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The TFIID activity recognizes a TATA-box element and supports formation of an initiation complex 
containing RNA polymerase II. Antisera specific for the 38-kD human TFIID protein were used to determine 
whether this protein cofractionated with the TFIID activity. Surprisingly, the TFIID activity in HeLa 
whole-cell extracts was resolved into two different size complexes, one of 300 kD and one of >700 kD. 
Cofractionation studies suggest that both complexes contain the 38-kD protein; thus, this component of the 
large complexes is probably responsible for recognition of the TATA sequence and interaction with the other 
general transcription factors in formation of the initiation complex. Interestingly, in contrast to the TFIID 
activity characterized previously, the 300-kD form of TFIID activity, B-TFIID, does not support stimulation of 
transcription by factors containing acidic or glutamine-rich activating motifs. We propose that the functional 
and physical differences between these two forms of TFIID activity are caused by differences in the protein 
composition of the TFIID complexes of which the 38-kD hTFIID protein is an integral part. 
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Initiation of transcription in mammalian cells by RNA 

polymerase II is a complex process that requires multiple 

additional protein factors. These factors can be divided 

into two groups: distally binding transcriptional activa- 

tors (for reviews, see Johnson and McKnight 1989; 

Mitchell and Tjian 1989) and general transcription fac- 

tors (for reviews, see Wasylyk 1988; Sawadogo and Sen- 

tenac 1990). A preinitiation complex is formed over the 

transcription start site by the general factors and the 

polymerase. Both order-of-addition transcription assays 

(Fire et al. 1984; Reinberg et al. 1987) and gel-shift ex- 

periments (Buratowski and Sharp 1989; Maldonado et al. 

1990) demonstrated that the general transcription factors 

(TFIIA, TFIID, TFIIB, and TFIIE/F) and the polymerase 

enter the preinitiation complex in a sequential way. 

The general factors were first identified in extracts of 

HeLa cells (Matsui et al. 1980; Samuels et al. 1982; Dav- 

ison et al. 1983; Reinberg and Roeder 1987; Reinberg et 

al. 1987) and named according to their elution profile on 

phosphocellulose columns (Matsui et al. 1980). The 

0.6-1 M KC1 eluate (D fraction) contains the TFIID ac- 

tivity (D-TFIID) that binds to the TATA-box element, 

which is common to many polymerase promoters. The 

molecular mass estimates of the TFIID factor (or the rat 

liver homolog T) range between 140 and 1300 kD (Sam- 

uels et al. 1982; Reinberg et al. 1987; Conaway et al. 
1990, 1991). 

tCorresponding author. 

Studies of the D-TFIID factor have been hampered by 

the difficulty of purification of this activity from cellular 

extracts (Nakajima et al. 1988; Maldonado et al. 1990). 

This problem was bypassed when it was discovered that 

yeast cells contain a protein that is functionally similar 

to the D-TFIID activity (Buratowski et al. 1988; Caval- 

lini et al. 1988). The yeast gene encoding this TFIID ac- 

tivity was cloned (Hahn et al. 1989; Horikoshi et al. 

1989; Schmidt et al. 1989), and the presence of conserved 

repeated domains in this protein allowed cloning of the 

human cDNA encoding the TFIID protein (Hoffmann et 

al. 1990; Kao et al. 1990; Peterson et al. 1990). Surpris- 

ingly, this human TFIID protein (hTFIID) has a predicted 

molecular mass of only 38 kD. Additionally, in contrast 

with the partially purified D-TFIID factor, which, in 

DNase I footprinting experiments protects the sequences 

from - 4 5  to + 35 of the adenovirus major late promoter 

(Sawadogo and Roeder 1985b; Nakajima et al. 1988), the 

recombinant 38-kD hTFIID protein protects only a 20-bp 

region around the TATA box {Hoffmann et al. 1990; Kao 

et al. 1990; Peterson et al. 1990). Moreover, reconstituted 

transcription reactions with this protein do not respond 

to the transcriptional activators like Spl (Peterson et al. 

1990). An explanation for these differences between the 

partially purified endogenous D-TFIID activity and the 

recombinant hTFIID protein might be that in cellular 

extracts the 38-kD hTFIID protein is part of a TFIID 

complex that also contains other proteins. Strong sup- 

port for this explanation was derived recently from the 
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analysis of the Drosophila TFIID activity. Purification of 

this factor by immunoaffinity chromatography suggests 

the presence of at least six additional polypeptides in the 

Drosophila TFIID complex (Dynlacht et al. 1991). 

Using a hTFIID fusion protein, we obtained rabbit an- 

tisera specific for the hTFIID protein. These sera were 

used to determine whether this 38-kD hTFIID protein 

cofractionates with the TFIID activity, as the latter was 

defined only by in vitro transcription assays. The 38-kD 

hTFIID protein was found in the previously character- 

ized D-TFIID fraction, the high-salt eluate of the phos- 

phocellulose column; but, surprisingly, the majority of 

this protein was present in the 40-350 mM KC1 eluate of 

this column. The hTFIID-containing complex in this 

fraction (B-TFIID) was purified further. The activity of 

B-TFIID was analyzed in reconstituted transcription as- 

says and compared with the TFIID activity in the D frac- 

tion and to the recombinant 38-kD hTFIID protein. 

Results 

The 38-kD hTFIID protein from HeLa cells 

chromatographs in both the phosphocellulose B and D 
fractions 

To investigate whether the 38-kD hTFIID polypeptide 

cofractionates with TFIID activity (as determined previ- 

ously in transcription assays), antisera specific for the 

38-kD hTFIID protein were developed. Briefly, these an- 

tisera were obtained by immunizing rabbits with a pro- 

tein consisting of the first 139 amino acids of the hTFIID 

protein fused to glutathione S-transferase of Schisto- 

soma japonicum. Thus, the sera are directed against the 

nonconserved amino terminus of the hTFIID protein. All 

three rabbits responded to this immunogen, as evidenced 

by a specific ELISA assay, and the antiserum with the 

highest titer was selected for immunoblot experiments. 

