffatt, 1986). A BamH I DNA fragment 
containing the yTFIID coding sequence was puri
fied from plasmid pASY2D (Schmidt et al., 1989) 
and subcloned into the BamH I site of plasmid 
pAR3038 (Studier and Moffatt, 1986). E coli 
(BL21[DE3])-transformed cells were grown in 
11 L of LB medium to an OD550 of 1, induced 
with 0.5 mM isopropyl-thiogalacto-pyranoside 
(IPTG) for 2 hours, harvested, and lysed in 400 
ml buffer containing 25 mM Tris-HCl, pH7.8, 
10 mM EDTA, 2% sucrose, 1 mM dithiotreitol 
(DTT), 1 mM phenylmethylsulfonyl fluoride 
(PMSF), and 0.25 mg/ml lysozyme for 15 min
utes at 0°C. KC1 was then added to a final con
centration of 0.4 M. The lysate was clarified by 
centrifugation in a 50.2Ti rotor (Beckman) for 
90 minutes at 45000 rpm, and proteins were 
precipitated using (NH^SCL (60% satura
tion). The pellet was resuspended in 50 ml ACB 
(10 mM Hepes, pH 7.9,0.2 mM EDTA, 20% glyc
erol and 1 mM DTT) and dialyzed against 2.5 L 
ACB containing 0.1 M NaCl. This extract was 
loaded onto a 400 ml DEAE-cellulose (Whatman 
DE52) column at a flow rate of 300 ml per hour. 
Flow-through fractions (25 ml/fraction) contain
ing yTFIID were pooled (total of 225 ml) and 
loaded onto a 25 ml heparin-agarose column 
(BRL) at a flow rate of 50 ml per hour. The col
umn was washed with 75 ml ACB containing
0.1 M NaCl and eluted with a 300 ml linear salt 
gradient (0.2 to 0.8 M NaCl) in the same buffer. 
Fractions (25 ml) were analyzed by SDS-PAGE 
and the elution peak of yTFIID was at 0.55 M 
NaCl. Fractions containing yTFIID were pooled 
(see Fig. 6D) and used for affinity chromatog
raphy and DNA-binding assays. Eleven liters of 
cell culture allowed the purification of 10 mg 
of yTFIID.

Recombinant human TFIID was purified as 
previously described (Peterson et al., 1990). Ac
tive fractions eluting from the heparin-sepharose 
column were used in in vitro transcription assays.

Protein affinity chromatography
Whole cell extracts (WCEs) were prepared from 
10g of either HeLa cells of calf thymus. Cells 
or tissue pieces were homogenized in 20 ml 
buffer A (10 mM Hepes, pH 7.9, 1.5 mM MgCl2, 
10 mM KC1, 0.5 mM DTT, and 0.5 mM PMSF). 
A 15 ml volume of buffer B (50 mM Hepes, pH 
7.9, 0.6 mM EDTA, 1.5 mM MgCl2, 0.5 mM DTT,
0.5 mM PMSF, 1.26 M NaCl, and 75% [vobvol] 
glycerol) was added and the extract was homog-
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Figure 1. Gel mobility shift assays using yTFIID and DAPs. HeLa (He) and calf thymus (CT) eluates both from con
trol (C) and yTFIID (D) columns were tested for their ability to bind DNA either in the presence ( + ) or absence 
( - )  of yTFIID (25 ng). Lanes 1 and 14: no added proteins; lanes 2, 7, and 15: yTFIID alone; lanes 3-5: 0.5, 1.5, and 
4.5 |il of He D eluate in the presence of yTFIID; lane 6: 4.5 til of He C eluate in the presence of yTFIID; lanes 
8-10: 0.5, 1.5, and 4.5 |d of CT D eluate in the presence of yTFIID; lane 11: 4.5 pi of CT C eluate in the presence 
of yTFIID; lane 12: 4.5 pi of He D eluate alone; lane 13: 4.5 til of CT D eluate alone; lane 16: 4.5 pi of He D eluate 
in the presence of yTFIID; and lane 17: 4.5 |d of CT D eluate in the presence of yTFIID. Probes were either wild-type 
(TATAAAA; lanes 1—13) or mutated (TAGAGAA; lanes 14-17) oligonucleotides derived from the Ad2 ML promoter 
(from position -4 4  to -16). The positions of the yTFIID-specific complex and the complex of lower mobility are 
indicated by arrows.

enized again, and stirred on ice for 30 minutes. 
The calf thymus extract was passed through 
cheesecloth. Extracts were then centrifuged in 
a 70Ti rotor (Beckman) for 3 hours at 37000 
rpm. The supernatant was dialyzed against 4L 
ACB containing 0.1 M NaCl. The precipitate 
formed during dialysis was spun down, and this 
whole cell extract was stored in aliquots at 
-7 0 °C .

