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We have cloned cDNAs encoding three novel TAF11s
[TATA-binding protein (TBP)-associated factors] from
the human (h) HeLa cell TFIID complexes hTAF,128,
hTAFI20 and hTAF1118. hTAF1128 is a core hTAFI,
present in both of the previously described hTFIID
species which either lack or contain hTAF1130
(hTFIIDx and hTFIIDP respectively), and is the homo-
logue of Drosophila (d)TAFI30. hTAF,118 is a novel
hTAFI which shows homology to the N-terminal region
of the yeast TAFI SPT3, but has no known Drosophila
counterpart. In contrast to hTAF1128, hTAF1118 is a
TFIIDP-specific hTAFII. hTAF1120 is the homologue of
p22, an alternatively spliced form of dTAF,130a (p32).
Using a combination of protein affinity chromato-
graphy and cotransfection and immunoprecipitation
assays, we have identified a series of in vitro and
intracellular interactions among the novel hTAF11s and
between the novel hTAF11s and hTAFI30 or TBP. We
show that hTAFI28 interacts with hTAF1118 both
in vitro and intracellularly; in contrast to its Drosophila
homologue, hTAFI28 also interacts directly with TBP.
Deletion analysis indicates that TBP and hTAF,118
bind to distinct domains of hTAF1128. hTAF1118 also
interacts with TBP, but it interacts more strongly with
hTAFI28 and hTAFI30. The binding of hTAFI28 and
hTAFI30 requires distinct domains of hTAF1118. As
observed with the homologous Drosophila proteins,
hTAF1120 interacts directly with TBP; however, addi-
tional interactions between hTAFI20 and hTAF1128 or
hTAFI30 were detected. These results reveal differ-
ences not only in subunit composition, but also in the
organization of dTFIID and hTFIID complexes.
Key words: Drosophila TAFIs/protein-protein inter-
actions/RNA polymerase II transcription factors/TBP-
associated factors (TAFII)/yeast TAF11s

Introduction
Regulated transcription by RNA polymerase II requires
the formation of multiprotein preinitiation complexes at
the promoters of transcribed genes. These multiprotein
complexes comprise RNA polymerase II, factors required
for basal transcription from minimal promoters in vitro

[TFIIB, TFIIE, TFIIF, TFIIH and the TATA-binding
protein (TBP)] (for reviews see Roeder, 1991; Conaway
and Conaway, 1993; Buratowski, 1994, and references
therein), and factors required for regulated transcription,
such as TFIIA and TFIID (DeJong and Roeder, 1993; Ma
et al., 1993; Yokomori et al., 1993a, 1994; Lieberman
and Berk, 1994; Ozer et al., 1994; Sun et al., 1994; and
see above reviews). The activity of the basal transcription
machinery can be modulated by transactivator proteins
bound to cis-acting regulatory elements located upstream
or downstream of the transcription start site. Some trans-
activators interact directly in vitro with components of the
basal preinitiation complex (e.g. TBP, TFIIB and TFIIH;
see Hemandez, 1993; Tjian and Maniatis, 1994, and
references therein). However, transcriptional activation
also appears to require coactivators, for example the yeast
ADA proteins and the mammalian CBP or PC4 proteins,
which may act as bridging molecules linking transactiva-
tors to the basal transcription factors (Arlas et al., 1994;
Ge and Roeder, 1994; Kretzschmar et al., 1994a,b; Kwok
et al., 1994; Marcus et al., 1994). Such coactivators can
be separated easily from the basal transcription factors,
while others are tightly associated with TBP in the TFIID
complex [TBP-associated factors (TAF11s); reviewed in
Gill and Tjian, 1992; Pugh and Tjian, 1992; Hemandez,
1993; Tjian and Maniatis, 1994].
The TAFI, composition of TFIID complexes from

Drosophila embryos (dTAF11s) and human HeLa cells
(hTAF,,s) has been determined (Dynlacht et al., 1991;
Pugh and Tjian, 1991; Tanese et al., 1991; Timmers et al.,
1992; Zhou et al., 1992, 1993; Brou et al., 1993a; Chiang
et al., 1993; Kokubo et al., 1993a), and cDNAs encoding
many of the dTAF11s have been cloned (Dynlacht et al.,
1993; Goodrich et al., 1993; Hisatake et al., 1993; Hoey
et al., 1993; Kokubo et al., 1993b, 1994; Ruppert et al.,
1993; Weinzierl et al., 1993a,b; Yokomori et al., 1993b;
Verrijzer et al., 1994). Recombinant dTAF11250 (Ruppert
et al., 1993; designated p230 in Hisatake et al., 1993) and
dTAF,130c (Yokomori et al., 1993b; p28 in Kokubo et al.,
1994) interact directly with dTBP, whereas others are
recruited to TFIID by TAF-TAF interactions (Weinzierl
et al., 1993a,b; Chen et al., 1994). Functional analysis
has revealed that some TAF11s may function as bridging
molecules required for the activity of transcriptional activ-
ators. dTAFII 110 (p1 10 in Kokubo et al., 1993b) interacts
directly with the transcriptional activator Sp I in vitro
(Hoey et al., 1993; Gill et al., 1994). On the other hand
dTAF,140 (p42 in Kokubo et al., 1994) interacts with the
acidic activator VP16 and with the basal transcription
factors TBP and TFIIB, thus forming a ternary complex
between a transactivator and two components of the basal
transcription complex (Goodrich et al., 1993). In hTFIID,
a direct interaction between hTAF1130 and the region of
the oestrogen receptor (ER), which harbours the activation
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function 2a active in yeast (AF-2a; Pierrat et al., 1994),
has been detected in vitro (Jacq et al., 1994). Furthermore,
the hTFIID species containing hTAF1130 was shown to be
required for a ligand-independent ER AF-2 activity in vitro
(Jacq et al., 1994). These results support the idea that
transcriptional activation involves direct contacts between
transcriptional activators and TAF11s, and that different
TAF11s may mediate the function of distinct transcriptional
activators (Chen et al., 1994).

At present cDNAs encoding the human homologues of
two dTFIID subunits, hTAF11250 (dTAF11250, identical to
the product of the CCGI gene; Sekiguchi et al., 1991;
Hisatake et al., 1993; Ruppert et al., 1993) and hTAF1170
(dTAF1160; Weinzierl et al., 1993b), have been cloned.
The amino acid sequences of these Drosophila and human
TAF11s are highly conserved, and analogous TAF-TAF
and TAF-TBP interactions have been observed in Droso-
phila and human TFIID with these TAF11s. However,
despite these similarities, differences between human and
Drosophila TFIID have been noted. hTFIID appears to
comprise more subunits than dTFIID (Brou et al., 1993a;
Chiang et al., 1993). This was confirmed by the isolation
of the cDNA encoding hTAF1130, for which no Drosophila
homologue is known (Jacq et al., 1994). Moreover, all of
the dTAF11s isolated from Drosophila embryos appear to
be present in a single TFIID species, whereas we have
shown previously that HeLa cells contain several
chromatographically separable TFIID complexes with
distinct functional properties (Brou et al., 1993a,b). Fur-
ther, we have shown that the TFIID complexes present in
HeLa cell nuclear extracts can be separated into two
species, which either lack (designated hereafter hTFIIDct)
or contain (hTFIIDP) hTAF1130 (Jacq et al., 1994). Interest-
ingly, hTFIIDax and hTFIID,B were found to differ further in
their subunit composition. hTAF1 17 (designated hereafter
hTAF1l1 8), 20, 37 and 125 appeared to be preferentially
associated with hTFIID3, and hTAF1129, 64, 106 and 150
appeared to be preferentially associated with hTFIIDa. In
contrast, hTAF1128, 60, 85, 100, 135 and 250 were detected
in both TFIIDa and TFIID,I (Jacq et al., 1994; Figure
3A). It appears, therefore, that hTAF11s can be divided
into (i) common (core) TAF11s present in both the TFIIDa
and TFIIDf complexes, and (ii) specific hTAF11s which
are selectively present in hTFIIDcx or hTFIIDP.
We report here the isolation of cDNAs encoding three

novel subunits of HeLa cell TFIID: hTAF1128, hTAF1120
and hTAFI11 8. hTAF1128 is a core TAFI present in both
hTFIIDa and hTFIIDP, and is the homologue of
dTAF1130P, while hTAF1120 is the homologue of p22
(Kokubo et al., 1994), an alternatively spliced form of
dTAF,130c. In contrast, hTAFI,1 8 is a novel TAFI with
no known Drosophila counterpart, and is preferentially
associated with hTFIID,B. Using a combination of in vitro
and intracellular protein-protein interaction assays, we
have determined multiple specific TAF-TAF and
TAF-TBP interactions amongst the newly cloned hTAF11s
and between the novel hTAF11s and hTAF1130.