Because chromatography on phosphocellulose is the first 

step in a standard fractionation of the general transcrip- 

tion factors, the four fractions A, B, C, and D, were an- 

alyzed by immunoblotting with an affinity-purified 

hTFIID antiserum. As anticipated, the TFIID activity, as 

defined in reconstituted transcription experiments, frac- 

tionated into the 0.6-1 M KC1 fraction D (data not 

shown; Samuels et al. 1982; Reinberg et al. 1987). Figure 

1A shows that this D fraction contains the hTFIID pro- 

tein but that the protein is also present in the B fraction 

(0.04--0.35 M KC1). Approximately 75% of the 38-kD 

hTFIID protein present in a HeLa whole-cell extract 

chromatographs in the B fraction (data not shown). Five 

independent phosphocellulose preparations of HeLa 

whole-cell extracts were analyzed, and in all cases the 

hTFIID protein fractionated as stated above. The hTFIID 

polypeptide has the apparent mobility in SDS-polyacryl- 

amide gels of a 45-kD protein while its predicted molec- 

ular mass is 38 kD. In this paper we will refer to this 

hTFIID protein according to its predicted molecular 

mass. 

Approximately 50% of the total protein from a whole- 

cell extract elutes in the B fraction (Samuels et al. 1982; 

M. Timmers and P. Sharp, unpubl.). To analyze whether 
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Figure 1. The 38-kD hTFIID protein is present in two different phosphocellulose fractions. (A) Immunoblot analysis of the different 
fractions from a phosphocellulose column. A HeLa whole-cell extract was fractionated on a phosphocellulose matrix and either 100 
~g (lanes 1-4) or 50 ~g (lane 5) of protein from the indicated fractions was analyzed with affinity-purified antiserum specific for the 
hTFIID protein. The positions of comigrated prestained markers are indicated at left by their molecular mass (in kD). The 45-kD band 
indicated by the arrow represents the hTFIID protein as evidenced by comigration with bacterially expressed hTFIID {data not shown). 
The other protein bands stained by the antiserum were also present when preimmune serum was used and thus result from nonspecific 
background staining. (B) Fractionation scheme for the different general transcription factors and for B-TFIID from solubilized HeLa cell 
extracts. The [AB] fraction contains TFIIA as indicated, [CB] provides TFIIB/E/F, and [DB] provides the previously characterized 
high-salt TFIID activity indicated as D-TFIID. 
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the 38-kD hTFIID protein present in this fraction has 

transcriptional activity it was purified further over ion 

exchange matrices (as outlined in Fig. 1B) with the im- 

munoblot assay to follow its fractionation. The chro- 

matographic fractions were assayed for TFIID activity in 

a reconstituted transcription reaction with fractions [AB] 

and [CB] providing the other general transcription factors 

(Fig. 1B) and purified RNA polymerase II. The template 

contained the basal major late promoter of adenovirus. 

TFIID activity was detected in fractions derived from the 

B fraction after chromatography on the second column 

(data not shown). The immunoblot and transcriptional 

analyses of the fractions from the fourth column (Mono 

S) in the purification protocol are shown in Figure 2. The 

hTFIID protein, as detected by immunoblott ing (Fig. 2A), 

cofractionated with the transcriptional activity in the 

TFIID-dependent assay (Fig. 2B). This argues strongly 

that the 38-kD hTFIID protein present in the phospho- 

cellulose B fraction is transcriptionally active. We pro- 

pose to name this TFIID activity B-TFIID to distinguish 

it from the traditional form present in the phosphocel- 

lulose D fraction (D-TFIID). Fractions 26-33 were 

pooled, dialyzed, and used in the subsequent experi- 

ments as the source of B-TFIID. 

Characterization of the B-TFIID activity in the basal 

transcription reaction 

The dependence of the B-TFIID activity on the other gen- 

eral factors to generate basal transcription was analyzed 

in Figure 3. Chromatographic fractions were omitted 

from the transcription mixture as indicated. Transcrip- 

tion with B-TFIID was only partially dependent on TFIIA 

(about fivefold) but was totally dependent on the other 

protein fractions. The previously characterized TFIID ac- 

tivity (D-TFIID) from the phosphocellulose D fraction 

(Samuels et al. 1982) was included for comparison and 

has a similar dependence on the other general factors as 

B-TFIID. The TFIIB/E/F-containing fraction was sepa- 

rated by chromatography on DEAE-Sepharose into frac- 

tions containing the TFIIB or the TFIIE/F activity. The 

basal transcription reaction with the B-TFIID activity 

required the presence of both of these activities (M. Tim- 

mers, J. Parvin, and P. Sharp, unpubl.). 

The transcriptional efficiencies of the 38-kD hTFIID 

protein in the B-TFIID and D-TFIID fractions were ana- 

lyzed by comparing the intensity of staining in a hTFIID 

immunoblot with the level of stimulation of the basal 

transcription reaction (Fig. 4). Basal transcription with 

Figure 2. Fractions containing the 38-kD hTFIID protein from the phosphocellulose B fraction stimulate the basal transcription 
reaction. (A) Immunoblot analysis of the Mono S column fractions with antiserum specific for hTFIID. Thirty microliters of every 
other fraction was precipitated by 2 volumes of cold acetone, resuspended in sample buffer, and processed for immunoblot analysis 
with a rabbit antiserum specific for hTFIID. Positions of comigrated prestained markers are indicated by their molecular mass (in kD). 
The arrow indicates the hTFIID polypeptide. (B) Transcriptional analysis of Mono S fractions. Three microliters of the load (L) and 
flowthrough (FT) or 1 ~1 of the eluted fractions was adjusted to buffer A/100 mM KC1 and analyzed in a TFIID-dependent transcription 
reaction with pML(C~AT)19A-51 as the template (Sawadogo and Roeder 1985a). This plasmid carries a 380-bp guanosine-less cassette 
under control of the adenovirus basal major late promoter (-53/+ 10). Reactions analyzed in lanes labeled - or D-TFIID received, 
respectively, control buffer and 1.5 ~1 of [DB]. The arrow indicates the correctly initiated RNA product. Both the 38-kD hTFIID protein 
and the TFIID activity peak in fractions 27-29, which correspond to 120--160 mM KC1. 
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Figure 3. Transcription with the B-TFIID fraction is dependent 
on the same general transcription factors as transcription with 
the D-TFIID fraction ([DB]). Different protein fractions (see Fig. 
1B) containing the general factors were omitted as indicated 
from the standard TFIID-dependent transcription reaction using 
pML(C2AT)19A-51 (Sawadogo and Roeder 1985a) as template. 
Correctly initiated RNA products are 380 nucleotides in length 
and are indicated by the arrow. Three microliters of the B-TFIID 
fraction (pooled Mono S fractions 26-33) and 2 ~1 of the 
D-TFIID fraction were used. Lane M contains pAT153 DNA 
digested with HinfI and endqabeled with 3SS-labeled dATP by 
Klenow fragment. The lengths of the DNA fragments are indi- 
cated at left. Reactions were processed as described in Materials 
and methods. Quantitation of the RNA products indicates that 
omission of TFIIA (lAB]) with B-TFIID (lane 3) or D-TFIID (lane 
7) results in a four- to fivefold decrease in transcription. In the 
absence of either TFIIB/E/F/ ([CB]) (lanes 4,8) or polymerase II 
(lanes 5,9) transcription decreases to barely detectable levels (at 
least a 16-fold reduction). 