A detailed procedure for protein-affinity chro
matography was described previously (Sopta 
et al., 1985) and essentially followed here. For 
micro-affinity chromatography, a 400 pi volume 
of whole cell extract was chromatographed 
through 20 pi affinity columns containing 
different concentrations of immobilized yTFIID 
(0, 0.2, 0.4, 0.8, and 1.2 mg of yTFIID/ml of wet 
Affi-gel 10). Columns were washed with 10-column

volumes of loading buffer and eluted with 
3-column volumes of loading buffer containing
0.5 M NaCl. These high-salt eluates were ana
lyzed by SDS-PAGE followed by silver staining. 
Affinity chromatography (Fig. 6B) was per
formed using 1.5 ml columns containing 0 or
2.5 mg of TFIID/ml of wet Affi-gel 10. Columns 
were washed and eluted as described above. The 
HeLa and calf thymus eluates were used in DNA- 
binding and in vitro transcription assays.

Protein/DNA-binding assays

Protein/DNA-binding reactions for both gel 
mobility and DNase I footprinting assays were 
performed as described by Horikoshi et al. 
(1989). For gel mobility shift assays shown in 
Figure 1, approximately 0.1 ng of a 5'-end-labeled 
(Maniatis et al., 1982; Buratowski et al., 1989)
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Figure 2. Human DAPs but not 
calf thymus DAPs can form 
TFIIA-TFIID- and TFIIA-TFIID- 
TFIIB-type complexes. Proteins 
and the DNA probe (Ad2 MLP 
from position -5 0  to +33) 
were mixed together and incu
bated for 30 minutes at 28°C. 
Fifty ng of yTFIID were used 
per lane, and 30 ng of recom
binant human TFIIB where in
dicated. Lane 1: free probe; 
lane 2: yTFIID plus 4 \i\ yTFIID- 
column eluate from HeLa cell 
extracts (He); lane 3: yTFIID 
plus 1 [i\ TFIIA fraction; lane 
4: yTFIID plus 2 îl TFIIA frac
tion; lane 5: yTFIID plus 4 |il 
yTFIID-column eluate from calf 
th v m n s  e v t r a r f s  fCTV la n p fv

Probe-►  M

1 2 3 4 5 6

double-stranded oligonucleotide containing 
either the wild-type Ad2 MLP TATA element 
(5'TTTCTGAAGGGGGGCTATAAAAGGGGGT 
GGGGG-3') or a variant containing mutations 
(TAGAGAA instead of TATAAAA) was used as 
probe. Incubations were at 25°C for 30 min
utes. Electrophoresis was performed under the 
conditions described by Horikoshi et al. (1989). 
The mobility Shift assay shown in Figure 2 was 
performed using the Ad2 MLP ( -  50 to + 33) 
which was 3'end-labeled according to Buratow- 
ski et al. (1989). About 0.05-0.1 ng of probe was 
used per reaction. Incubations of proteins and 
DNA, as well as electrophoresis conditions, were 
according to Flores et al. (1991). The reactions 
contained 50 ng of yTFIID and 30 ng of recom
binant TFIIB (rTFIIB) where indicated. The 
highly purified TFIIA fraction and the rTFIIB 
were kind gifts from D. Reinberg, O. Flores, I. Ha, 
and P. Cortes.