Results
cDNAs encoding hTAF1118, hTAF,,20 and hTAF,128
TFIID complexes were partially purified from HeLa cell
nuclear extracts by chromatography on a heparin-ultrogel

column (Brou et al., 1993a; Chaudhary et al., 1994), and
the TFIID was immunopurified from the 0.6 M KCl
fraction using an anti-TBP mAb (Jacq et al., 1994;
see Materials and methods). Following SDS-PAGE, the
hTAF11s were transferred to a polyvinylidine difluoride
(PVDF) membrane and the 28, 20 and 18 kDa subunits
(see Figure 3A), corresponding to putative core and
specific hTAF11s (see Introduction), were digested with
trypsin. The resulting peptides were separated by reverse-
phase chromatography, and several peptide sequences
were obtained for each protein (listed in Materials and
methods).

Degenerate oligonucleotides based on these peptide
sequences were used to screen a random-primed HeLa
cell cDNA library. Three clones hybridizing to the two
oligonucleotide probes derived from hTAF1128 were isol-
ated and their DNA sequences determined (Figure 1A).
The deduced open reading frame (ORF) encodes a 211
amino acid protein, with a calculated molecular mass of
27.1 kDa containing both of the tryptic peptides derived
from the purified HeLa cell hTAF1128 subunit (underlined
in Figure 1A). Comparison with the previously identified
dTAF11s indicated that hTAF1128 is the homologue of
dTAF1,30I (Yokomori et al., 1 993b; Figure 1 B). The
human and Drosophila proteins are 50% identical overall,
with the C-terminal region being better conserved than
the N-terminal region (Figure 1B).
Two oligonucleotide probes derived from hTAF1120

peptides were used to screen the HeLa cell cDNA library,
and six clones were isolated. The cDNA sequence (Figure
1C) contains an ORF of 161 amino acids encoding a
protein with a calculated molecular mass of 20.7 kDa,
comprising the four tryptic peptide sequences obtained
from the purified hTAFI20 subunit (Figure 1C). Com-
parison with the dTAF11s indicated that hTAF1120 is the
homologue of p22 (Kokubo et al., 1994), an alternatively
spliced form of dTAF1130a (Yokomori et al., 1993b). The
human and Drosophila proteins are 53% identical and, as
observed for hTAF1128 and dTAF1130p, the homology is
higher in the C-terminal region than in the N-terminal
region (Figure 1D).

Five clones hybridizing to oligonucleotides derived
from the purified hTAFI, 18 subunit were isolated and
sequenced. The cDNA encodes a 124 amino acid protein
of 16.5 kDa comprising both of the tryptic peptide
sequences derived from the endogenous hTAF1 1 8 (Figure
2A). Comparison of the sequence of hTAF111 8 with those
of the dTAF11s did not reveal any similarity. Thus, hTAFI 18
appears to be a novel human TAFII. However, a fastaA
(Pearson and Lipman, 1988) search of the Swiss Prot
database revealed that the amino acid sequence of
hTAFI 18 shares homology with two yeast proteins.
hTAF1118 is 28% identical (59% similarity) to the yeast
protein FUN 81 (Dubois et al., 1987; Figure 2B). This
protein has been shown to be essential for vegetative yeast
growth, but its function is unknown. FUN 81 may therefore
be a yeast TAFII. Interestingly, hTAF1118 is also 26.5%
identical (48% similarity) to the N-terminal region (amino
acids 2-102) of the yeast TAFI, SPT3 (Eisenmann et al.,
1992; Figure 2C).

hTAF1118 is preferentially associated with TFIIDI,
whereas hTAF1,28 is a core TAFI,
To determine the distribution of the novel hTAFIs in the
TFIIDcx and TFIIDI species (i.e. lacking or containing
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841 TGATTTTAATGTCTTTCTCAAAACTCTGATATTTGTCACACCTAGAAAGTATGTAGCCTG

901 ATTGATACTTGGCTTGACTAAATTT
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661 AAGGTCAGGGAATGGACAGCAATGTATTGGAGATACTTIGAGCTGAGAACTCAGCCATCT

721 CATCCTMGA:lll -MAATGCTTTACAGAGAAGCATATAT TTTAAACAGTG

781

841

CAGGGAATTCCGGAATTCCGGAATTCCGGCATATGAAGTGCTGTCGGATGCTAAGAAACA

D hTAF1120 NQFGPSALINLSNFSSIKPEPASTPPQGSMANSTAVVKIPGTPGAGGRLS 51
1:

dTAF1130a SPSQHSPMTNNSNSSSQNGGPVSGLGTGTGPISGGSKSSNHTSSAAG. .. 85
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11 11161 E111111 11111111D 1111 II:86 SENTPMLTKPRLTELVREVDTTTQLDEDVEELLLQIIDDFVRDTwVKSTSA 13 5
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186 LALIRKTIKK 195
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Fig. 1. (A) Nucleotide and amino acid sequences of hTAF1128. The numbers to the left indicate the nucleotides and those in brackets the amino
acids. The two tryptic peptides derived from the endogenous HeLa cell TAF1128 are underlined. (B) Comparison of the amino acid sequences of
hTAF1128 and dTAFI130. The amino acid sequences of the two proteins were compared using the 'bestfit' programme of the Genetics Computer
Group (GCG, University of Wisconsin, WI) software package. The upper line shows the sequence of hTAF1128 and the lower that of dTAF1130i. The
bars indicate identical amino acids, and the dots similar amino acids. (C) Nucleotide and amino acid sequences of hTAF1120. The organization is as

in (A). The tryptic peptides from the endogenous HeLa cell TAF1120 are underlined. (D) Comparison of the amino acid sequences of hTAF1120 and
dTAF,130a. The hTAF1120 is indicated on the upper line and dTAF,130x on the lower line. Comparison was performed as in (B).

hTAFI30, respectively), total TFIID was immunopurified
from HeLa cell nuclear extracts using the anti-TBP mAb
3G3 (Brou et al., 1993a; Lescure et al., 1994; Figure 3B,
TFIID, lanes 1 and 4). To separate TFIIDa from TFIIDf3,
immunopurified total TFIID was reimmunoprecipitated
with the anti-hTAF,130 mAb 2F4 (Jacq et al., 1994). The
resulting TFIIDa and TFIIDI3 were sequentially probed
with mAbs against hTAFI30 and TBP, as well as with
mouse antisera raised against purified glutathione
S-transferase (GST)-hTAF,118 and GST-hTAF1128 (see
Materials and methods). Both hTAF11 18 and hTAF1128
were detected along with hTAF1130 and TBP in the total
immunopurified TFIID (Figure 3B, lanes 1 and 4). As
described previously (Jacq et al., 1994), TBP could be
detected in both TFIIDa and TFIID3, whereas hTAF1130
was almost exclusively present in TFIIDP (Figure 3B,
lanes 2, 3, 5 and 6). Similar to TBP, hTAF11250 and
hTAFII1OO (data not shown; Jacq et al., 1994), hTAF1128
was detected in both TFIIDax and TFIIDi (Figure 3B,

lanes 4-6). In contrast, the hTAFI1 8 detected in total
TFIID was clearly present in TFIID,, but only trace
amounts were detected in TFIIDax (Figure 3B, compare

lanes 1-3). As we have not yet raised antibodies against
hTAF1120, its distribution in TFIIDa and cannot be
determined. These results indicate that the isolated cDNAs
for hTAF,128 and hTAFI, 18 encode bona fide TAF11s,
which can be immunoprecipitated by antibodies against
TBP and hTAF1130. Moreover, as suggested previously
(Jacq et al., 1994), hTAF1128 is a core TAFI present in
both TFIIDa and TFIID1, whereas hTAF,118 is a specific
TAFI, preferentially associated with TFIIDI.

