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TFIID is the DNA binding component of the RNA
polymerase II transcriptional machinery and is com-
posed of the TATA binding protein (TBP) and TBP-
associated factors (TAFIs). Here we report the charac-
terization of a new human TAF, hTAF11100, which is
the human homologue ofDrosophila TAFI80 and yeast
TAF,190. hTAFI100 interacts strongly with hTAFI250,
hTAFI55 and hTAF1128, less with hTAF1120 and
hTAFI18, weakly with TBP and not at all with
ANTAFI135 and hTAF1130. Deletion analysis revealed
that the C-terminal half of hTAF11100, which contains
six WD-40 repeats, is not required for incorporation
into the TFIID complex. Our results suggest that
hTAF,1100 can be divided into two domains, the
N-terminal region responsible for interactions within
the TFIID complex and the C-terminal WD repeat-
containing half responsible for interactions between
hTAFI100 and other factors. An anti-hTAFI100 anti-
body, raised against a C-terminal epitope, selectively
inhibited basal TFIID-dependent in vitro transcription
and the specific interaction between hTAF11100 and
the 30 kDa subunit of TFIIF (RAP30). We demonstrate
that the hTAF,1100-TFIIF interaction supports pre-
initiation complex formation in the presence of TFIID.
Thus, this is the first demonstration that a TAF11
functionally interacts with a basal transcription
factor in vitro.
Keywords: basal RNA polymerase II transcription/
dTAF1j80/yTAF1190/TBP/WD repeats

Introduction
Accurate initiation of transcription by RNA polymerase
IL (Pol II) on TATA-containing promoters is nucleated by
the multisubunit transcription factor TFIID, in which the
DNA binding subunit is the TATA binding protein (TBP).
Binding of TFIID is followed by the subsequent ordered
interactions of the other basal factors (TFIIA, TFIIB,
-IIE, -1IF, -IIH and -L1J) and Pol IL to yield a productive
pre-initiation complex (PIC) (Buratowski et al., 1989;
Roeder, 1991; Zawel and Reinberg, 1995). TFIID, which
consists of the TBP and up to 13 TBP-associated factors,

called TAFs, has an Mr of ~700-750 kDa (Pugh and Tjian,
1991; Tanese et al., 1991; Timmers et al., 1992; Zhou
et al., 1992; Brou et al., 1993a; Chiang et al., 1993;
Yokomori et al., 1993; Jacq et al., 1994; Mengus et al.,
1995). Recombinant TBP can replace TFIID for basal
transcription from TATA-containing Pol II promoters in
reconstituted transcription systems, but appears to be
inefficient in supporting transcription from TATA-less
promoters and in mediating activator-dependent transcrip-
tion (Pugh and Tjian, 1992; Brou et al., 1993a; Aso
et al., 1994). These observations suggest that Pol IL
TAFs (TAF11s) function both to mediate the effect of
transactivators and to recruit TFIID complexes to TATA-
less promoters. Previously, we have shown by using
chromatographic purification and immunoprecipitation
that functionally distinct TFIID complexes composed of
both common and specific TAF11s exist in human HeLa
cells (Brou et al., 1993a,c; Jacq et al., 1994; Mengus
et al., 1995). Recently, specific substoichiometric TAF11s
have been described from Drosophila that specify promoter
selectivity (Hansen and Tjian, 1995). TAF11s which are
present in every TFIID complex were designated core
TAFt1s (Jacq et al., 1994).

In order to better understand the precise molecular
mechanisms in which TAFs are involved, many of the
Drosophila (d) and human (h) TFIID subunits have
been cloned and characterized (Tjian, 1995). It has been
demonstrated that certain TAF11s can serve as co-activators
by making direct contacts with enhancer binding proteins
to direct transcriptional activation. Confirming our initial
hypothesis (Tasset et al., 1990; Brou et al., 1993a,c), it
was shown that different classes of activation domains
contact distinct components of the TFIID complex to
stimulate transcription. For example, dTAF,11 10 serves as
a co-factor for the glutamine-rich transcription factor SpI,
since dTAFIII10 interacts directly with Spl in vitro and
mediates the activity of Spl in yeast, but does not bind
to proline-rich or acidic activation domains (Hoey et al.,
1993; Gill et al., 1994). dTAF1140 and its human homo-
logue, hTAF113 1, were found to interact functionally with
the acidic activating domain of VP16, but not with the
glutamine-rich activating domain of Spl or the proline-
rich activating domain of CTF-1 (Goodrich et al., 1993;
Klemm et al., 1995). In addition, dTAF,140, dTAFt160
and their human homologues, hTAF1131 and hTAF,170
respectively, interact with p53 and mediate p53 activation
in vitro (Lu and Levine, 1995; Thut et al., 1995). A
functional interaction was also found between hTAF1130,
a specific TAFI, that is present only in a subpopulation of
TFIID complexes, and the hormone binding domain of
the human oestrogen receptor (Jacq et al., 1994). In
contrast, hTAF,155 was found to interact in vitro with
several distinct activators (Spl, YY1, USF, CTF, ElA,
Tat) possessing different types of activation domains