the D-TFIID fraction was approximately twofold more 

efficient per unit of the 38-kD polypeptide than tran- 

scription with the B-TFIID fraction and fourfold more 

efficient when compared to the recombinant hTFIID pro- 

tein (rhTFIID}. In Figure 4A transcription with B-TFIID 

reached a plateau when >4 ixl was added, but further 

experiments have shown that this effect was the result of 

an inhibition by higher concentrations of KC1 (data not 

shown; Fig. 5). Taken together, these results suggest that 

the level of basal transcription is determined primarily 

by the amount of the 38-kD hTFIID protein in the two 

cellular fractions. 

In the transcriptional analysis of the different TFIID 

preparations we noticed that increasing the KC1 concen- 

tration in the reaction suppressed the activity of the 

B-TFIID fraction dramatically. Therefore, transcription 

reactions were reconstituted with either B-TFIID, 

D-TFIID, or rhTFIID at different concentrations of KC1 

(Fig. 5). Transcription with the B-TFIID fraction was par- 

tially inhibited at 90 mM and became undetectable at 120 

mM KC1. Transcription with either the D-TFIID or 

rhTFIID fractions increased slightly from 30 to 90 mM 

KC1 and was only partially inhibited at 120 mM. This 

sensitivity of the D-TFIID fraction is in complete agree- 

ment with data published previously (Samuels et al. 

1982). The KC1 concentration that yielded half-maximal 

transcription was 75 mM for B-TFIID and 105 mM for 

D-TFIID or rhTFIID {Fig. 5; data not shown). These dif- 

ferences suggest that either the interaction with DNA of 

the 38-kD hTFIID-containing B-TFIID factor is less sta- 

ble than the D-TFIID/DNA complex or that the interac- 

tion(s) of the B-TFIID activity with the other general fac- 

tors is more sensitive to ionic strength than the equiva- 

lent interaction(s) with the D-TFIID factor. 

The transcription initiation reaction can be divided 

into distinct steps (Davison et al. 1983; Fire et al. 1984; 

Reinberg et al. 1987a; Buratowski et al. 1989). The first 

step is a stable association of the TFIID/TFIIA complex 

with the TATA sequence element of the promoter. This 

complex apparently has a low dissociation rate, because 

formation of this complex during a preincubation se- 

questers limiting TFIID/TFIIA activity so that a subse- 

quently added template is excluded from transcription 

(Fire et al. 1984; Van Dyke et al. 1989). The B-TFIID 

activity was tested in a template-exclusion experiment 

by using templates containing identical basal major late 

promoters upstream of a guanosine-less cassette of either 

380 or 210 bp (Fig. 6). While the D-TFIID activity gave 

the typical exclusion pattern following a 20-min prein- 

cubation, in the transcription reactions with the B-TFIID 

factor both templates were equally transcribed whether 

or not they were present during preincubation. This in- 

dicates that the TFIID activity in the B-TFIID fraction 

exchanged freely between the two templates. Because 

the nucleotide mixture was added -60  sec after addition 

of the second template, the B-TFIID/TFIIA/DNA com- 

plex must have a high dissociation rate. A longer prein- 

cubation (30 or 40 min) gave the same results (data not 

shown). 

The results of both the KC1 titration and the template 

commitment assay support the notion that interaction 

with the basal major late promoter of the 38-kD hTFIID- 

containing complex in the B-TFIID fraction is less stable 

than that of the 38-kD hTFIID-containing complex in 

the D-TFIID fraction. This notion is also supported by 

the failure to observe binding of the B-TFIID factor to a 

DNA fragment consisting of the basal major late pro- 

moter under standard gel shift conditions (data not 

shown). 

Transcription wi th  the B-TFIID act iv i ty  is not  

responsive to transcriptional activators 

An important feature of the D-TFIID activity is that it 

can support stimulation of transcription by a variety of~ 

transcriptional activators. In contrast, reactions recon- 

stituted with the recombinant 38-kD hTFIID protein 

were found to be unresponsive to transcriptional activa- 

tors (Peterson et al. 1990). These observations led to the 

hypothesis that stimulation by activators required coac- 

tivators that needed to be present in the partially purified 

D-TFIID fraction. We tested whether transcription with 
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Figure 4. Transcriptional efficiency of the B-TFIID, D-TFIID, or rhTFIID fractions are comparable. (A) Standard TFIID-dependent 

transcription assays were performed as described in the legend to Fig. 3 with increasing volumes of B-TFIID, D-TFIID, or rhTFIID. In 

the reaction of lane 0 only control buffer was added. Lanes I-5 received 0.5, 1, 2, 4, or 8 ixl of B-TFIID, respectively. In lanes 6-10, 0.5, 

1, 2, 4, or 8 Vd, respectively, of the D-TFIID fraction [DB] was added. Lanes 11-13 received 0.5, 1, or 2 txl of the recombinant hTFIID 

protein fraction (labeled rhTFIID). Lane M contains comigrated marker fragments of the indicated lengths. Quantitation of the RNA 
products indicates that identical volumes of B-TFIID and D-TFIID support a similar level of the basal transcription reaction except for 

lane 5 (see text). Transcription levels with rhTFIID were twofold higher than with the corresponding volumes of B-TFIID or D-TFIID. 