TAF- TAF and TAF- TBP interactions in vitro
We investigated whether these novel hTAF11s interact with
each other and also whether they interact with TBP,
hTAF1130 or hTAF11250. The cDNAs encoding hTAFI1l 8,
20 and 28 were cloned into the pXJ series vectors
(Xiao et al., 1991) and translated in vitro (Figure 4A).

1522

B



Cloning of human TAF11s

(1) M A DE E E D PT F EE E N E E

61 TTGGAGGAGGTGCAGAAGGTGGACAGGGTAAAAGAAAGAGACTTTTTTCTAAAGAATTGC
(18) I G GD A E Q G K R K R L F S K E L

121 GATGTATGATGTATGGCTTTGGGGATGACCAGAATCCTTATACTGAGTCAGTGGATATTC
(38) R C M M Y G F G D D Q N P Y T E S V D I

181 TTGAAGATCTTGTCATAGAGTTTATCACTGAAATGACTCACAAGGCAATGTCAATTGGA.A

(58) L E D L V I E F I T E M T H K A M S I G

241 GACAAGGTCGAGTACAAGTTGAAGATATCGTCTTCTTGATTCGAAAGGACCCAAGGAAGT
(78) R Q G R V V E D I V F L I R K D P R K

301 TTGCCAGGGTTAAAGACTTGCTTACTATGAATGAAGAATTGAAACGAGCTAGAAAAGCAT
(98) F A R V K D L L T M N E E L K R A R..AK..A

361 TTGATGAAGCAAATTATGGATCI~ACTTTTTGTAGTTTCCGAAAATTACCGG
(118) F D E A N Y G S

A se;a iF El-
(TOTAL:

105
tor,

49- 5

32c- 58-

B.

I5-

155.n- - -~-hTA1
"25,(TM -A ,

B

hTAF018 23 GGQGKRKRLFSKELRCMMYGFGDDQNPYTESVDILEDLVIEFITEM1ffHKA 72

FUN 81 2 SRKLKKTNLFNKDVSSLLYAYGDVPQPLQATVQCLDELVSGYLVDVCTNA 51

73 MSIGRQG... RVQVEDIVFLIRKDPRKFGRVKDLLTMN8EELKRARKAFDE 119

52 FHTAQNSQRNKLRLEDFKFALRKDPIKLGRAEELIATNKLITEAKKQFNE 101

120 ANYGS 124

102 TDNQN 106

C

hTAF1118 27 KRKRLFSKELRCSO(YGFGDDQNPYTESVDILEDLVIEFITEM THKAM 73

SPT3 2 MDKHKYRVEIQQMM8FVSGEINDPPVETTSLIEDIVRGQVIEILLQSNKTA 51

74 SIGRQGRVQVEDIVFLIRKDPRKFGRVKDLLTMN8EELKRARKAFDEANYG 123

52 HLRGSRSILPEDVIFLIRHDKAKVNRLRTYLSWKDLR.KNAKD>QDASAGVA 101

124 124

Fig. 2. (A) Nucleotide and amino acid sequences of hTAF1118.

Presentation is as in Figure 1IA. The tryptic peptides derived from the

endogenous HeLa cell TAF11 18 are underlined. (B) Comparison of the

amino acid sequences of hTAF1118 and FUN 81. Amino acid

comparisons were performed using the 'bestfit' program as described

in the legend to Figure lB. The upper line shows hTAF1118 and the

lower line FUN 81. (C) Comparison of the amino acid sequences of

hTAFI,1 18 and the yeast TAF11 SPT3. Comparisons were performed as

described in the legend to Figure lB. The upper line shows the

sequence of hTAF11 18 and the lower line the N-terminal region of

SPT3.

GST-hTAF1128, GST-hTAF11 18 and GST-TBP were

expressed in Escherichia coli and immobilized on gluta-

thione-Sepharose beads (see Materials and methods).

Equivalent amounts of immobilized fusion proteins were

incubated with 35S-labelled hTAF11s or TBP. Following

extensive washing with buffer containing either 0.1 or

0.5 M KCI (see Materials and methods), the bound

proteins were subjected to SDS -PAGE and detected by

autoradiography.
In vitro-translated hTAF1128 bound strongly to GST-

hTAFI11 18 after washing with both 0.1I and 0.5 M KCI
(Figure 4D, lanes 5 and 6 respectively), and in the

reciprocal experiment hTAF11 18 bound to GST-hTAF1128

(Figure 4C, lanes 3 and 4). As expected from previous
results (Jupp et al., 1993; Kato et al., 1994), in vitro-

translated TBP bound to the GST-TBP beads (Figure

4B, lanes and 2). TBP also interacted with the GST-

hTAF1128 beads (Figure 4C, lanes and 2), but in the

reciprocal experiment only weak binding of hTAF1128 to

the GST-TBP beads was observed (Figure 4B, lanes 7

and 8). As described previously for p22 and dTAF1130Ox,
hTAF1120 interacted strongly in vitro with GST-TBP

(Figure 4B, lanes 5 and 6), but no significant interactions

between hTAF1120 and GST-hTAF1128 or GST-hTAFI11l 8

Fig. 3. (A) TAFI, composition of total HeLa cell TFIID. HeLa cell

TFIID was immunopurified from the heparin 0.6 M KCI fraction using

the anti-TBP mAb 3G3 and elution with a synthetic peptide containing

the 303 epitope. The immunopurified hTAF11s were separated by

SDS-PAGE and the gel stained with silver nitrate. The locations of

identified hTAF11s are indicated according to their apparent relative

molecular masses in kDa. The brackets indicate other proteins which

are immunopurified by mAb 303, but whose identity has not as yet

been determined. M shows the positions of the prestained molecular

mass markers. (B) hTAF1128 is a core hTAF11, whereas hTAF111 8 is a

TFIIDfI-specific TAF11. Total TFIID was purified from HeLa cell

nuclear extract with mAb 303 (TFIID, lanes and 4) and

reimmunoprecipitated with I g.g of the anti-hTAF1130 mAb 2F4 and

30 g.l of protein G-Sepharose. The immunoprecipitation supernatant

contains TFIIDax (lanes 2 and 5). The immunoprecipitated TFIIDfI

(lanes 3 and 6) was washed four times with buffer A containing 1.0 M

KCI and separated by 12.5% SDS-PAGE (lanes 1-3) or 10%

SDS -PAGE (lanes 4-6). The proteins were electrotransferred to

nitrocellulose and detected first with mAbs 2CI1and 402 against TBP

and hTAF1130 respectively, and subsequently with the anti-hTAF,11l8
serum (lanes 1-3) or the anti-hTAF1128 serum (lanes 4-6). The

positions of the molecular mass markers are indicated, along with the

positions of TBP, hTAF1130, hTAF1128 and hTAF11 18. IgG(H) shows

the position of the heavy chains of the mAbs used in the

immunoprecipitations.

could be detected (Figure 4C, lanes 5 and 6, and D, lanes

3 and 4, respectively). Furthermore, in contrast to the

strong binding of hTAF,118 to GST-hTAF1128, only weak

binding of hTAF1118 to GST-TBP was observed (Figure

4C and B, respectively, lanes 3 and 4).

We also investigated possible interactions between the

novel hTAF11s and the hTAF1130 and hTAF11250 described

previously. Histidine (his)-tagged hTAF1130 was expressed

in Ecoli, purified (Jacq et al., 1994) and incubated with

GST-hTAF1128, GST-hTAF1120 and GST-hTAF,1l8. No
interaction between GST-hTAF1128 and his-hTAF1130
could be detected (Figure 4F, lanes 8 and 10), whereas

his-hTAF1130 bound to GST-hTAF111 8 (Figure 7F, lanes

1-3). His-hTAF1130 also interacted with wild-type

GST-hTAF1120 (WT), but not with GST-hTAF1120(1-
71) in which the C-terminus of hTAF1120 was deleted

(Figure 7F, lanes 7 and 8). Furthermore, baculovirus-

expressed hTAF11250 bound to GST-TBP (and as

expected also to GST-hTAF,1135, the human homologue

of dTAFIII110; see Discussion), but no interactions with

GST-hTAF1128 and GST-hTAF11 18 were observed

(Figure 4E, lanes 1-5).