3 Oxford University Press3702



Characterization of human TAF11100

(Chiang and Roeder, 1995). TAF11s have also been shown
to interact in vitro with general Pol II transcription factors
(GTFs), possibly to help recruit GTFs into the pre-
initiation complex (Goodrich et al., 1993; Histake et al.,
1995; Klemm et al., 1995). However, the functional
significance of these interactions has yet to be demon-
strated. The potential for multiple contacts between an
activator and individual components of the basal transcrip-
tion machinery may allow synergistic activation (see
Discussion).

Here we report the isolation and characterization of a
new human core TAF, hTAFIII00, which is the human
homologue of dTAF1180 (Dynlacht et al., 1993; Kokubo
et al., 1993b) and yeast (y) TAF1190 (Reese et al., 1994).
We demonstrate that the C-terminal half of hTAFI100,
which contains six complete WD-40 repeats originally
described in the I subunits of G proteins (Fong et al.,
1986; Neer et al., 1994), is not required for interaction
with the TFIID complex in transfected cells. Co-immuno-
precipitation assays indicate that hTAFIII00 interacts with
hTAFI250, hTAF,155, hTAF1128, hTAF,120 and hTAF11L8,
weakly with TBP and not at all with ANTAF11135 and
hTAF1130. In addition, an antibody raised against a
C-terminal peptide selectively inhibited basal transcription
in the presence TFIID. Moreover, we show that hTAFII100
interacts specifically with the 30 kDa subunit of TFIIF
(RAP30) and that this interaction is required during TFIID-
dependent PIC formation in vitro.

Results
Molecular cloning of the 100 kDa subunit of the
human TFIID complex
The human TFIID complex was purified from HeLa cell
nuclear extract by three consecutive chromatographic steps
followed by immunoprecipitation (Brou et al., 1993a; Jacq
et al., 1994), and partial amino acid sequences of the
100 kDa subunit were determined as described previously
(Brou et al., 1993b). Degenerate oligonucleotides from
both the amino- and the carboxy-terminal ends of the
peptide sequence AFEDLETDDFTTATGHINLP (Figure
LA) were used for PCR-mediated amplification. A 60 bp
DNA fragment was subcloned, sequenced and found to
encode the internal portion of the peptide. This DNA
sequence was then used to screen a HeLa cell random
primed cDNA library. One of the cDNAs obtained contains
an open reading frame encoding a 799 amino acid polypep-
tide (Figure IA) with a calculated Mr of 87.9 kDa.
However, both the endogenous and the recombinant pro-
teins migrate in SDS-PAGE with an apparent Mr of
100 kDa. Consequently, this human TFIID subunit has
been named hTAFII100.

Comparison of hTAFIII00 with dTAF1180 (Dynlacht
et al., 1993; Kokubo et al., 1993b) and yTAF1190 (Reese
et al., 1994) revealed that hTAFI1 00 is the human homo-
logue of the Drosophila and the yeast proteins. Overall,
hTAFI1100 is 65% similar (44% identical) to dTAF1180
and 57% similar (39% identical) to yTAF1190 (Figure iB).
The C-terminal half of these proteins has a significant
sequence homology to the WD-40 or 1-transducin repeats
originally described in the I subunit of guanyl nucleotide
regulatory proteins, or G proteins (Fong et al., 1986; Neer
et al., 1994). hTAFII1OO has six segments that show