For DNase I footprinting, the DNase I reac
tions on DNA-protein complexes were done at 
25°C for 2 minutes and stopped using in vitro

uijiiiuo  c a ii actv3 ^  i  lane u.

yTFIID plus 4 1̂ yTFIID-col
umn eluate from HeLa cell 
extracts plus TFIIB; lane 7: 
yTFIID plus 1 nl TFIIA fraction 
plus TFIIB; lane 8: yTFIID plus 
2 |il TFIIA fraction plus TFIIB; 
and lane 9: yTFIID plus 4 [i\ 
yTFIID-column eluate from calf 
thymus extract plus TFIIB. The 
positions of the complexes are 
indicated.

7 8 9

transcription stop buffer (Burton et al., 1986). 
Probes used for DNase I footprinting were made 
using the Ad2 ML promoter (positions -  50 to 
+ 33) labeled either on the coding or non-coding 
strand as previously described (Buratowski et 
al., 1989). Reactions were extracted with phenol- 
chloroform, precipitated with ethanol, and ana
lyzed on 10% urea-polyacrylamide sequencing 
gels.

In vitro transcription assays

Nuclear extract was prepared from HeLa cells 
using the method of Shapiro et al. (1988). A 
volume of 1.5 ml of nuclear extract (about 15 
mg protein) was chromatographed through a 
1 ml-Pll (Whatman) column in conditions de
scribed by Reinberg and Roeder (1987). Flow
through (0.1 M KC1) and step elution (0.5 and 
1 M KC1) fractions were designated TFIIA, 
TFIIB/E/F, and TFIID.

In vitro transcription reactions and product 
analyses were performed as previously described 
(Burton et al., 1986). Heat treatment of nuclear
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extract or recombinant TFIID was for 20 min
utes at 4 7 °C in the presence of 1 mg/ml of BSA. 
Each reaction using the reconstituted system 
contained fraction TFIIB/E/F (2 |d; 3.6 jxg pro
tein), the TFIID fraction (2 |il; 1.8 ng protein), 
and purified calf thymus RNA pol II (a gift from 
Dr. S. McCracken; 0.1 ng; Sopta et al., 1985) in 
the presence of either fraction TFIIA (1 |d; 7.5 
Hg protein) or various column eluates (as de
scribed in the legend of Figure 4). The DNA 
template (0.5 |ig/reaction) was plasmid pML 
(C2AT)A-50 linearized with restriction enzyme 
EcoR I (Sawadogo and Roeder, 1985; Sumimoto 
et al., 1990).

Results

Mammalian DAPs affect the binding of yTFIID 
to the TATA element

In order to identify and isolate polypeptides 
that bind to immobilized yTFIID, whole cell ex
tract prepared from HeLa cells or calf thymus 
was loaded onto 1.5 ml-columns containing 
purified yTFIID coupled to Affi-gel 10 at a con
centration of 2.5 mg of protein/ml of packed 
resin (yTFIID column) or onto control columns 
of Affi-gel 10 without coupled proteins. The col
umns were washed with loading buffer and 
eluted with buffer containing 0.5 M NaCl. Pro
teins found in the salt eluates of yTFIID-columns 
that specifically bound to TFIID were called 
DAPs (yTFIID-associated proteins). These salt 
eluates were first analyzed for their effect on 
the binding of yTFIID to the TATA element. Gel 
mobility shift assays were performed using a 
5' end-labeled double-stranded oligonucleotide 
containing the Ad2 MLP TATA element as a 
probe. As shown in Figure 1 (lanes 2 and 7), 
yTFIID bound to the DNA and formed a small 
amount of a TFIID-DNA complex. This complex 
was specific because it was not formed using 
an oligonucleotide mutated in the TATA box 
(TAGAGAA instead of TATAAAA) (Fig. 1, lane 
15). Eluates from control columns had no effect 
on the TFIID mobility shift (Fig. 1, lanes 6 and 
11). Addition of increasing amounts of yTFIID- 
column eluates from HeLa and calf thymus ex
tracts (lanes 3 -5  and 8-10) increased the yield 
of the yTFIID-DNA complex, presumably be
cause they increased either the stability of the 
complex or its rate of formation. The HeLa 
DAPs (heDAPs) also allowed the formation of

an additional complex with lower mobility 
(Fig. 1, lanes 3-5). This complex also was specific 
because it could not be formed using an oligo
nucleotide mutated in the TATA box (Fig. 1, 
lanes 16 and 17). Both complexes were TFIID- 
dependent since neither the HeLa nor the calf 
thymus DAPs (ctDAPs) bound the probe in the 
absence of yTFIID (Fig. 1, lanes 12 and 13). These 
data indicated that we had isolated polypeptides 
which bind to TFIID in the absence of DNA 
and alter the interaction of TFIID with the TATA 
element.