The above results indicated that TBP bound efficiently

to GST-hTAF1128, but surprisingly little binding was seen

in the reciprocal experiment. As an altemative to in vitro

translation products, his-tagged hTAF1128 and hTAF11 18

were expressed and purified from E.coli. Following
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B. T strongly to GST-hTAF1128, whereas no significant binding
of his-hTAFI30 was observed (Figure 4F, lanes 7-10).
These results confirm that hTAF1128 binds efficiently and
directly to TBP and that hTAFI1 8 interacts more efficiently

; __ with hTAF1128 than with TBP. Moreover, in agreement
with the results using the in vitro-translated hTAF,120, no
binding of his-hTAF,118 or his-hTAF,128 to GST-

t hTAF1120 was observed (data not shown).
.f,'2!-TB,P Taken together, these in vitro results indicate that

D Il VTTisatciPr"D. hTAF,128, hTAF1120 and hTAF1118 interact with TBP with
varying affinities. In addition, hTAF1128 interacts with
hTAF,118 but not with hTAF1130, while both hTAF1118
and hTAF1120 interact with hTAFI30. No interactions
between hTAF11250 and hTAF1128 or hTAFI 18 could

- - be detected.
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Fig. 4. (A) In vitro translation of hTAF11s and TBP. The hTAF11s and
TBP cloned in the pXJ series vectors were transcribed in vitro with T7
polymerase and translated with rabbit reticulocyte lysate in the
presence of [35S]methionine. A 1 1l aliquot of the reaction was
separated by SDS-PAGE and detected by autoradiography. In lanes
1-4 each pair of lanes shows a duplicate reaction. M indicates the
positions of the molecular mass markers. (B) Protein affinity
chromatography with GST-TBP. Approximately 2 ,ug of GST-TBP
were immobilized on 50 ,ul of glutathione-Sepharose, incubated with
2 gl of in vitro-translated TBP and hTAF11l8, 3 p1 of hTAF1120 and
6 gl of hTAF1128, and washed as described in Materials and methods.
The bound TBP and hTAF11s were separated on gels containing 10 or
12% acrylamide, respectively. Odd-numbered lanes show the proteins
retained on the beads after the wash with 0.1 M KCI; the even-
numbered lanes show the proteins retained after the 0.5 M KCI wash.
(C and D) TAF-TAF and TAF-TBP interactions in vitro. Protein
affinity chromatography was performed as described in (B) using
immobilized GST-hTAF1128 or GST-hTAF,118. (E) Baculovirus
hTAF11250 binds to TBP and hTAF11135, but not to hTAF1128 or
hTAF1118. Protein affinity chromatography was performed using
extracts from Sf9 cells infected with baculovirus expressing hTAF11250
in the presence of [35S]methionine (a generous gift from J.Acker). The
extract was first adsorbed on glutathione-Sepharose to remove non-
specific binding proteins. The flowthrough fraction was then incubated
with the immobilized GST fusions. The resins were washed with
buffer containing 0.5 M KCI and the bound proteins detected by
autoradiography. (F) Protein affinity chromatography with purified his-
hTAF11s. Purified his-hTAF1130, his-hTAF1128 and his-hTAF,118 were
incubated with an -20-fold excess of GST-TBP or GST-hTAF1128,
washed with buffer containing 0.5 M KCI, and the bound proteins
detected by immunoblotting using mAbs 4G2, 15TA and 16TA, to
detect hTAF1130, 28 and 18, respectively. Lanes 1-6 and 7-10 were
taken from different blots to avoid the detection of GST-hTAF1128 in
lanes 7-8 with the 15TA antibody.

quantitation by SDS-PAGE and Coomassie blue staining,
equal amounts of the purified proteins were incubated
with a 20- to 30-fold excess of GST-TBP. Almost all of
the his-hTAF,128 was retained on the GST-TBP beads,
while only a fraction of the his-hTAF,118 was retained
(Figure 4F, lanes 3-6). However, his-hTAF11 18 bound

hTAF,,28 interacts intracellularly with TBP and
hTAFn,18 but not with hTAF,,30
Transient cotransfection in COS cells was used to deter-
mine whether the above in vitro interactions could be
observed intracellularly. hTAF1128, N-terminally tagged
with the oestrogen receptor epitope B10 (B 10-hTAFI28),
and recombinant TBP were revealed on Western blots of
the transfected cell extracts with a mixture of mAb B 10
(Ali et al., 1993) and the anti-TBP mAb 3G3. BlO-
hTAF1128 could be detected in extracts from cells trans-
fected with the B 1 0-hTAF1128 expression vector but not
with the TBP expression vector, whereas the converse
was observed for TBP (Figure 5A, lanes 1 and 4). Both
TBP and B10-hTAFI128 were detected in extracts from
cells cotransfected with the corresponding expression
vectors (Figure 5A, lanes 7 and 13). The cell extracts
were then immunoprecipitated with either mAb BlO or
mAb 3G3. In the absence of cotransfected TBP, B10-
hTAF1128 was immunoprecipitated by mAb BlO, but not
by mAb 3G3 (Figure 5A, lanes 2 and 3). Similarly, in
the absence of cotransfected B10-hTAF1128, TBP was
immunoprecipitated with mAb 3G3, but not with mAb
B10 (Figure 5A, lanes 5 and 6). Clearly, however, when
both proteins were coexpressed, TBP and B10-hTAF1128
could be coimmunoprecipitated by either of the two mAbs
(Figure 5A, lanes 8, 9, 14 and 15).
To determine whether the observed coprecipitation of

B10-hTAFI128 and TBP resulted from an intracellular
interaction, or whether the two proteins simply associated
with one another after cell disruption, we mixed extracts
from cells transfected with B10-hTAF1128 with extracts
from cells transfected with TBP. In contrast to the efficient
coimmunoprecipitation observed in the extracts from
cotransfected cells (Figure 5A, lanes 8, 9, 14 and 15),
almost no coimmunoprecipitation (Figure 5A, lanes 11 and
12) could be observed when the extracts of independently
transfected cells were mixed together (Figure 5A, lane
10). Although this absence of coimmunoprecipitation may
seem to contradict the results of the in vitro protein affinity
chromatography experiments, it should be noted that in
the in vitro experiments the GST fusion protein is present
at high concentrations and is immobilized, whereas in the
transfected cell extracts both proteins are in solution and
are present in lower concentrations. Thus, the hTAF1128-
TBP interactions observed in the above coimmuno-
precipitations correspond to interactions occurring intra-
cellularly.
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Cloning of human TAFIs

Fig. 5. (A) Intracellular interaction between hTAF1128 and TBP.
Aliquots of extracts from COS cells transfected with 5 ig of the
expression vectors for B l0-hTAFI28 (lane 1) or TBP (lane 4), or
simultaneously with both vectors (lanes 7 and 13), are shown. The cell
extracts were immunoprecipitated with 1-2 gg of either the anti-tag
mAb B 10 or the anti-TBP mAb 3G3, as indicated above each lane.
The immunoprecipitated proteins were detected on Western blots with
a mixture of mAbs 3G3 and B10, indicated below the panels. The
positions of TBP, BI0-hTAF1128, the protein G released from the
protein G-Sepharose upon boiling of the sample, and the heavy chain
of the mAbs are indicated. In lanes 10-12 extracts from cells
transfected with either hTAF1128 or TBP were mixed together, whereas
in lanes 13-15 the expression vectors for each protein were
cotransfected. (B) Distinct regions of hTAF1128 are required for
intracellular interaction with TBP and hTAF1118. Cells were
transfected with the expression vectors for the proteins indicated above
each panel and the cell extracts were precipitated as described above
with the mAbs indicated above each lane. The antibodies used to
detect the precipitated proteins are indicated below each panel. The
positions of TBP, native hTAF1118 and the BIO-hTAFI28 deletion
mutants are indicated. In lanes 7-10 native hTAF118 was detected
using the mouse antisera raised against GST-hTAF11l8 (see also
Figure 3B).