sequence similarity to the WD-40 repeat consensus
sequence (Neer et al., 1994). Note that the N-terminal
450 amino acid region of hTAFII100 and the corresponding
regions of dTAF1180 and yTAF1190 (see Figure LB) have
no significant similarities to any other known proteins.
To confirm that the isolated cDNA encoded a TAFII,

monoclonal antibodies (mAbs) were raised against pep-
tides derived from the sequence of hTAFIII00 (numbered
1 and 2 in Figure iB). These antibodies, mAb2D2 and
mAblTA (raised against peptide 1 and 2 respectively),
have been used in previous studies to show that hTAFII100
is present in affinity-purified hTFIID (Eberhard et al.,
1993; Jacq et al., 1994; Rudloff et al., 1994). In immuno-
precipitation experiments, both of these anti-hTAF1LOO
mAbs co-immunoprecipitated hTAFII100, TBP and other
TAF11s (Figure 2 and data not shown). Note that the
recombinant TAFII100 overexpressed either in HeLa or
Cos cells migrates in SDS-PAGE at a position identical
to the endogenous human protein (data not shown). These
results, together with the high sequence similarity to
dTAFI80 and yTAF,190, confirm that the isolated cDNA
encodes the 100 kDa protein component present in the
TFIID complex.

The N-terminal half but not the WD-40
repeat-containing region of hTAF,1100 is required
for intracellular interaction with the TFIID complex
Several reports suggested that the WD-40 repeats may
play a role in protein-protein interactions (for review, see
Neer et al., 1994). To investigate whether the WD-40
repeats of hTAF1 100 are involved in protein interactions
within the endogenous TFIID complex, various N- and
C-terminally truncated mutants were created (Figure 3C)
and cloned in the pXJ42 eukaryotic expression vector
(Xiao et al., 1991). The full-length hTAFII1OO and its N-
and C-terminally truncated mutant polypeptides were
tagged with the haemagglutinin antigen (HA) epitope at
their N-termini (Figure 3C). HeLa cells were transiently
transfected with the plasmids encoding the various HA-
TAFII100 derivatives. Note that all the mutants were
expressed in the nuclei of the transfected HeLa cells as
verified by immunocytochemistry (data not shown). Whole
cell extracts (WCEs) were prepared from the transfected
cells (Figure 3A lanes 1-6, and B lanes 1-3) and the
TBP-containing complexes immunopurified with the anti-
TBP mAb3G3 (Brou et al., 1993a). The immunoprecipit-
ated complexes were then separated by SDS-PAGE and
analysed by Western blot. Anti-TBP, anti-hTAF,155 (Figure
3A) and anti-hTAF11100 (Figure 3B) antibodies were used
to confirm that approximately the same amounts of TFIID
complexes were immunoprecipitated (Figure 3A lanes 13-
18, and B lanes 7-9). An antibody directed against the
HA tag (mAb 1 2CA5) was then used to test whether the
overexpressed HA-TAFII100 and its derivatives were able
to be incorporated into the native hTFIID complex. The
overexpressed recombinant full-length TAF1 100 incorpor-
ated into the endogenous TFIID complex (Figure 3A lane
7, and B lane 4), confirming the validity of this method.
A truncated TAFII 100 mutant lacking the whole WD-
40 repeat-containing region (AC418; Figure 3C) still
maintained interactions with the TFIID complex (Figure
3A, lane 8). In contrast, but as expected, the mutant
containing all WD-40 repeats but lacking the N-terminal
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A
1 GCGCGAGGTGGCTCAGCCGCAAGATGGC5GCGICTGGC3IGAGGAGCAGACGGAAGGTAIICGG