Human DAPs are indistinguishable from partially 
purified TFIIA in gel mobility shift assays

Because it has been shown previously that TFIIA 
affects the binding of TFIID to promoter ele
ments (see, for example, Maldonado et al., 1990), 
we wished to determine whether the mobility 
shift complexes formed using yTFIID and the 
DAPs resembled TFIID-TFIIA complexes. Con
sequently, we performed mobility shift assays 
in which partially purified TFIIA (a gift of
P. Cortes, O. Flores, and D. Reinberg) was used 
as a standard. We observed that the mobility 
of the complex produced by mixing TFIIA and 
yTFIID with a Ad2 MLP probe (Fig. 2, lanes 3 
and 4) was the same as that of the low mobility 
complex produced by mixing heDAPs and 
yTFIID (lane 2). A similar complex could not 
be seen with ctDAPs and yTFIID (lane 5). We 
next tested whether this TFIID-TFIIA-type com
plex could recruit TFIIB as described previously 
(Buratowski et al., 1989; Maldonado et al., 1990; 
Ha et al., 1991). We found that partially purified 
TFIIA and the heDAP fraction both cooperated 
with yTFIID to recruit recombinant human 
TFIIB (Fig. 2, lanes 6, 7, and 8) and produced 
DNA-protein complexes with indistinguishable 
mobilities. The ctDAP fraction could not pro
duce the TFIID-TFIIATFIIB-type complex (Fig. 2, 
lane 9). These data suggest that a component 
of DAPs from HeLa extracts, which is not pres
ent in DAPs from calf thymus extract, is essen
tial for producing a TFIID-TFIIA-type complex 
which is able to recruit TFIIB (see below).

The mammalian DAPs alter the TFIID footprint 
on the TATA element

We next examined how DAPs affected the TFIID 
footprint on the TATA element of the Ad2 ML 
promoter. DNase I footprinting was performed 
on both strands using 5'-end-labeled restriction
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Figure 3. DNase I footprinting 
using yTFIID and DAPs. HeLa 
(He) and calf thymus (CT) elu- 
ates from both control (C) and 
yTFIID (D) columns were used 
in DNase I footprinting ex
periments in the presence of 
yTFIID (25 ng). Lanes 1 and 9: 
no added proteins; lanes 2 and 
10: yTFIID alone; lanes 3 and 
11: 2 pi of He D eluate in the 
presence of yTFIID; lanes 4 and 
12: 4 pi of He D eluate in the 
presence of yTFIID; lanes 5 and 
13: 2 pi of CT D eluate in the 
presence of yTFIID; lanes 6 and 
14: 4 pi of CT D eluate in the 
presence of yTFIID; lanes 7 and 
15: 4 pi of He C eluate in the 
presence of yTFIID; and lanes 
8 and 16: 4 pi of CT C eluate 
in the presence of yTFIID Foot
printing analyses were per
formed on both the coding 
(lanes 1-8) and the non-coding 
(lanes 9-16) strands of the Ad2 
ML promoter (position -5 0  to 
+ 33). DNA coordinates, as well 
as the position of the TATA box 
(open boxes), are indicated; 
they were deduced from G + A 
sequencing reactions run on a 
separate gel. A schematic rep
resentation of the DNA probes 
and protection patterns is 
shown at the bottom. Arrows 
indicate sites hypersensitive to 
DNase I digestion.

fragments. Footprinting reactions were done in 
the presence of yTFIID alone, yTFIID with either 
HeLa or calf thymus DAPs, and yTFIID with the 
eluates of HeLa or calf thymus control columns 
(Fig. 3). Both the calf thymus and HeLa DAPs 
produced the same qualitative changes in the 
yTFIID footprint on each strand of the DNA 
(Fig. 3, lanes 3 -6  and 11-14). These changes are 
shown schematically at the bottom of Figure 3. 
They were not observed when eluates from con
trol columns were used (Fig. 3, lanes 15 and 16). 
Of particular interest was the upstream exten
sion from - 3 8  to -4 1  of the footprint produced 
by yTFIID on the non-coding strand, which we 
observed here and which has been shown pre
viously to be characteristic of mammalian and

yeast TFIIA activity (Buratowski et al., 1989; 
Hahn et al., 1989).