A similar strategy was also used to detect intracellular
interactions between hTAF1128 and hTAF1118. COS cells
were cotransfected with vectors expressing B I 0-hTAFj1 18
and hTAF1128. hTAF1128 was detected on Western blots
of transfected cell extracts using a monoclonal antibody
(mAb 1 C9) raised against one of the tryptic peptides
derived from hTAF1128 (see above and Materials and
methods; Figure 6A, lane 1). In the absence of B1O-
hTAF11 18, hTAF1128 was not immunoprecipitated by mAb
B 10 (Figure 6A, lane 2), whereas hTAF1128 was efficiently
precipitated by mAb B 10 in the presence of cotransfected
BI0-hTAF1118 (Figure 6A, lanes 3 and 4). The converse
experiment could not be performed as mAb 1C9 did not
immunoprecipitate hTAF1128 (data not shown). In contrast,
and in agreement with the fact that we did not detect an
interaction between hTAF1128 and hTAF1130 (see above),
hTAF1130 and B 10-hTAF1128 did not coimmunoprecipitate
from cotransfected cell extracts (Figure 6B, lanes 1-3).
However, as expected, hTAF1130 was coimmunoprecipi-
tated with B I 0-hTAF11 18 (Figure 6C), but no coprecipita-
tion of BI0-hTAF1118 and TBP could be detected (data
not shown).

Taken together, these results indicate that intracellular

interactions can be detected between hTAF1128 and TBP
or hTAF11 18, but not with hTAF1130, and between hTAF11 18
and hTAF1130.

hTAF,,20 interacts intracellularly with TBP, hTAF1,30
and hTAF,,28
A vector expressing B1O-hTAF1120 was also transfected
into COS cells. Although this protein was expressed
less efficiently than the other hTAF11s, TBP could be
coprecipitated with B l0-hTAF120 (Figure 6D, lanes 1 and
2). Similarly, consistent with the in vitro results, hTAF1130
could also be coimmunoprecipitated with B10-hTAF1120
(Figure 6D, lanes 3 and 4). Conversely, coimmuno-
precipitation of B 10-hTAF1120 with mAb 3G3 or 2F4 was
also observed (data not shown). Interestingly, although no
interaction between hTAF1120 and hTAF1128 could be
observed in vitro (see above), hTAF1128 was coimmuno-
precipitated with B10-hTAF1120 (Figure 6D, lanes 5 and
6). Thus, hTAF1120 appears to interact intracellularly not
only with TBP and hTAF1130, but also with hTAF1128.

Different regions of hTAF1,28 are required for
interaction with TBP and hTAF1118
A series of C- or N-terminal deletions was created in
hTAF1128 (Figure 7A) to determine the region(s) required
for interactions with hTAF11 18 and TBP. The mutant
proteins were expressed in E.coli as GST fusions, im-
mobilized on glutathione beads and incubated with in vitro-
translated TBP or hTAF11 18. TBP bound to wild-type
GST-hTAF1128 as well as to the two N-terminal deletion
mutants (Figure 7C, lanes 1-3). In contrast, only weak
binding of TBP to the C-terminal deletion mutants was
observed (Figure 7C, lanes 4 and 5). Similarly, in vitro-
translated hTAFI1 8 bound efficiently to wild-type GST-
hTAF1128 and to the two N-terminal deletion mutants, but
not to the C-terminal deletion mutants (Figure 7D). Thus,
a domain(s) located within or overlapping with the C-
terminal moiety of hTAF1128 is required for binding in vitro
to both hTAF11 18 and TBP.
The hTAF1128 deletion mutants were also expressed as

B 10-tagged proteins in COS cells to determine the region
of hTAF1128 required for intracellular interaction with
TBP. Following transfection into COS cells, the two C-
terminal deletion mutants of hTAF1128 could be detected
(Figure SB, lanes I and 4), and immunofluorescence
indicated nuclear localization of these proteins (data not
shown); however, no stable accumulation of the N-termin-
ally deleted hTAF1128 mutants was detected (data not
shown). In agreement with the in vitro data, TBP was
coimmunoprecipitated with wild-type hTAF1128, but not
with either of the C-terminally deleted hTAF1128 proteins
(compare Figure 5A, lanes 8, 9, 14 and 15, with B, lanes
2, 3, 5 and 6). These results indicate that an interaction
surface required for intracellular association with TBP is
located within, or overlapping with, the C-terminal 61
amino acids of hTAF1128.
The B 10-tagged C-terminal deletion mutants of

hTAF1128 were also coexpressed with hTAFI1 18. In contrast
to the results obtained in vitro, hTAF11 18 could be co-
immunoprecipitated with B 10-hTAF128( 1-150), whereas
no coimmunoprecipitation with B I0-hTAF1128(1-l 14)
could be detected (Figure 5B, compare lanes 7 and 8 with
9 and 10). Thus, a domain located within or overlapping
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Fig. 6. (A) Intracellular interactions between hTAF128 and hTAF1 18. Cells were transfected with the expression vectors for the proteins indicated
above the panel. The cell extracts were immunoprecipitated with the B 10 antibody and the proteins were detected with a mixture of mAb B10 and
the anti-hTAF,128 mAb IC9. (B) hTAF1128 does not associate intracellularly with hTAF1130. Cells were transfected with the expression vectors for
the proteins indicated above the panel. Following immunoprecipitation the proteins were detected with a mixture of mAbs B10 and 4G2.
(C) hTAF1130 associates intracellularly with hTAF,118. Cells were transfected with the expression vectors for the proteins indicated above the panel
and immunoprecipitations were performed with mAb B10. The immunoprecipitated proteins were detected by mAbs B10 and 4G2. (D) Intracellular
association of hTAF1120 with TBP, hTAFI130 and hTAF,128. Cells were cotransfected with B10-hTAF,120 and TBP, hTAFI130 or hTAF1128, as
indicated above each panel. The cell extracts were precipitated with mAb B10. The immunoprecipitated proteins were detected using a mixture of
mAbs B10 and 3G3 (lanes I and 2), B10 and 4G2 (lanes 3 and 4), and BO0 and IC9 (lanes 5 and 6).
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Fig. 7. (A and B) Deletion mutants in hTAF1128 and hTAFI1 8. The N- and C-terminal deletions in hTAF1128 and hTAF11l 8 are schematized. The
numbers above the hatched bars indicate the amino acids at the end points of the deletions. The abilities of the wild-type and mutant proteins to
interact with TBP, hTAF1128, hTAF1118 or hTAF1130 in the protein affinity and/or immunoprecipitation assays are summarized to the right.
+, binding; -, no binding. (C and D) In vitro binding of hTAF1l18 and TBP to hTAF1128 deletion mutants. Protein affinity chromatography was
performed as described in the legend to Figure 4B using -2 ,ug of each of the fusion proteins and the in vitro-translated TBP or hTAF1118, as
indicated. In these experiments the glutathione-Sepharose beads were washed four times with buffer A containing 0.5 M KCI. WT is the full-length
wild-type protein and M is the molecular mass marker. (E) In vitro binding of hTAF1128 to hTAF1 18 deletion mutants. Protein affinity
chromatography was performed using -2 gg of each of the hTAF11 18 mutant fusion proteins and in vitro-translated hTAF1128. (F) In vitro
interactions between hTAF1130, hTAF,118 and hTAF,120. Protein affinity chromatography was performed as described in the legend to Figure 4B
except that 250 ng of purified histidine-tagged hTAF,130 were used rather than in vitro-translated protein. The glutathione-Sepharose beads were
washed with buffer A containing 0.5 M KCI. Lanes 1 and 2 show the results obtained with the GST protein alone; lanes 3-6 show the results with
wild-type and mutant derivatives of GST-hTAFI118; lanes 7 and 8 show the results with wild-type or a C-terminal mutant of GST-hTAF120.
hTAF1130 was detected using mAb 4G2.