(1) M A A L A E TQ E V A

61 TCAAGCTAGAICCTGAGGGACCGCCAACI2CTGCTACCTCC2CA2;2CCGGGGCACGCGCAG
(13)VK E P E G P P T : L P Q A G 5 A

121 GCGAGGGTAGCGGCGGCACTACCAACAACGCCCCCAACGGCGGCAGGGCGGAACGTTGCGC
(33) G E G S G G T T N N G P N G G G N V A

181 CGTCGTCGTCCACTGGCGGGAGATGGCGGGACCCCCAAGCCCACGGTGGCITGTCTCCGCCA
(53) A S S S T G G D G C T P K P T V A V S A

241 CTGCCCCGGCGCCCGGCGGCCCCGGITGCCCGCCSCTGCTCCGGACGCCGGCGCTCCGCATG
(73) A A P A G A A P V P A A A P D A G A P

301 ACCGACAGACrCTA--TGGCCGTGCTGCAGTTCCTACGGCAGAGCAAACTCC3CG,AGGCCCG
(93) D R Q T L A V L Q F L R Q S K L R E A

361 A.AGAGGCGCTGCGCCGTIIAGCCGGGCTGCTGAGAGAA0AGTGGCOGGG GCCGGAGC8
2113) E E R E A G L T V A A A

421 CGGGAGAGITGGACAGCOCCG22-2TGAGGTAACCA30C1SCG2ICTCAACCGGGTVACC,
('33) P GE V S A A EV A SR

4 81 CCTCGGCCCCTGGCCCTGCGGCCCCCiGAC C-CTCCGSGI-CACTGGCGCTTCGGG vrCACG 'S
(153) A S A P G P A A P D P P G T G A S . A T

541 TCITCTCAGGTTCAICCTCAGITCDTGCGG2TCCSIGTAAAT 'TTCAAGTG312'-).
(173) V V S A S G P A A P '. K V G S V A V

6 01 AAGACCAGCCAGATGTCAGTGCCGTGTTG TCAGCCTACA,ACCkACAAGG AGAI'CCCACAA
(193) E D Q P D V S A V L S A Y N Q D P r

661 T^-TATGAAG'AATACTATAGTGC.ACTGAAACA.7TTCATT. AATG3-'rC(cl7GGAcTlGC'-A'iC
(213) M Y E E Y Y S G L K H F T E C S L D C H

721 GGGCAGACTTGTi CC CAA'>-TTTTTTATCCTC-GTTTGTGCACAI'S 'rACTTGGA'Sc' rAQTCT
(233) R A E L S Q '. F Y P L F V H M Y L E L V

781 ACAATCAACATGAGAATGAAGCAAAGTCATTCTTTGAn';AAGTTCCATGGAGIAT,AGGAAT
(253) Y N Q H E N E A AK S F F E K F H G D 4 E

84; GTTATTACCAGGATGACC7ACGAG TATTATCTAS TC'TTACCP.AAAAGGAACACATGAAAG
(273) C Y Y Q D D L RVLS L K E H M K

901 GGAATGAGACCATG TTrGGATTTGCGAACAAGTAAATTT'. vTCTGCCGTAT=CCw+.TACT
(293) G N E T M LrD' R, S Y.F V L PI SRD

961 CGTACCAACTCTTGAAGAGG CATC-TTCAGGAGAAACAGAACAATCACAT ATCGAACATAG
(313) S Y Q L L K R '-. L Q E K C N Q I N I

!021 TTCAGSAGCACCTCTACAT-T:.A,ATC-T,T'ATGGS-~A-S_Cc,SCG-~.TA.~ACz'-AA-A'SA-TAS
(333) V Q E H L Y I I F D G M P S 6i Q l

1081 ATGCGATGGTGCCAACTTT5r,;CAC;SAG;AG$(-:TAAAL''.A.;AtG_CAAXACAAATC_AAAGOTATr
(353) D A M V S S L A E A K R E A K F K V

1141 T-TTTTGGTTTATTAAAAGAArCAGAAPI.TTGASC.T-ACC7TTTGGATGACGACGATG AA(;ArwG
(373) 'FFG L LK £ PE I E VP L V FE D EE

12Q01 GAGAAAATGAAGA. GGAAAA^' TAAAPAGA'vAAAv'_CTA AAAA.A;ATAG-TATT-,GATCr A
(393)S E NEFRG K P K.YK KP KK DS I4; S

12261 AAAGCAAAAAACAAG3ATCC CAATG CrC--'ACCTCASAACAG~AATC'-CTr-TT' 'CTG A(TTC:A
(413) K S K K Q D P N A P P Q N R I P L P E L