(B) Immunoblot analysis of increasing volumes of the TFIID-containing fractions using antiserum specific for hTFIID. Positions of 

comigrated protein markers are indicated at left. The lanes contained the same volumes as the corresponding lanes of A. We estimated 
that staining of the B-TFIID fraction was about twice as intense as staining of the same volume of the D-TFIID preparation. The 

rhTFIID fraction stained four- to eightfold more intensely than the D-TFIID fraction. The difference in mobility of the rhTFIID (lanes 
11-13} and the 38-kD hTFID protein (lanes 1-10) is probably the result of the large difference in the amount of protein applied to the gel. 

the B-TFIID activity could also support s t imulated tran- 

scription. The reaction mixture  included a test template,  

which has binding sites for activators fused to the basal 

major late promoter  and directs synthesis of a 380-nu- 

cleotide transcript, and the pAML(C2AT)200 template as 

an internal control, which carries only the basal major 

late promoter  and yields a 210-nucleotide transcript. 

Similar amounts  of basal transcription activity of ei- 

ther B-TFIID-, D- TFIID-, or rhTFIID-containing frac- 

tions were assayed in the presence of an excess amount  

of partially purified major late transcription factor 

(MLTF) also known as upstream st imulatory factor 

(USF). As expected from data published previously, tran- 

scription wi th  the bacterially expressed hTFIID protein 

(rhTFIID) was not s t imulated at all by MLTF/USF. Tran- 

scription in the reaction containing D-TFIID was stim- 

ulated almost  sevenfold by the addition of MLTF/USF, 

whereas transcription in the reaction with  B-TFIID was 

induced only threefold. Over mult iple experiments 

MLTF/USF st imulated transcription with  B-TFIID be- 

tween two- and threefold but never more than threefold. 

In these reactions TFIID was the only l imiting activity as 

determined by ti trations (data not shown). Similar re- 

sults were obtained when these assays were performed 

with  different amounts  of MLTF/USF or TFIID activity 

(data not shown). 

Three different classes of transcription-activating mo- 

tifs have been identified by deletion analysis of transcrip- 

tional activators and by fusion of activator domains to 

sequence-specific DNA-binding domains. These motifs 

are either rich in negative charge, glutamine, or proline 

residues (for review, see Mitchell  and Tjian 1989). It is 

not clear to which class the transcriptional activator 

MLTF/USF belongs, as its transcription-activating motif  

has not been analyzed. The existence of these different 

classes suggests the possibility that  the two forms of 

TFIID might  respond differently depending on the tran- 

scriptional activator. To test this possibility, s t imulat ion 

Figure 5. Transcription with the B-TFIID fraction is more sen- 
sitive to KC1 than transcription with D-TFIID- or rhTFIID-con- 
taining fractions. Standard transcription reactions containing 

pML(C2AT) 19A-51 as template were reconstituted with 3.75 txl 

of B-TFIID (lanes 1-5), 2.5 ~1 of D-TFIID (lanes 6-10), or 1.5 ~1 
of rhTFIID {lanes 11-15). The final KC1 concentration in the 

reaction is indicated above the lanes (in mM). The RNA prod- 
ucts were processed and quantitated. The relative transcription 
levels with the B-TFIID fraction for the increasing salt concen- 
trations were 100, 92, 63, 4, and 3 (expressed as the percentage 
of the maximal level); transcription levels with D-TFIID were 
55, 94, 100, 31, and 5; levels with rhTFIID were 73, 100, 75, 30, 

and 6. 
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differences in the initiation processes directed by 

B-TFIID and D-TFIID. 

Figure 6. Preincubation of B-TFIID and DNA template does 

not result in template commitment. B-TFIID (3.75 wl) or 

D-TFIID (2.5 t~l) was preincubated for 20 min under transcrip- 

tion conditions in a 10-t~l volume with the standard amount of 

the TFIIA fraction [AB] and with 200 ng of pML(C2AT)19A-51 

(380-nucleotide template) or pAML(C2AT)200 (210-nucleotide 

template) as indicated above the lanes. Their respective RNA 

products are indicated by arrows at right. After this incubation 

the other transcription factors, the missing templates, and the 

nucleotide mix were added at 1-min intervals. Transcription 

reactions were incubated and processed further as in standard 

experiments. Lane M contains comigrated DNA marker frag- 

ments of the indicated lengths. 

by different activators was analyzed in reactions recon- 

stituted with either B-TFIID, D-TFIID, or rhTFIID. The 

acidic transcriptional activator GAL4-AH contains a 

negatively charged amphipathic helix fused to the DNA- 

binding domain of the yeast GAL4 protein. It has been 

shown that this GAL4-AH protein stimulates transcrip- 

tion efficiently in vitro both in crude nuclear extracts 

and in reactions reconstituted with partially purified fac- 

tors {Lin and Green 1991; Workman et al. 1991). Thus, it 

was not surprising that GAL4-AH induced transcription 

in a reaction reconstituted with the D-TFIID factor by 

approximately fivefold (Fig. 7B). Interestingly, reactions 

reconstituted with either B-TFIID or rhTFIID did not re- 

spond to GAL4-AH. The transcription factor Spl con- 

tains a glutamine-rich transcription-activating motif. 