1526

1 .1-

Li

IM
A"-

:1 iwk4 .* -. ::-

13

MA-1 B' C.-

jawl

M Au,;

'M ..i,:
-., 1" k iw .,.:

A

7' .1
:: ;%

..,

:--,



Cloning of human TAFIs

with amino acids 114-150 of hTAF1128 is required for
intracellular interaction with hTAF118. Furthermore, the
differential binding of hTAFI1 8 and TBP to hTAF1128(1-
150) indicates that the domains of hTAF1128 responsible
for these intracellular interactions are not identical.

hTAF,,28 and hTAF,,30 interact in vitro with distinct
domains of hTAF1118
To determine the regions of hTAF1118 required for the
interactions with hTAF,128 and hTAF1130 in vitro, a series
of deletion mutants was generated (Figure 7B) and fused
to GST. In vitro-translated hTAF1128 bound to wild-type
GST-hTAFI1 8 and to the C-terminal deletion mutant (1-
84) (Figure 7E, lanes 1 and 2). In contrast, no binding to
the N-terminal deletion mutant (39-124) or the double N-
and C-terminal deletion mutant (39-84) was detected
(Figure 7E, lanes 3 and 4). These results indicate that a
domain within or overlapping with the N-terminal 38
amino acids of hTAF1118 is required for interaction with
hTAF1128 in vitro.

E.coli-expressed his-hTAF1130 bound to the wild-type
GST-hTAF1118, to the C-terminal deletion mutant and to
the double C- and N-terminal deletion mutant (Figure 7F,
lanes 3, 6 and 4, respectively). Surprisingly, however, no
binding to the N-terminal deletion mutant (39-124) was
detected (Figure 7F, lane 5). Nevertheless, amino acids
39-84 of hTAFI 18 sufficed to interact with hTAF1130, but
not with hTAF1128 (compare Figure 7F, lane 4, with E,
lane 4). Thus, distinct regions of hTAF11l8 are required
for interaction with hTAF1130 and hTAF1128.

Discussion
hTFIlDa and hTFIIDf3 have distinct hTAF,
compositions
We report here the cloning of cDNAs encoding three
subunits of hTFIID. hTAF1128 is the homologue of the
previously characterized dTAF1130P3, while hTAF1120 is the
homologue of p22. In Drosophila, p22 is an alternatively
spliced form of dTAF130oa (Kokubo et al., 1994). How-
ever, none of the hTAF1120 cDNAs from HeLa cells
isolated in this study encoded a protein analogous to
dTAF,130x. The detection of a human homologue of full-
length dTAF1,30x and the determination of its abundance
and distribution in different human cell lines will be
facilitated by the development of antibodies against
hTAF1120.
The amino acid sequence of hTAFII 18 shows homology

to the N-terminal region of the yeast TAFI, SPT3
(Eisenmann et al., 1992, and references therein). A more
extensive homology between hTAF11 18 and the yeast
protein FUN 81 (Dubois et al., 1987) was observed,
suggesting that this protein may also be a yeast TAFI.
Recently, other yeast TAF11s with homology to
d(h)TAF11250 and dTAF1180 have been reported (Reese
et al., 1994). However, no homologue of hTAF1118 has
been described in Drosophila as yet. This result, together
with the fact that no Drosophila homologue of hTAF1130
has been identified, supports the idea that hTFIID may
comprise more TAF11s than dTFIID. Nevertheless, one
cannot exclude the existence of Drosophila counterparts
for these hTAFIs as such counterparts may correspond to
cell-specific dTAF11s expressed in Drosophila adult tissues.

We showed previously that hTFIID complexes could
be separated into two species, hTFIIDa and hTFIIDP,
either lacking or containing hTAF1130 (Jacq et al., 1994).
These two species appeared to comprise both core and
specific hTAF11s. From these results we proposed that
hTAF1128 would be a core hTAF11, but that hTAF,118 and
hTAF1120 would be specifically associated with TFIIDP.
However, we could not formally demonstrate that the
28 kDa subunits detected in both TFIIDa and TFIID3
were in fact the same protein rather than two distinct
proteins with analogous electrophoretic mobilities. Using
antibodies against recombinant hTAF1128, we show here
that hTAF1128 is indeed a core TAFI present in both
TFIIDa and TFIIDI3. Thus, we conclude from this and
our previous study (Jacq et al., 1994) that hTAF11250,
hTAFII1OO and hTAF1128 are core hTAF11s common to
both TFIIDax and TFIIDf.

In contrast to hTAF1128, we show that hTAF11 18 is
preferentially, if not exclusively, associated with TFIID3,
confirming our previous proposal that hTAF11 18 is a
TFIID3-specific hTAFI1 (Jacq et al., 1994). These results
show clearly that TFIIDa and TFIID, have distinct hTAFI1
compositions, as they differ not only by the presence or
absence of hTAF1130, but also by that of hTAFI 18.
Antibodies directed against recombinant hTAF1120 will be
required to demonstrate that the isolated hTAF1120 cDNA,
characterized here, encodes the 20 kDa TFIID subunit
which we have proposed to be a TFIID3-specific TAFI1
(Jacq et al., 1994).

hTAF1I 18 interacts directly with TBP but interacts more
strongly with hTAF1130 and hTAF1128, both of which also
interact directly with TBP (summarized in Figure 8A and
B). As hTAF1118 interacts with hTAF1128 and hTAF1130 it
is conceivable that it would be recruited more stably
to TFIID,B containing both hTAF1128 and hTAF1130, in
agreement with the observation that hTAFI, 18 is a TFIIDP3-
specific TAFII. Similarly, hTAF1130 may be more stably
associated with TFIIDP due to interactions with both TBP
and hTAF1118. Alternatively, the TFIIDP-specific hTAF11s,
hTAF1130, hTAFI 18 and hTAF1120, may interact to preform
a ternary complex, which is then recruited by interactions
with the core hTAF11s and TBP to form TFIIDP. Re-
constitution experiments will be required to test these
possibilities.

TAF- TAF and TAF- TBP interactions in hTFIID
In this study we have identified a series of in vitro and
intracellular interactions amongst the novel hTAF11s, and
between the novel hTAF11s and hTAF1130 or TBP. We
have shown that hTAF,128 and hTAF1120 interact with
TBP both in vitro and intracellularly following transient
cotransfection. It is important to note that the intracellular
interactions detected in the cotransfection experiments do
not result from the incorporation of the transfected hTAF11s
or TBP into the endogenous COS cell TFIID. This is
clearly indicated by the absence of coprecipitation of
transfected hTAF1128 and hTAF1130, despite the fact that
these proteins are associated in TFIID,B. Similarly, no
coprecipitation of the endogenous COS cell TBP and
transfected hTAF11s was observed. Moreover, when
extracts from cells cotransfected with TBP and hTAFI28
were precipitated with an anti-TBP mAb, no hTAFIs other
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Fig. 8. (A) Comparison of TAF-TAF and TAF-TBP interactions in
hTFIID and dTFIID. The arrows in the upper panel show TAF-TAF
and TAF-TBP contacts in dTFIID (see Chen et al., 1994, and
references therein). The arrows in the lower panel show TAF-TAF
and TAF-TBP contacts in hTFIID. Only dTAFIs homologous to the
hTAFIs studied here and in Jacq et al. (1994) are shown. The
homologous human and Drosophila proteins are located in similar
positions relative to TBP and boxed in the same fashion. (B) Summary
of the protein-protein contacts within hTFIID,B. The TAF-TAF and
TAF-TBP interactions deduced from this and previous studies are
summarized. hTAF11250, hTAF1130, hTAF1128, hTAF1120 and hTAF1118
interact with TBP. hTAF11250 interacts with hTAF11135 and hTAF1130.
In addition, hTAF1130 also contacts hTAF1120 and hTAF1118. hTAF1128
interacts with hTAF11I8 and hTAF1120 and, in addition, hTAF1120
contacts hTAF1130 and hTAF,1135. Note that the hTAFIs are shown to
contact TBP simultaneously, but this has not been demonstrated
experimentally. Alternatively, TFIID complexes may be formed by
several different pathways.

than hTAF1128 could be detected by either immunoblotting
or silver nitrate staining (our unpublished data).
Our results and those from other laboratories show

clearly that, contrary to initial reports (Hisatake et al.,
1993; Kokubo et al., 1993a; Zhou et al., 1993), TAF11250
is not the only TAFI to interact directly with TBP. In
dTFIID, dTAF11250, dTAF,130a and dTAF1150 have all
been shown to interact directly with dTBP. For dTAF1140
(p42), dTAF1160 (p62) and dTAF1180 (p85) contradictory
results concerning their ability to bind to dTBP have been
obtained (Goodrich et al., 1993; Weinzierl et al., 1993a;
Chen et al., 1994; Kokubo et al., 1994). In hTFIID,
hTAF11250, hTAF1130, hTAF1128, hTAF1120 and hTAF118

have been shown to interact with hTBP (Figure 8A and
B). In addition, Zhou et al. (1993) reported that an as yet
uncharacterized hTAF11125 also interacted with TBP in
far Western blotting experiments, although it is not known
whether hTAFI 125 is a homologue of dTAFI1 150 or simply
a degradation product of hTAF11250. It will be interesting
to determine with which regions of TBP each of these
TAF11s interacts, and whether they can all interact simul-
taneously with TBP or whether some of these interactions
are mutually exclusive. Recently it has been shown that
the binding of dTAF11250 and dTAFI1 150 to TBP prevented
the subsequent interaction with the hTAFjs and vice versa
(Comai et al., 1994). It is possible that there may also be
a competition between the hTAF11s for binding to TBP,
suggesting that hTFIID complexes may be assembled by
more than one pathway.