13 21 AAGATTCAGATAAG,TGTGATAAGATAATG AATATGA.AAGAAACCACCAAACGAGTGCGCC
(433) K G S D L D K I M N M E T T K R V R

13 81 iTTGGGTCGGACT CT7A-CCCTI,''A TTT TTTI_ TA-TACATTTCTCkATGTITACCAGGGTC
(453) L G S D C L P S I C F Y T F L N V Y G

1441 TCACTGCAGTGGATG;TCAC'rrATGATTCrA5,TCT(GATTGCTGr'GAGCTTTTS~CAGATTCAA
(473) L T A V D V D D S S L I A G F A D S

15 0!1 CTGTCAGAGTG;TGC TCC4TAACAC -CC}AAAAGCTTCCTAGTGTCAAACAAGCATCAGATC
(493) T V R V W S V T ? K K L R S V Q A S

156: TTAGTCTTATACACAIATVAATCATGATCA-,TCTTAGkAAI2AATCA 2T'ACACAAAA2I.A
(513) L S L I D K E D V L E f M EYA

16 2; CAAG T-ACT-TGAAS ATT'rTGTATGCGTCACAsTGGCCCT5 TCTACCC ACC _ ACCTTCAt ,TC
(563) A S E L T Y G P P V . A F'

1681' CGCATAGGAACTAATCTGCTATT_'AT1'T1TCAC-IAGACGGAACT,T'r ACATT2GT12'1A22C'--
(553) P R N Y L L S S S E D G T V R L W S L

1741 AAACATCTACITTATTTGCTA':GATATAAACTACACAAC3A1CAA2'.-AT2GACA'ACAAT
653 Q T F T C V C Y K H t Y v w T

1301 TTTCTCCATATGCATATTATTTTGTCTCACG1GACGCCATGAC8.13AGTAGCTCG2CTCTG3.,A
(593) F SP Y G Y Y F VS G H DR%'A RL W

1861 CTACAG;ACCACTATCAGCCTTTA.ACAATATTTI;CCCGCCATCTTG;CI GATrTGAATTGTA
(613) A T D H Y Q P L R I F A G H L A D V N C

139V21CCAGATTCCA3. 1CAAATMTCTAATTATGTTGCTACGG.;ATCTCA GACA. AACTG TGCG1
(633) T R3ILFH P N S N Y V A T S A b R T V R

1981 TCTGGGACGTC.CTC-AATGGTAA,TGTGTAACGATC'TTCAC'TG5;ACAtAAAGGGsAC-AATT,'
(653) L W D V N I; N C V P I F T H C I

2041 ATTCACTTGACAA AT2ACCAIP3ATC TCAC.ATVI'A'CAC2A{^AG27AA8.CAG3A21121A22.AT2
(673) H S L T F S P N G B F L A T C A T D C

2101 TACTTCTTTGACA'.-AT'AAAA-2ATGCTAATGA. r V.TTGAGAATTAV1AGCCCACA_A-GA2. A
2693 V L _ W T G H M V I. E L .3' H AT D

216 1 CAGTCTCTTCACTTAG-GTTTAI,TAGAGATG,f,TGA,AATTrTnSG;CATCASGGTTCAA TCGlA:A
(713) T VC SL FF SR D,isE IL As GS M D

22,1 ATACAGTTCGATTATGGGATCCe:IATCAAAC,':Cr T*,-CAACAT,TTAC-ACAC-CGA.GACT-TT
(733) N' T V R L W D A 1 K |A F E D) L E T 3) D F

2 2 9 I CTACAG~CCACTC;GZCATATAA,,TT A.CCTGASAAkATTCAC7AGG'-AvTTATrrTTGtSGAA~AT
(753) T T A TG H T N L P |EN S Q EL L, L G T

2 341 ATATCACCAAATCACI:ACGTT(sTACACCTTCATTTTACTC:GAAGAA,^ ccTGGTT_'TACCTS
7'!31 Y M T K S P V VS H '- H F P R 14 L 'i L A