The mammalian DAPs can substitute for TFIIA 
transcription factor activity

Since heDAPs behaved like TFIIA in DNA bind
ing assays, the ability of the DAPs to replace the 
TFIIA fraction in an in vitro transcription as
say was examined. Nuclear extract prepared from 
HeLa cells was chromatographed on a phos- 
phocellulose column (Reinberg and Roeder,
1987). Flow-through (0.1 M KC1) and step elution 
(0.5 and 1.0 M KC1) fractions were pooled and 
designated as TFIIA, TFIIB/E/F, and TFIID frac
tions for use in in vitro transcription experi
ments. The template DNA was the G-less cas-
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Figure 4. In vitro transcription 
using a reconstituted system and 
DAPs. HeLa nuclear extract was 
loaded onto a Pll column, and 
fractions were generated by 
step-elution (flow-through 0.1 M 
= TFIIA fraction; 0.5 M =
TFIIB/E/F fraction; and 1 M =
TFIID fraction. Transcription 
reactions were performed using 
a mixture containing fraction 
TFIIB/E/F (2 |il; 1.8 mg/ml pro
tein), purified RNA pol II 
(0.1 til), and the fraction TFIID 
(2 fd; 0.9 mg/ml protein) (lanes 
1-9) in the absence (lanes 2) or 
in the presence (lane 3) of frac
tion TFIIA (1 gl; 7.5 mg/ml pro
tein), HeLa control-column 
eluate ( + He C [2.5 gl]; lane 4),
HeLa yTFIID-column eluate (He D [2.5 and 5 gl]; lanes 5 and 6 respectively), calf thymus control-column eluate 
(CT C [2.5 gl]; lane 7), and calf thymus yTFIID-column eluate (CT D [2.5 and 5 gl]; lanes 8 and 9 respectively). 
The DNA template was plasmid pML(C2AT)A-50 linearized with restriction enzyme EcoR I. The formation of run
off transcripts (indicated by an arrow) was monitored on a denaturing-polyacrylamide gel. Positions of DNA molecu
lar weight markers (M; lane 1) are indicated.

2 3 4 5 6 7 8 9

sette plasmid pML (C2AT)A-50, which lacks the 
upstream regulatory sequence of the Ad2 MLR 
We observed that purified calf thymus RNA poly
merase II as well as the TFIIB/E/F and TFIID 
fractions were all essential for accurate initi
ation of transcription (data not shown). The 
TFIIA fraction stimulated transcription (Fig. 4, 
lanes 2 and 3), as previously described by some 
investigators (Samuels et al., 1982; Egly et al., 
1984; Samuels and Sharp, 1986; Buratowski et 
al., 1988), but it was not essential, presumably 
because our TFIID fraction contained TFIIG 
(Sumimoto et al., 1990), or because other frac
tions used in the experiment were still contami
nated with some TFIIA activity. Addition of 
either HeLa or calf thymus DAPs similarly and 
reproducibly stimulated transcription (Fig. 4, 
lanes 5, 6, 8, and 9), while eluates from control 
columns had no effect (lanes 4 and 7). From 
these data we concluded that the TFIIA frac
tion contains a general transcription factor that 
stimulates transcription in this partially purified 
system, and that similar activities in HeLa and 
calf thymus whole cell extracts bound selectively 
to our yTFIID columns.