When the different TFIID activities were assayed for 

stimulation by Spl, only the reaction containing 

D-TFIID responded (Fig. 7C). As a control for endogenous 

Spl, transcription was assayed with templates contain- 

ing the Spl-binding sites but not the Spl-factor {lanes 

5-8}, and the results show that the general factor prepa- 
rations were  no t  c o n t a m i n a t e d  w i t h  Spl activity.  To- 

gether, these results show that reactions reconstituted 

with B-TFIID do not respond to the transcriptional acti- 
vators GAL-AH or Sp1 and respond only weakly to 
MLTF/USF. This  suggests that  there  are fundamen ta l  

The B-TFIID and D-TFIID factors are in physically 

distinct complexes 

Previous experiments suggested that the 38-kD hTFIID 

protein from the phosphocellulose D fraction might be 

part of a large protein complex. When the D-TFIID ac- 

tivity was characterized by sedimentation in sucrose gra- 

dients, it peaked at -17S, which corresponds to a mo- 

lecular mass of 750 kD {Samuels et al. 1982; Conaway et 

al. 1991 ). Analysis by gel filtration yielded contradictory 

results. Both 120-140 kD (Reinberg et al. 1987a} and 

1300 kD (Conaway et al. 1990) have been reported as 

molecular masses. Differences in the nature of com- 

plexes containing the 38-kD hTFIID protein might ex- 

plain the differences in the responses of reactions recon- 

stituted with D-TFIID, B-TFIID, and rhTFIID to tran- 

scriptional activators {e.g., see Fig. 7; Peterson et al. 

1990; Pugh and Tjian 1990). 

The molecular mass of B-TFIID was analyzed by gel 

filtration on a Superose 12 FPLC column. The phospho- 

cellulose B fraction was used as the source for B-TFIID. 

Fractions were collected and analyzed by immunoblot 

with a crude hTFIID antiserum {Fig. 8A}. The 38-kD 

hTFIID protein eluted with an apparent molecular mass 

of -300  kD. This indicates that B-TFIID is a complex of 

300 kD. Consistent with this proposal, when the 

B-TFIID activity in the pooled Mono S fractions was frac- 

tionated similarly on a preparative gel filtration column 

{Superdex 200) the transcriptional activity chromato- 

graphed as a species of 300 kD {data not shown). These 

data suggest that the TFIID activity in the B fraction is in 

a complex of a different size than D-TFIID factor. To 

verify this, the molecular mass of D-TFIID was deter- 

mined by Superose 12 gel filtration under identical con- 

ditions as B-TFIID. In agreement with the previous sed- 

imentation analyses {Samuels et al. 1982; Conaway et al. 

1991) the 38-kD hTFIID protein present in D-TFIID 

eluted as a complex of >700 kD (Fig. 8B). To test 

whether the two forms of complexes containing the 38- 

kD hTFIID protein could also be detected prior to phos- 

phocellulose chromatography, a standard HeLa whole- 

cell extract was fractionated by Superose 12 gel filtration 

and analyzed by immunoblotting with the crude hTFIID 

antiserum {Fig. 8C). These results indicate that the ma- 

jority {>75%} of the 38-kD hTFIID protein present in the 

total extract was in the 300-kD complex, but the >700- 

kD complex was also detected. The >700-kD form of 

TFIID probably fractionates on a phosphocellulose ma- 

trix in the D fraction, whereas the 300-kD form elutes in 

the B fraction. Surprisingly, no free 38-kD hTFIID pro- 

tein could be detected in the analysis of the total extract. 

Essentially all of the 38-kD hTFIID protein is found in 
the B-TFIID or in the D-TFIID complex. 

Discussion 

The human TFIID protein is encoded by a specific gene 
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Figure 7. Reactions reconstituted with B-TFIID do not respond to transcriptional activators. {A) Standard transcription reactions were 

performed in the presence of saturating amounts of MLTF, which was partially purified from calf brain extracts {lanes 1-8) or control 

buffer {lanes 9-12). All transcription mixtures contained 100 ng of pAML(C2AT)200. Template pML{C2ATJlgA-51 (100 ng/reaction), 

which lacks the MLTF-binding site, was included in lanes 1--4. The other reactions {lanes 5-12) contained 100 ng of pML112(C2AT), 

which carries the major late promoter from - 112 to + 10 and contains the MLTF-binding site (see Materials and methods). Three 

microliters of B-TFIID {lanes 2,6,101, 2 ~1 of D-TFIID {lanes 3, 7,1II, or 1.25 wl of rhTFIID {lanes 4,8,12) was used. Lanes labeled none 

(1,5,9) received control buffer. The stimulation ratio was calculated by dividing Rasos/R21oS by Rasou/R21o u. RasoS and R21o s represent, 

respectively, the radioactivity in the 380- and 210-nucleotide transcripts in the presence of the transcriptional activator. R3so u and 
R2mu represent, respectively, the radioactivity in the 380- and 210-nucleotide transcripts in the absence of the transcripional activator. 

The reactions of lanes 2-4 were used to determine Rasou/R2to u. Positions of comigrated markers are indicated at left. The thick arrow 
indicates the RNA product derived from the test template; the thin arrow indicates the RNA product from the shorter controt 

template. (B) Transcriptional response to the acidic activator GAL4-AH. The different TFIID preparations {identical amounts as in A) 

were added as indicated above the lanes. Reactions were performed by using 100 ng of p6GALML(C2AT) {see Materials and methodsl 

in addition to pAML{C~AT)200, which served as the internal control. One picomole of GAL4-AH or GAL4( 1-941 protein (kind gifts of 

J. Workman and R.E. Kingston) was added as indicated. The reactions of lanes 10-12 were used to determine R3sou/R2~oU, and 
stimulation ratios were calculated as in A. {CI Transcriptional response to the glutamine-rich activator Spl. Transcription reactions 

were performed with 100 ng of pSVML{C2ATt (see Materials and methodsl and also contained an equivalent amount of 

pAML(C2AT)200 as the internal control. Either 1 wl {lanes 1-4) of affinity-purified HeLa Spl (Promega) or control buffer {lanes 5-8) was 

added as indicated. The reactions of lanes 10-12 were used to determine R38ou/R2~oU, and stimulation ratios were calculated as in A. 

Lane M contains comigrated DNA marker fragments as described in the legend to Fig. 3. 

and has a molecular  mass of 38 kD (Hoffmann et al. 