2401 CAGS~AGCTTATAGTC:CACAATAAACCATCl.G,TATTAAAlSACrA=TTTTGGAA(Sf:TACTGjTTT
793 A G A Y S P

2 58. G;TTTCTATACC-AACCACATTTGAC-TAATTT<CGCCTTAIsTTAATAA, AGCTA.TTATG,ATC'A
2 6441 TG,GAGCGGACATTTATCG rTGCTTTGGATTG TCTGGCAAACTATG CAT.TTCTGTTCAAATG C
2 701 TATTTrkATTTATT ACATTrAGAAAA-GAA GTT-SA-ITTTCAATAAT T._A .-C *TG! TTTCkAAG A
2 761 TTCAAATTCAG-AA.. ATAC TATCATC'I'T(. ,,ATrTIAC 'TGkAACA AI'c,rATA :Al'G '.AT
; 821 GTTTCTGCTC-A.AAAAC(f.rACTTAC`T-TGA7* ssCA(-TCAAAAAC-. ATC-~TAAA ~ATC-A,-
'881 TAACrT=TTT-T,CrTGG.CC(:ATGAT">AA-T;¢-A.AA'G(TATC.TAACTA(Gr-TAt,ggT"'CC-r'.T
2 9 41 CTTAGATCTAACAGIsAAGTACACCCAC~CAc rG;AcATCTG AATTTTATA-cvAClT rcA'STT
3 001 TTG,AGTGZACCCAAACACTClSATAAA---CAG,sTGAAfsAAATTTAG-,CTT7C_AT' TT :TA --TT
3961 CA<' CTAAAACAC- Ai:ATCGACA(,CAAC'G

B
htaf i00 MAALAEEQTE VAVOILEPEGP PTLLPPQAGD GAGEGSCGTT INNGPNGGGGN
dtaf 80
ytaf 90 .......... MSQKQSTN

htaf 100 VAASSSTGGD GGTPKPTVAV SAAAPAGAAP VPAAAPDAGA PHDRQTLLA.
dlaf 80 .......... MSLEV SNINGGNGTQ L......... SHDKRELLC.
ytaf 90 QNQNGTHQPQ PV8O4QRTOINA AGANSGQQPQ QQSQGQSQQQ GRSNGPFSAS

htaflOO ..... VLQFL RQSKLREAEE ALRREAGIT E ETVAGAGAPC EVDSAGAEVT
dtaf 80 ..... LLKLI KKYQLKSTERE LLCQEAN... ..VSSVELSE I.0ESDVQQVL
ytaf 90 DLNRIVLEYL NKKGYHRTEA MLRAESG. RTLTPQ NKQSPANTKT

htaflOO SALLS TAS APGPAAPDPP GTGAS TV. SG5ASGPAAP GOVOOVAVED
dtaf 80 GAVL... GAGDANRE RKHVQSPAQG HKQSAVTEANw
ytaf 90 GKF. ... PEQSSIP PNPGKTAKPI SNPTNILSSKR DAEGGIVSSG

htaf 100 QPDVSAVLSA YNQQGDPTMY EEYYSGLKHF IECSLDCHRA ELSQLFYPLF
dtaf 80 AAEELAKFID .DDSFDAQHY EQAYKELRTF VEDSLDIYKH ELSMVLYPIL
ytaf 90 RLEGLN.... APENY IRAYSMLKNW VDSSLEIYKP ZLSYIMYPIF

282

htaflOO VHMYLELVYN QHENEAKSFF EKFHGDQECY YQDDLRVLSS L'1'KKEHMKGN
dtaf 80 VQIYFKILAS GLREKAKEFI EKYKCDLDGY YIEGLFNLLL LSKPEELLEN
ytaf 90 IYLFLNLVAK N.PVYARRFF DRFSPDFKDF HGSEINRLFS VNSIDHIKEN

htaflOO ETMLDLRTSK FVLRISRDSY QLLKRHLQEK Q... NNQIV'N IVQEHLYIDI
dtaf 80 DLVV1AMEQDR FOVIRMSRDSH SLFKRHIQDRQ ... QEWVAZ IVSKYLHFDT
ytaf 90 EVASAFQSHK YRITMSKTTL MLLLYFLNEN ESIGGSLIIS VINQHLDPNI

050

htat100 FDGM.PRSRQ .QIDAMVGS LAGEAKR ..E ANKSKVFFO ...... LI.IE
dtaf 80 YEGM.ARNKL .. QCVATAGS HLGEAKR ..Q DNKMRVYYG ...... LLKE
ytaf 90 VESVTAREKL ADGIKY!LSDS ENONGKQNLE MNSVPV:LCP FFO;DEEFVKE

390

htaflOO PEIE... V PL_L..... EDEEG-
dtaf 82 VDFQO>LTTPA PAPE...... EEDDDP
ytaf 90 IETELKIKDD QEK.QL22QQTA GDr2YSGAN2NR TLLQEYYAMN NEKFKDNTGD