In addition to TBP, hTAF1128 also interacts with
hTAF1118 (Figure 8A and B). Deletion analysis indicated
that the C-terminal region of hTAF1128 (amino acids 109-
211) bound TBP, and that deletion of the C-terminal 61
amino acids abolished binding to TBP. These results
indicate that a region within or overlapping with the C-
terminal 61 amino acids of hTAF1128 contains an inter-
action surface required for binding to TBP.
The C-terminal amino acids 109-211 of hTAF1128 also

bound in vitro to hTAF1118, and no binding of hTAF1118
to the two C-terminal deletion mutants was observed
in vitro. However, in transfected cells hTAFI,1 8 interacted
with the C-terminal deletion mutant (1-150) but not with
mutant (1-114), whereas neither of these mutants bound
TBP. The differential binding of hTAFI11 8 and TBP to
mutant (1-150) in the same intracellular assay indicates
that these two proteins bind, at least in part, to distinct
regions of hTAF1128. Note that there is a difference in the
ability of hTAF1118 to bind to the C-terminal deletion 1-
150 in vitro and intracellularly. We have observed another
discrepancy between the intracellular and in vitro results
as no in vitro binding between hTAF1120 and hTAF1128
was observed, but these two hTAF11s were coprecipitated
from cotransfected cells. Some of these observations may
be explained by the bacterially produced GST fusion
proteins adopting conformations which artefactually mask
potential interaction surfaces. Alternatively, intracellular
post-translational modifications, such as phosphorylation,
may be required to allow interaction between hTAF1128
and hTAF1120. In this respect we note that many hTAF11s
have been shown to be phosphorylated (Boyer and Berk,
1993). Furthermore, although the intracellular TAF-TAF
interactions described here do not result from the in-
corporation of the transfected hTAF11s into TFIID com-
plexes, we cannot exclude the possibility that some of
these interactions may be mediated by unknown bridging
proteins. In view of such observations, negative results in
in vitro assays should not be taken as definitive proof of
a lack of interaction between two proteins.

hTAFI1 18 interacts with hTAF1130 and hTAF1128 (Figure
8A and B). Deletion analysis indicates that the N-terminal
38 amino acids of hTAFI11 8 are required for interaction
with hTAF1128. Furthermore, although no binding of
hTAF1130 to the N-terminal deletion mutant (39-124)
was observed (possibly due to artefactual folding of the
bacterially expressed protein; discussed above), amino
acids 39-84 sufficed to interact with hTAF1130. Thus, in
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the same in vitro assay, mutant (39-84) had a differential
ability to bind hTAF1130 and hTAF1128, indicating that
distinct domains within hTAF1118 are required for inter-
actions with these two hTAF11s. Analogous experiments
were not performed in transient transfection assays as the
B 10-tagged hTAFI1 18 deletion mutants did not accumulate
in transfected cells (our unpublished data).

Comparison of TAF- TAF and TAF- TBP
interactions in hTFIID and dTFIID
Comparison of the results of our present and previous
hTFIID studies (Jacq et al., 1994) with those concerning
dTFIID reveals a number of similarities and differences
in the organization of TFIID complexes in Drosophila
embryos and human HeLa cells (summarized in Figure
8A). As discussed above, the major difference is the
existence in HeLa cell TFIID of two hTAF11s with no
known Drosophila homologues. Nevertheless, major dif-
ferences exist even for homologous TAF11s. The most
striking of these concerns hTAF1128 which interacts with
hTBP but not hTAF11250, whereas its Drosophila homo-
logue interacts with dTAF11250 but not dTBP (Yokomori
et al., 1993b; Chen et al., 1994; see Figure 8A).
On the other hand, and in agreement with the results

obtained with p22 and dTAF1130a (Yokomori et al., 1993b;
Kokubo et al., 1994), hTAF1120 interacts directly with
TBP and with hTAFI 135, the human homologue of
dTAFl 1I0 (Hoey et al., 1993; Yokomori et al., 1993b;
our unpublished data; summarized in Figure 8A and B).
However, in addition to binding to TBP and hTAF11135,
we also detected additional interactions between hTAF1120
and hTAF1128 or hTAF1130. The in vitro experiments
further suggest that hTAF1130 and TBP (data not shown)
interact with hTAF1120 via the C-terminal moiety of
hTAF1120. This region is highly conserved between the
Drosophila and human proteins, and sequences within this
region of dTAF,130c have been shown to be required for
binding to dTAF1I 110 and multimerization of dTAF130a
(Yokomori et al., 1993b). A detailed analysis of hTAF1120
will be required to precisely determine the domains
required for each of these interactions. In any event it is
clear that hTFIID differs from dTFIID, as it is known at
present, in a number of respects; hTFIID comprises more
TAF11s than dTFIID and these hTAF11s assemble into two
hTFIID species (x and P), and differing TAF-TAF
and TAF-TBP interactions can be observed in hTFIID
and dTFIID.

Although this study gives some new insights into the
organization of hTFIID, the function of the novel hTAF11s
described here is as yet unknown. It has been suggested
previously (Yokomori et al., 1993b) that dTAF,130a and
X could act to stabilize contacts between the other TFIID
subunits. This may also be the function of hTAF1120 as
this hTAFI, contacts many other TFIID subunits. These
observations, however, do not rule out the possibility
that these small hTAF11s may also make contacts with
transcriptional activators, as observed with hTAF,130 (Jacq
et al., 1994), and play a direct role in the transactivation
process. Experiments to test these possibilities are currently
in progress.

Materials and methods
Purification of TFIID complexes and cloning of hTAF,-s
Nuclear extracts were prepared and purified on heparin-ultrogel as
described (Brou et al., 1993a; Chaudhary et al., 1994). The TFIID was

immunopurified using the mAbs 2C1 or 3G3, and the TFIID eluted from
the protein G-Sepharose using an excess of synthetic peptide comprising
the corresponding epitope. The eluted TFIID was dialysed against buffer
containing 5 mM NaCl, 0.5 mM Tris-HCI (pH 7.9), 5 jiM DTT and
0.01% SDS for 6-8 h. The TFIID was then lyophilized and resolved by
SDS -PAGE. The proteins were electroblotted overnight in 50 mM Tris
and 50 mM boric acid onto a PVDF membrane (Millipore, Immobilon
P, 0.45 ,uM) and stained briefly with Coomassie blue. The hTAFJ1s were
excised and digested in situ on the membrane with trypsin. The
eluted peptides were then separated by reverse-phase HPLC and
microsequenced.

For hTAF1128, two peptides were obtained: MQILVSSFSEEQLNR and
LIQSITGTSVSQNVVIAM. Based on these sequences two degenerate
oligonucleotides were synthetized: 5'-ATGCAA/GATC/TC/TflGTG/C/
TT/AC/GIT/AC/GITTC/TT/AC/GIGAA/GGAA/GCAA/GC/TTIAAC/T
C/AG-3' and 5'-C/TTG/C/TATC/TCAA/GA/TC/GIATC/TACA/C/TG-
GA/G/C/TACA/C/TA/TC/GIGTC/GA/TC/GICAA/GAAC/TGTC/GGT-
C/GATC/TGCA/C/TATG-3'. They were used to screen a random-primed
HeLa cell cDNA library in X ZAPII (Stratagene). 6x 105 clones were
screened by hybridization with the 32P 5' end-labelled oligonucleotides
in 6x SSC at 42°C overnight. The filters were washed in 6x SSC at
45 or 50°C and subjected to autoradiography. Three clones which
hybridized with both oligonucleotides were purified and in vivo excision
was performed. The cDNA inserts were completely sequenced with
internal primers using an Applied Biosystems automated DNA sequencer.
The resulting data were analysed and database searching was performed
using the Genetics Computer Group (GCG) software (University of
Wisconsin, WI) sequence analysis programmes.