1990; Kao et al. 1990; Peterson et al. 1990}. In contrast, 

the TFIID activity in whole-cell extracts from HeLa cells 

is found in two complexes, B-TFIID and D-TFIID, which 

have molecular  masses of 300 and >700 kD, respec- 

tively. Both of these complexes contain the 38-kD 

hTFIID protein. Surprisingly, and in contrast  to the sit- 

uation in yeast cells (Buratowski et aI. 1988}, no TFIID 

protein could be detected in HeLa whole-cell extracts in 

the 38-kD size range, which would correspond to the 

monomer ic  protein. This suggests that  assembly of the 

h u m a n  38-kD TFIID protein into large heteromeric com- 

plexes is very efficient and that  when the hTFIID protein 

is not  assembled, it is rapidly degraded. This would be 

reminiscent  of the assembly of other mul t i subuni t  com- 

plexes like ribosomes, where individual subunit  poly- 

peptides are degraded rapidly unless incorporated into 

the complex. 

Originally, the TFIID activity from HeLa cell extracts 

was defined by a biochemical  complementat ion assay 

and was detected exclusively in a fraction that  eluted 

from a negative-charge column at high concentrat ions of 

salt (Samuels et al. 19821 Reinberg et al. 1987). The fact 

that  the 38-kD hTFIID polypeptide coelutes and copuri- 

fies wi th  this form of TFIID acivity {D-TFIIDI suggests 

that this 38-kD protein is part of the D-TFIID activity. 

The large size of this activity {>700 kD} indicates that  

the 38-kD hTFIID polypeptide is complexed in a nonco- 

valent but stable fashion to other components- -probably  

proteins. It is surprising that  a complex of this size can 

be accommodated in the init iat ion complex containing 

TFIIA, TFIIB, polymerase II, and TFIIE/F in an equivalent 

role as the monomer ic  yeast TFIID protein {yTFIIDJ. Re- 

actions reconsti tuted with  27-kD yTFIID require this 

same set of general factors for init iat ion as the larger 

D-TFIID or B-TFIID complexes do. Gel mobili ty-shift  as- 

says combined with  footprint analyses have shown that  

yTFIID binds the major late TATA region from - 4 2  to 

- 1 7  (Buratowski et al. 19891. The protein then makes  

specific contacts wi th  the TFIIA and TFIIB factors. Sub- 
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Figure 8. The 38-kD hTFIID proteins from the phosphocellu- 
lose B and D fractions are in different size complexes. (A) Gel 
filtration and immunoblot analysis of the phosphocellulose B 
fraction. A 200-~1 aliquot of the phosphocellulose B fraction 
was adjusted to the elution buffer (buffer A/400 mM KC1/0.01% 
Triton X-100) and loaded onto a Superose 12 column. Four- 
hundred microliter fractions were collected and precipitated 
with 2 volumes of cold acetone. Protein pellets were resus- 
pended in sample buffer and processed for immunoblot analysis 
with antiserum specific for hTFIID (see Materials and meth- 
ods). The arrow to the right of the blot indicates the position of 
the hTFIID protein. The arrows above the blot denote the frac- 
tion in which standard proteins of the indicated molecular mass 
fractionate under these conditions. The positions of comigrated 
prestained markers are indicated at left by their molecular 
masses (in kD). (B) Gel filtration and immunoblot analysis of 
D-TFIID. A [DB]-aliquot was prepared, chromatographed, and 
analyzed as described in A. (C) Gel filtration and immunoblot 
analysis of an HeLa whole-cell extract. A 100-~.l aliquot of ex- 
tract was adjusted to elution buffer (buffer A/500 mM KC1) and, 
subsequently, chromatographed and analyzed as in A. The mul- 
tiple other bands detected in addition to the hTFIID protein 
band result from nonspecific staining by the antiserum, as they 
were also detected by staining with the preimmune serum. The 
weak band in fraction 36 does not comigrate with the band 
representing the 38-kD hTFIID protein. 

sequently, the large polymerase II entity (500--600 kD; 

for review, see Sawadogo and Sentenac 1990) binds to the 

promoter, and the formed complex will protect se- 

quences from - 4 7  to +20. The TFIIE/F factor is then 

thought to bind downstream of the polymerase from 

+20 to +30 (Buratowski et al. 1989). The 38-kD hTFIID 

component of the large D-TFIID complex probably 

makes the same contacts with TFIIA, TFIIB, and poly- 

merase II as the free 38-kD rhTFIID protein in specifying 

the initiation complex. Thus, to accommodate the inter- 

actions with these factors, several surfaces of this small 

protein must be exposed in the large D-TFIID complex. 

This raises the question of how the other components of 

the large D-TFIID complex can be distributed so that 

they do not interfere with the binding of the other gen- 

eral factors and polymerase. It is possible that they are 

extended along the opposite face of the template from 

the polymerase. This would be consistent with previous 

footprint analyses indicating that a component in the 

D-TFIID activity protected sequences from -45  to + 35 

(Sawadogo and Roeder 1985b; Nakajima et al. 1988) and 

with the recently proposed structure for RNA polymer- 

ase II suggesting that this enzyme may contact primarily 

only one face of the DNA template (Darst et al. 1991). 

The novel form of TFIID activity described here, 

B-TFIID, eluted from a negatively charged matrix in the 

low-salt fraction B. Approximately 75% of the 38-kD 

hTFIID protein in the extract partitioned in this fraction. 

TFIID transcriptional activity could not be detected in 

the initial fraction but became apparent upon further 

purification and concentration. Again, the 38-kD hTFIID 

protein copurified with the transcriptional activity in 

this fraction, suggesting that this 38-kD protein is part of 

the B-TFIID activity that can support the basal transcrip- 

tion reaction. As was found for D-TFIID, the B-TFIID 

transcriptional activity depends on the other general 

transcription factors--TFIIA, TFIIB, TFIIE/F, and poly- 

merase II. The B-TFIID activity also depends on recogni- 

tion of the TATA element of the promoter (M. Timmers, 

J. Parvin, and P. Sharp, unpubl.). It should be noted that 

unlike the even larger D-TFIID factor (Sawadogo and 

Sentenac 1990), the B-TFIID complex is reasonably sta- 

ble during purification. Thus, the proteins constituting 

this 300-kD complex are probably tightly associated. 

When the B-TFIID and D-TFIID activities were com- 

pared for efficiency to support the basal transcription 

reaction, there was only a twofold difference after nor- 

malization for the 38-kD hTFIID content. Similarly, 

transcriptional efficiency of both factors was comparable 

to that of the 38-kD hTFIID protein produced in bacteria. 