Mammalian DAPs can confer heat-resistance to 
recombinant TFIID, but not to TFIID in 
a nuclear extract

We also analyzed the effect of DAPs on other 
properties of TFIID. It has been reported pre

viously that the treatment of a HeLa nuclear 
extract at 47°C for 15 minutes destroys its tran
scription activity as measured using run-off 
assays (Nakajima et al., 1988; and Fig. 5A, lanes 
1 and 2). This effect is the result of the in
activation of the TFIID activity in the extract 
(Nakajima et al., 1988), since addition of re
combinant yeast or human TFIID to such a heat- 
inactivated extract fully restores its transcrip
tion activity (Fig. 5A, lanes 8 and 9). Both 
recombinant yeast and human TFIID can also 
be inactivated by a treatment at 47°C (Fig. 5B, 
lanes 2 and 8; and 5C, lanes 2 and 7). This heat- 
lability can be reversed for both recombinant 
TFIIDs by the addition of DAPs directly to the 
TFIID prior to heat-treatment (Fig. 5B, lanes 
3 -5  and 9-11); neither the addition of eluates 
from control columns (Fig. 5B, lanes 6 and 12) 
nor the addition of BSA (present at 1 mg/ml 
in each heat-treated reaction) produced a similar 
effect. The observation that the TFIID activity 
of a nuclear extract is heat-sensitive implies that 
DAPs cannot protect TFIID from heat inacti
vation in the extract. Consistent with this, when 
DAPs were added to a nuclear extract prior to 
heat-treatment, no heat-resistance was conferred 
(Fig. 5A, lanes 3-6). In addition, when recom
binant TFIIDs were added to heat-treated nu
clear extract, incubated for 20 minutes, and then 
heated again in the presence or absence of DAPs, 
no heat-resistance was conferred on hTFIID
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Figure 5. DAPs can confer heat-resistance to recombinant TFIIDs, but not to endogenous nor exogenous human 
TFIID present in a nuclear extract. A. Nuclear extract from HeLa cells was used in in vitro transcription assays 
either before (lane 1) or after (lanes 2-9) treatment for 20 minutes at 47°C. Increasing amounts of a yTFIID-column 
eluate (D eluate or DAPs; 0.5 [IX], 1 [2X], 2 [4X], and 4 gl [8X] in lanes 3-6  respectively), as well as a control-column 
eluate (C eluate; 2 gl [4X]; lane 7) were added to the nuclear extract prior to a heat-treatment. Recombinant TFIID 
(rTFIID), either human (h; lane 8) or yeast (y; lane 9), was added to the reaction after heat-treatment. Reactions 
were performed for 60 minutes at 30°C, using a template containing the Ad2 ML promoter. B. Recombinant TFIID 
(rTFIID), either human (h; lanes 1-6) or yeast (y; lanes 7-12), was added to the reaction (lanes 1 and 7) or heated 
at 47°C for 20 minutes in the absence (lanes 2 and 8) or in the presence of either increasing amounts of yTFIID- 
column eluate (0.5 [IX], 1 [2X], and 2 gl [4X]; lanes 3 and 9, 4 and 10, and 5 and 11 respectively) or control-column 
eluate (2 gl [4X]; lanes 6 and 12). Each reaction contained previously heat-treated nuclear extract. C. Recombinant 
TFIID (rTFIID), either human (h) or yeast (y), was added to heat-treated nuclear extract, incubated for 20 minutes 
at 30°C, and either used in transcription reactions (lanes 1 and 6) or heated again in the absence (lanes 2 and 7) 
or in the presence of increasing amounts of yTFIID-column eluates (1 [2X], 2 [4X] and 4 gl [8X]; lanes 3 and 8, 
lanes 4 and 9, and lanes 5 and 10 respectively). For heat-treatment, each reaction contained approximately 1 mg/ml 
BSA. The template and conditions were the same as in Figure 4, except that 2 gl of nuclear extract (15 mg/ml pro
tein), 5 ng of ryTFIID, and 2ng of rhTFIID were used where indicated.

(Fig. 5C, lanes 2-5), and only partial resistance 
on yTFIID (Fig. 5C, lanes 7-10). These data 
further indicate that DAPs cannot protect hu
man TFIID from heat-inactivation in a nuclear 
extract.