For hTAF1120, four peptides were obtained: DVQLHLER, QWNMWI-
PGFGSEEIR, LSPENNQVLTK and MALIR. Oligonucleotides corres-
ponding to the first two sequences were synthetized and used to screen
the HeLa library (5'-GAC/TGTC/T/GCAA/GC/TTICAC/TCtTTIGAA/
GC/AG-3' and 5'-CAA/GTGGAAC/TATGTGGGATC/TCCA/C/TGGI-
TTC/TGGIA/TGCIGAA/GGAA/GATC/TC/AG-3'). The resulting clones
were analysed as described above.

For hTAFI,1 8, two peptides were obtained: VQVEDIVFLIRK and
ARKAFDEANYGS. The corresponding oligonucleotides were synthet-
ized: 5'-GTC/G/TCAA/GGTC/G/TGAA/GGAC/TATC/TGTC/G/TTT-3'
and 5'-AAA/GGCA/C/CC/TGAC/TGAA/GGCA/C/TAAC/TTAC/
TGG-3'.

Construction of expression vectors
The coding sequences of hTAF,128 and hTAFIl 8 and the corresponding
deletion mutants were amplified by the PCR using appropriate primers
with in-frame BamHI and EcoRI sites. They were cloned into the
corresponding sites in the pGEX2T vector. GST-hTAF1120 WT and
1-71 were constructed by PCR amplifying the appropriate regions of
the hTAF1120 coding sequence with oligonucleotide primers containing
in-frame EcoRI sites and cloning into the EcoRI site of pGEX2T.
GST-hTAF11135 was constructed by inserting a BglII-EcoRI fragment
encoding the C-terminal 602 amino acids into pGEX3X. GST-TBP
has been described previously (Jacq et al., 1994). pXJ42-hTAF1128,
pXJ41-hTAF1120 and pXJ41-hTAF1118 were constructed by PCR
amplifying the corresponding coding sequences with EcoRI and BamHI
sites (or XhoI and EcoRI for hTAF,120) and cloning into the pXJ
expression vectors described previously (Xiao et al., 1991). The PCR
primer oligonucleotides were designed to introduce a consensus Kozak
sequence. pXJ41 -hTAF1130 and pXJ40-TBP were as described pre-
viously (Jacq et al., 1994). Histidine-tagged hTAF1128 and hTAF1118
were constructed by PCR using oligonucleotide primers containing NdeI
and BamHI restriction sites. The resulting fragments were cloned between
the appropriate sites in pET15.
The B 10 epitope-tagged hTAF128, hTAF1120 and hTAF11l18 were

constructed by PCR amplifying the corresponding coding sequences
with in-frame NheI sites and cloning into a modified pAT6 expression
vector (Tribouley et al., 1994). The DNA sequences of all plasmids
were verified by automated DNA sequencing.

Immunization, mAb production, immunoprecipitation and
immunoblotting
Immunizations and mAb production were performed as described pre-
viously (Brou et al., 1993a; Lescure et al., 1994). Mice were injected
intraperitoneally three times at 2 week intervals with 100 jg of the
hTAF1128 peptide MQILVSSFSEEQLNR coupled to ovalbumin. Spleen
cells were fused with Sp2/O AG 14 myeloma cells; culture supernatants
at day 10 were tested on COS cells transfected with pXJ42-hTAF128
by immunostaining or ELISA. These injections generated mAb IC9.
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Mice were also injected three times at 2 week intervals with 200 ,ug
purified GST-hTAF1128 or GST-hTAF118 and the immunoblots in
Figure 3 were performed with the resulting mouse serum. After fusions,
two mAbs were obtained: 15TA against hTAF1128 and 16TA against
hTAF1118. These mAbs were used for the immunoblots shown in
Figure 4F.
The anti-TBP antibodies 3G3 and 2C1 and the anti-hTAF130 antibodies

4G2 and 2F4 were purified by caprylic acid and ammonium sulfate
precipitation as described previously (Brou et al., 1993a). mAb B 10 was
as described previously (Ali et al., 1993).
The preparative immunopurification of TFIID complexes was essen-

tially as described previously (Jacq et al., 1994). 250 ml of the H 0.6 M
KCI fraction (-500 mg of protein) were immunoprecipitated with
-300 jig of mAbs 3G3 or 2C1 using I ml of protein G-Sepharose
overnight at 4°C. The resin was then washed extensively five times with
50 ml of buffer A (50 mM Tris-HCI, pH 7.9, 10% glycerol, 0.5 mM
EDTA, 1 mM DTT and 0.2% NP-40) containing 1.0 M KCI and the
TFIID eluted by the addition of an excess of the corresponding
epitope peptide.

Transfected cell extracts were precipitated with 1-2 jg of mAbs B 10,
3G3 or 2F4, and 30-40 jl of protein G-Sepharose for 2 h at 4°C. The
resin was then washed four times for 10 min at 20°C with I ml buffer
A containing 1.0 M KCI. The resin was then boiled in SDS loading
buffer and the proteins separated by SDS-PAGE.

Western blot analyses were performed by standard methods using an
ECL kit (Amersham).

In vitro transcription and translation
In vitro transcription and translation were performed as described
previously (Hwang et al., 1993). Plasmids were linearized at appropriate
restriction sites and 2 jg were transcribed with T7 RNA polymerase.
100-500 ng of the resulting RNA were translated in the presence of
[35S]methionine in 35 jil of a rabbit reticulocyte lysate in a final volume
of 50 jil. A 1 jil aliquot of the translation products was separated by
SDS-PAGE. The gels were fixed with 100% acetic acid and then treated
with 10% 2-5 diphenyloxazole (PPO) in acetic acid. The gels were then
washed with water, dried and subjected to autoradiography.

Protein affinity chromatography
E.coli cells harbouring the GST-TAF (TBP) fusion vectors were induced
for 2-3 h at 37°C with I mM IPTG. The cells were lysed by sonication
in buffer A containing 500 mM KCI; the insoluble material was removed
by centrifugation at 25 000 r.p.m. for 20 min. 100 jil-1 ml of
the extracts were then incubated for 2 h at 4°C with 50 jil of
glutathione - Sepharose beads. The beads were collected by centrifugation
and washed four times with I ml of buffer A containing 1.0 M KCI.
The bound protein was detected by staining with Coomassie blue
following SDS-PAGE. The amounts of cell extracts required to immobil-
ize 1-2 jig of each GST fusion protein were then determined. Altern-
atively, the fusion proteins used for immunization of mice were eluted
from the beads using buffer A containing 10 mM reduced glutathione.
For protein affinity chromatography, the immobilized GST fusion proteins
were washed as described above and incubated with either the in vitro-
translated proteins or purified his-TAFj1s in a 100 jil volume for 2 h at
4°C with nutation. The beads were then washed four times for 10 min
at 20°C with I ml of buffer A containing 0.1 M KCI. Half of the beads
were then removed and added to 30 gl SDS loading buffer. The remaining
beads were then washed three times with I ml buffer A containing
0.5 M KCI prior to SDS-PAGE. The gels were fixed and dried as
described above and subjected to autoradiography. His-tagged hTAF1Js
were expressed and purified as described previously (Jacq et al.,
1994). Following binding experiments, the his-TAF11s were detected by
immunoblotting using the appropriate mAbs.

Transient transfections and cell extracts
COS cells were transfected with 2-10 jig of the pAT6 or pXJ40 series
expression vectors by the calcium phosphate coprecipitation method.
48 h after transfection the cells were washed with PBS and harvested.
Cells from a 1 X90 mm plate were lysed by the addition of 100 ji of
buffer A containing 0.5 M KCI, followed by three rounds of freezing
and thawing. 50 jil of the cell extracts were then used in the immuno-
precipitations.
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