The two cellular TFIID factors differ in one fundamental 

property: Unlike the D-TFIID activity, reactions recon- 

stituted with the  B-TFIID activity are not stimulated 

upon addition of the transcriptional activators GAL4-AH 

or Spl and only weakly by MLTF/USF. These results 

suggest that a component in the D-TFIID activity is crit- 

ical for mediating trans-activation and that one or more 

of such components are not present in the B-TFIID com- 

plex. In this regard, the B-TFIID complex is similar to the 

activity of the recombinant 38-kD hTFIID protein (Peter- 

son et al. 1990; this paper). It has been proposed that the 

D-TFIID fraction contains coactivators that would me- 
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diate the interaction of transcriptional activators wi th  

the preinitiation complex (Peterson et al. 1990; Pugh and 

Tjian 1990; for reviews, see Lewin 1990; Ptashne and 

Gann 1990). If such a coactivator activity exists it could 

either cofractionate fortuitously with  the D-TFIID com- 

plex over two ion exchange columns or it could be an 

integral part of the D-TFIID complex. Support for the 

latter explanation comes from the recent analysis of the 

TFIID activity from Drosophila embryo extracts. This 

activity consists of a mult iprotein complex of >350 kD, 

containing the TFIID protein and at least six additional 

polypeptides (Dynlacht et al. 1991). A coactivator func- 

tion mus t  reside in one or more of these polypeptides, as 

addition of these polypeptides to the monomeric  TFIID 

protein was required to restore response to a transcrip- 

tional activator. If the si tuation in HeLa cells is similar, 

then part of the differences between the D-TFIID and 

B-TFIID factors could be a consequence of the presence 

of one or more coactivators. 

Two characteristics of the B-TFIID complex suggest 

that it does not form highly stable complexes with  the 

TATA region of the promoter.  In template commi tmen t  

assays, which are dependent on the rate of exchange of 

the basal complex TFIIA/TFIID between a preincubated 

template and a newly added template,  the B-TFIID ac- 

tivity exchanged wi th in  1 rain while the D-TFIID activ- 

ity remained associated with  the first template added. 

Consistent  wi th  less stable binding to the TATA region, 

transcription with  the B-TFIID activity was more sensi- 

tive to higher concentrat ions of KC1 than transcription 

with  D-TFIID. It is possible that  the high dissociation 

rate of the B-TFIID/TFIIA/DNA indicates that the major 

late promoter  does not represent a high-affinity binding 

site for B-TFIID and that  a different TATA element and 

initiation region might  bind the B-TFIID factor wi th  

higher affinity. Mutat ional  analyses of TATA elements 

have provided evidence for functionally distinct pro- 

cesses recognizing the TATA element (Simon et al. 

1988; Taylor and Kingston 1990). The observation that 

the majori ty of the 38-kD hTFIID protein in a cellular 

extract is in the B-TFIID form, which is unresponsive to 

the action of transcriptional activators, suggests that  

there might  be two different classes of cellular promot- 

ers. The class served by D-TFIID-type activities would be 

responsive to transcriptional activators of the type of 

GAL4-AH, Spl, and MLTF/USF. Another  class would be 

served by B-TFIID and would be regulated by a distinct 

set of processes. A detailed analysis of the yeast his3 

promoter  has suggested the existence of two types of 

initiation elements:  one type that is responsive to tran- 

scriptional activators, and one that is unresponsive 

(Chen and Struhl 1988). The existence of two classes of 

promoters would allow independent regulation during 

growth or differentiation by changes in the levels of the 

different TFIID complexes. This could be accomplished 

by conversion of B-TFIID-type complexes into D-TFIID- 

type complexes. Because the 38-kD hTFIID protein, a 

TATA-binding protein, is an integral part of the two 

forms of TFIID activity, the different DNA-binding spec- 

ificities and activities of complexes containing this pro- 

tein must  reflect either a differential modification of this 

38-kD hTFIID protein and/or a different protein compo- 

sition of TFIID complexes. 

Mater ia l s  and m e t h o d s  

Immunization and imrnunoblot analysis 

Glutathione S-transferase/human TFIID fusion protein (G- 
hIIDS) was expressed in Escherichia coli strain NB42 and puri- 

fied by using glutathione-Sepharose (Pharmacia) according to 

Ausubel et al. {1989). New Zealand rabbits were immunized 

subcutaneously every month with 1 mg of G-hIID5 protein per 

rabbit according to Harlow and Lane (1988). Serum was col- 
lected 10-14 days after injection. Titers of antibodies directed 

against the fusion protein were monitored by using an ELISA 
assay. Sera were used for immunoblot experiments (except for 

Fig. l J without further purification in a 1 : 500-dilution. Affin- 

ity-purified serum (used in the experiment shown in Fig. 1) was 
prepared by binding the serum to G-hIID5 protein immobilized 

on nitrocellulose and subsequently eluting the antibodies with 
100 mM glycine-HC1 (pH 2.7). After neutralization with one- 

tenth volume of 1 M Tris-HC1 (pH 9), the serum was used in a 

1 : 20 dilution. 
Protein samples were separated in 15% SDS--polyacrylamide 

gels and blotted onto nitrocellulose by using the Bio-Rad mini- 
PROTEAN II system. Protein blots were incubated with anti- 

TFIID serum, washed three times, and developed with the Pro- 

toBlot Western Blot AP system {Promega) according to the man- 

ufacturer's procedures. 

Purification of transcription factors 

Protein fractions [AB], [CB], and [DB], containing the general 
transcription factors TFIIA, TFIIB/E/F, or TFIID, were obtained 

as described previously from HeLa cell extracts (Samuels et al. 
1982). RNA polymerase II was purified from fresh calf thymus 

according to the method of Hodo and Blatti (1977) and was 
-50% pure as judged by silver staining of SDS-polyacrylamide 

gels. 
Purification of the B-TFIID protein fraction began with chro- 

matography of 2 g of HeLa whole-cell extract (Manley et al. 