Three polypeptides specifically bind to 
a yTFIID-affinity column
In order to identify the human proteins that 
bind specifically to yTFIID, whole cell extract 
prepared from HeLa cells was loaded onto
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Figure 6. Affinity chromatog
raphy using yTFIID as a ligand.
A. A volume of 400 \i\ of 
HeLa WCE (He) was chromato
graphed through 20 [i\ affinity 
columns containing different 
concentrations of immobilized 
yTFIID (0, 0.2, 0.4, 0.8, and 1.2 
mg of yTFUD/ml of wet Affi-gel 
10; lanes 2-6). Columns were 
washed with 200 \x\ loading 
buffer and eluted with loading 
buffer containing 0.5 M NaCl 
(Sopta et al., 1985). High salt 
eluates were analyzed using 
SDS-PAGE, followed by silver 
staining. Positions of DAP35,
21, and 12 (arrows), as well as 
molecular weight markers (M; 
lane 1), are indicated. B. Calf 
thymus WCE (CT) was chro
matographed through control 
(C; lane 1) and yTFIID (D; lane 
2) columns (0 and 2.5 mg of 
ligand/ml wet Affi-gel 10 respec
tively) and analyzed as de
scribed in A. A HeLa (He) elu- 
ate from a similar yTFIID 
column was included for com
parison (lane 3). Positions of 
heDAP35, 21, and 12 (arrows), 
as well as positions of molecu
lar weight standards (M; lane 
4), are indicated. C. Eluates 
from yTFIID columns loaded 
with HeLa whole cell extract 
(He; see A) were analyzed using 
DNase I footprinting both in 
the absence ( - )  and presence 
( + ) of yTFIID (20 ng). Lane 1: 
no added proteins; lane 2: 
yTFIID alone; lanes 3-7: yTFIID 
and eluates (1.2 nl) from 0, 0.2,
0.4, 0.8, or 1.2 mg/ml-yTFIID
columns; lanes 8 and 9: eluates from the 0 and 1.2 mg/ml-yTFIID columns alone. The probe was the non-coding 
strand of the Ad2 ML promoter (positions -5 0  to +33) labeled at its 3' end. The position of the TATA box is in
dicated as an open box. D. The yTFIID used as a ligand for affinity chromatography was analyzed by SDS-PAGE 
and stained with Coomassie blue. Positions of molecular weight markers are indicated (M).
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micro-columns containing purified yTFIID (see 
Fig. 6D) coupled to Affi-gel 10 at concentrations 
of 0, 0.2, 0.4, 0.8, and 1.2 mg of protein/ml of 
packed resin. As for the preparation of DAP 
fractions described above, the columns were 
washed with loading buffer and eluted with 
buffer containing 0.5 M NaCl. These column 
eluates were analyzed by SDS-PAGE followed 
by silver staining. Three polypeptides with ap
parent molecular weights of 35,000, 21,000, and 
12,000 bound to the two columns having the

highest concentrations (0.8 and 1.2 mg/ml) of 
yTFIID (Fig. 6A, lanes 5 and 6). These polypep
tides were named heDAP35, heDAP21, and 
heDAP12. When whole cell extract prepared 
from calf thymus was chromatographed in the 
same conditions through yTFIID and control 
columns, bovine polypeptides with apparent 
molecular weights of 21,000 (ctDAP21) and 
12,000 (ctDAP12) bound selectively to the TFIID 
column (Fig. 6B, compare lanes 2 and 3). When 
the eluates analyzed using SDS-PAGE (Fig. 6A)
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were analyzed by DNase I footprinting, the up
stream extension of the footprint was seen only 
with the eluates of columns containing 0.8 and
I. 2 mg/ml yTFIID (Fig. 6C). Therefore, the pres
ence of this TFIIA footprint correlated precisely 
with the appearance of the specific TFIID- 
binding proteins heDAP35/21/12.

Discussion

We have described the use of affinity chroma
tography to purify, in a single step, polypeptides 
in human and bovine whole cell extracts that 
specifically bind to the yeast TATA box protein 
TFIID. These polypeptides, which we called 
DAPs for yTFIID-associated proteins, stimulated 
the formation of yTFIID-DNA complexes on the 
Ad2 ML promoter and extended the DNase I 
footprint produced by yTFIID on the Ad2 ML 
promoter from -  38 to -4 1 . DAPs purified from 
HeLa extracts allowed the formation of an ad
ditional complex (a DNA-TFIID-TFIIA-type com
plex) with lower gel mobility than a yTFIID- 
DNA complex. They also allowed binding of 
TFIIB to form a DNA-TFIID-TFIIA-TFIIB-type 
complex. DAPs also stimulated transcription 
in vitro in reactions containing TFIIB/E/F and 
TFIID fractions, as well as purified RNA pol
II. These data indicate that DAP fractions con
tain a transcription factor which can modulate 
transcription by interacting with TFIID. Since 
all the properties we have described for the DAP 
fraction are also properties of TFIIA, we con
clude that TFIIA can bind directly to TFIID in 
the absence of DNA.