1983) on phosphocellulose (Pll, Whatman) according to Sam- 
uels et al. {1982). The B fraction (560 mg protein} was adjusted 

to buffer A [20 mM HEPES-KOH {pH 7.9)/20% glycerol/1 mM 
EDTA/1 mM DTT/1 mM PMSF] plus 60 mM KC1 and applied to 

a 50-ml DEAE-Sepharose FF (Pharmacia) column. The 

flowthrough of this column (110 mg protein) contained a ma- 

jority of the hTFIID protein as judged from immunoblot analy- 
sis. From this step, 1 ~g/ml of aprotinin and 1 izg/ml of pepsta- 
tin (Sigma) were added to the buffers, and the DTT concentra- 

tion was increased to 5 mM. Eighty milligrams of the 

flowthrough fraction was adjusted to buffer A/50 mM KC1 and 

applied to a 15-ml Q-Sepharose FF (Pharmacia) column. The 

bound protein was step-eluted by buffer A plus 250 mM KC1 and 
buffer A plus 600 mM KC1. All of the TFIID protein eluted in the 

250 mM KC1 step. This fraction {13.3 mg of protein} was ad- 
justed to buffer A plus 50 mM KC1 and applied to a Mono S FPLC 
column (Pharmacia). The column was developed with a linear 

gradient from 50 to 500 m~ KC1 in buffer A. Human TFIID 

protein eluted in fractions 26-33 {75-240 mM KC1) (see Fig. 2). 

These fractions were pooled (2.4 mg of protein in 4 ml), adjusted 
to buffer A plus 100 mm KC1, and used as source for B-TFIID in 
all experiments except for the Sp 1 stimulation experiments (Fig. 
7C). The Mono S pool was found to contain Spl activity and was 
therefore purified further on Superdex 200 PG (Pharmacia) in 
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buffer A/400 mM KC1/0.01% Triton-X 100/5 mM DTT. Frac- 

tions corresponding to a molecular mass of 300 kD contained 

the TFIID protein and were adjusted to 10 mM KPi/100 mM KC1 

[10 mM KPi = 10 mM K-phosphate (pH 7.6)/10% glycerol/5 mM 

DTT) and concentrated on a 1.5-ml hydroxyapatite (Bio-Rad) 

column by step-elution with subsequently 50 mM KPi, 250 mM 

KPi, and 600 mM KPi. The 250 mM KPi step contained the TFIID 

protein and was adjusted to buffer A/100 mM KC1 and used in 

the experiment of Figure 7C. 

rhTFIID was expressed in E. coli BL21 by using plasmid 

pETHIID (Kao et al. 1990) and purified according to Peterson et 

al. (1990). The final heparin fraction was adjusted to 25 mM 

HEPES--KOH (pH 7.6)/0.1 mM EDTA/12.5 mM MgC12/10% glyc- 

erol/0.1% NP-40/1 mM DTT/0.5 mM PMSF (HEMGN) plus 100 

mM KC1 and loaded onto a Mono S column for additional puri- 

fication. The column was developed with a linear 100-1000 mM 

KC1 gradient in HEMGN buffer. A TFIID fraction eluting at 350 

mM KC1 (--5-10% pure) was adjusted to buffer A/100 mM KC1 

and used in the transcription assays. 

The MLTF preparation used was purified -90-fold from fresh 

calf brain tissue (Chodosh 19881. The GAL4 derivatives were 

kind gifts from I. Taylor and J. Workman (Massachusetts Gen- 

eral Hospital, Boston) and were expressed and purified from bac- 

teria (Workman et al. 1991). Vaccinia-expressed Spl protein (20 

fmoles of Spl/lzl) was purchased from Promega. Protein concen- 

trations were determined by using the Bio-Rad protein assay 

with bovine gamma globulin (Sigma) as the standard. 

In vitro transcription assays 

A standard TFIID-dependent transcription reaction contained 

0.3 Izl of calf thymus RNA polymerase II, 0.5 ~1 of [AB], 1.5 }zl 

of [CB], and 12 units of RNasin (Promega) in a 20-}zl volume. 

Incubation conditions were as described (Buratowski et al. 

1988), with the addition of 0.1 mg/ml of BSA to stabilize pro- 

teins. Reactions were stopped, processed, and electrophoresed 

as described (Marciniak et al. 1990). Radioactive RNA products 

were quantitated with a Phosphorimager gel scanner (Molecular 

Dynamics, Sunnyvale, CA) and Image Quant 3.0 software. 

Plasmid constructions 

All DNA manipulations were performed according to standard 

techniques (Sambrook et al. 1989}. Plasmid pG-hIID5 was ob- 

tained by in-frame insertion of a 429-bp BamHI-EcoRI fragment 

carrying codons 1-139 of TFIID into pGEX-3X. The fragment 

was prepared by polymerase chain reaction (PCR) amplification 

with pGPP.21 (Peterson et al. 1990) as the template. 

pML112(C2AT) was constructed by insertion of the 532-bp 

blunt-ended AflIII-HindIII fragment of pML(C2AT)19 (Sawa- 

dogo and Roeder 1985a) into the HincII-HindIII sites of pUC18. 

The construction of pAML(C2AT)200 (named template II) has 

been described (Buratowski et al. 1988). The blunted-ended 

XbaI-HindIII fragment of pML(C2AT)19a-51 (Sawadogo and 

Roeder 1985a) was used as vector to construct p6GALML- 

(C~AT), pSVML(C2AT), and pHIVML(C2AT). The inserts are re- 

spectively, the 172-bp HindIII-SmaI fragment of pCZ6 (Chas- 

man et al. 1989), a 93-bp HindIII-SmaI PCR product [with pg- 

Tat-CMV as a template (Chang and Sharp 1989)] carrying se- 

quences 30--117 of SV40 and a 75-bp HindIII-SmaI PCR product 

[with pHIV-TAR-IL2 as template (Marciniak et al. 1990)] carry- 

ing the - 116/-  45 sequence of the human immunodeficiency 

virus long terminal repeat (HIV LTR). All plasmid constructs 

were verified by double-stranded DNA sequencing across the 

inserts with the Sequenase 2.0 kit (U.S. Biochemical). Plasmid 

DNA used in reconstituted transcription assays was purified by 

banding twice on CsC1 gradients and subsequent overnight di- 

alysis against 10 mM Tris-HC1 (pH 8.0)/1 mM EDTA. 
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