There was a major qualitative difference be
tween ctDAP and heDAP fractions in gel mo
bility shift assays. CtDAPs did not allow the for
mation of a stable low mobility complex (a 
DNA-TFIID-TFIIA-type complex) or allow the 
recruitment of TFIIB. Because the only appar
ent difference in polypeptide content between 
heDAPs and ctDAPs is a 35 kDa protein in the 
heDAP fraction, this heDAP35 polypeptide is 
likely to be an important component of TFIIA 
activity. DAP21 and DAP12, the two TFIID- 
binding polypeptides found in both ctDAPs and 
heDAPs, are similar in size to the polypeptides 
previously observed in a TFIIA fraction highly 
purified from calf thymus (Samuels and Sharp,
1986). This calf thymus TFIIA behaved like our 
calf thymus DAPs in that it stimulated transcrip

tion in a reconstituted system, but did not be
have like HeLa TFIIA in gel mobility shift 
assays (Buratowski et al., 1989). Therefore, we 
think heDAP35, heDAP21, and heDAP12 likely 
compose human HeLa cell TFIIA. Of course, 
we cannot presently exclude the possibility that 
the three HeLa cell DAPs are derived by pro
teolysis from a single precursor protein. Neither 
DAPs nor TFIIA purified by Samuels and Sharp 
(1986) resemble TFIIA fractions described by 
Egly et al. (1984) or Usuda et al. (1991).

Do DAPs contain a component which is ab
solutely essential for in vitro transcription? In 
the course of this work we compared the basal 
transcription activity of nuclear extracts that 
have been passed one to four times over yTFIID 
and control columns. This was done on several 
occasions, and at no time did we find any sig
nificant reduction in the transcription activity 
of an extract passed over the yTFIID column. 
This observation would suggest that DAPs do 
not contain a required general initiation factor. 
The requirement for TFIIA as a general initi
ation factor has been controversial. Perhaps an 
explanation can be found in the observation 
by Sumimoto et al. (1990) that TFIIG can re
place TFIIA as a required pol II general initi
ation factor.

DAPs may serve functions other than that 
of a required basal transcription factor. One 
possibility is an involvement in transcriptional 
activation as a co-activator; the existence of such 
co-activator factors has been proposed recently 
and co-activator factors have been found in 
fractions containing TFIID-binding proteins 
(Dynlacht et al., 1991; Meisterernst et al., 1991). 
Another attractive possibility would be the in
volvement of DAPs along with TFIID in tran
scription by RNA pol III (see Lobo et al., 1991). 
Alternatively, DAPs may be involved in positive 
or negative regulation of transcription in spe
cial biological conditions. For example, DAPs 
could stabilize TFIID in heat-shock or other 
stress conditions.

We have also shown that DAPs can confer 
heat-resistance on recombinant TFIID. Our data 
indicate that neither the endogenous DAPs nor 
exogenously added DAPs can make the TFIID 
in a nuclear extract resistant to heat-inactivation. 
One possible explanation for this observation 
is suggested by the report of Dynlacht et al.
(1991), which shows that TFIID (or TBP, TATA
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box-binding protein) is bound very tightly to 
several polypeptides (TAFs or TBP-associated 
factors) in an extract from Drosophila. Human 
TFIID may interact more tightly with putative 
human TAFs than it does with DAPs, and such 
human TAFs could prevent DAPs from making 
TFIID resistant to heat-inactivation. Our DAP 
fraction may not contain human TAFs because 
we used yTFIID, rather than hTFIID, for affinity 
chromatography. Indeed, we have observed that 
affinity columns containing recombinant hTFIID 
as a ligand bound additional HeLa extract poly
peptides that were not bound by yTFIID columns 
(data not shown).

In conclusion, we have described here the 
identification and the isolation of three mam
malian polypeptides which specifically bind to 
yTFIID in the absence of DNA. They have the 
properties of TFIIA and they have the ability 
to preserve TFIID from heat-inactivation.
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