4i18

htaf 100 NEEGKPKKKK PDL ....)..Sir;0KSK0 Q DPNAPPQNROO PLPELADSDO
dtaf 80 DAP3RPRKKK PKKD...... PLDSKKSI0S DPNAPSIDRI PLPELKDSDO
ytaf 90 DDKDKIKDKI AKDEEKOESE LKVDVGEKADOS IILPARDIL PLPFPOD"ALDL

htaflOO LDKIMNMKET TKRVRLr-OSD .LPSI2FYT FLNW{QGLTA VLiTDDSSL.i
dtaf 80 LLKLKALRZA SKRLALSKDQ ..LPSAVFYT %iLNSHWQVTC AEISDDSTML
ytaf 90 KLEIQKVKZS RDAIKLDNLQ LALPSVCMYT FQNTNKDMSC LDFSDDCRIA

htaflOO AGGFAP.STVR VWSVTPKKLR SVKQASDLSL !DKESDDVLE ROMDEKTASE
dtaf 80 ACGPGDSSVR IWSLTPANVR TLKDADSLRE LDKESADINV RNMODDRSGEV
ytaf 90 AAGPQDSYIK IWSLGSSL.L.......... PT...N;4PIAL IIN'JDKDEDPT

htaf 100 LKILYGHSGP VYGASPSPDR NYLLSSSRDG TVRLWSLQTP TCLVGYKOHi
dtaf 80 TRSLMGHTGP VYRCAFAPEM NLLLSCSEDS TIRLWSLLTW SCVVTYRGHV
ytaf 90 CKTLVGHSGT VYSTSFSPDN KYLLSGSEDK TVRLWSMDTH TALVSYKOHN

htaf 100 YPVWDTQFSP YGYYFvSGGH DRVARLWATD HYQPLRIFAG HLADVO4CTRF
dtaf 80 YPVWDVRFAP HGYYFVSCSY DKTAELWATD SNQALRVFVG HLSDVDCVQF
ytaf 90 HPVWDVSFSP LOHYFATASH DQTARLWSCD HIYPLRIFAC HLNDVDCVSF

htaflOO HPNSNYVATG SADRTVRLWD VLNGNCVRIF TGHOGPIHSL TFO'220GRFLA
dtaf 80 HPNSNYVATG SSDRTVRLWD NMTGQSVRLM TGHKGSVSSL AFSACGRYLA
ytaf 90 EPNGCYVFTO SSDKTCRMWD VSTGDSVRLF LGHTAPVISI A%V PDGRA1LS

htaflOO TCATDGRVLL WDIGHCLMVG ELOGHT.DTV CSLROSRDPE ILASGSMDNT
dtaf 80 SGSVDHNIII WDLSNGSLVT TLLRHT.STV TTITFSRDGT VLA.AAGLDN24
y:af 90 TGSEDGIINV WDIGTGKRL92 QMRGHGPNAI YSLSYSKEGN VLISGGADHT

2
htaflOO VRLWDAIIAAF ELLETDDFTT ATSHINLIT, 0......... QL.......i.',
dtaf 80 LTLWD-HKVT EDYISNHIT. VSHMQDEN[7 E0......... ....... DVi
yEaf 90 VLOLKKAT TEPSAEPDEP FISYLGDVTA SINQDIKEYG RRP.TVIPTSD

htaf100 LLGTYMTK.S PlrVHLHFTRR NLVLAAGAYS FQ2
dtaf 80 LMRTFPSKNS PFVSLHPTRR NLLMCVG(22 2'
ytaf 90 LVASFPY?KKT PVFPTOFSRS NLALAGGAFFO 0'

Fig. 1. (A) Nucleotide and amino acid sequences of the hTAFIllOO cDNA clone. The hTAFIIlOO open reading frame extends from nucleotide 24 to
2422. The amino acid sequences determined by microsequencing of peptides obtained after tryptic digestion of the endogenous hTAFII1OO protein
are boxed. (B) Comparison of the amino acid sequence of hTAFIlOO with that of Drosophila (d) dTAF1180 (Dynlacht et al., 1993) and yeast (y)
TAF1190 (Reese et al., 1994). The arrows represent the complete WD-40 repeating units according to Neer et al. (1994). Identical amino acids in the
three sequences are shown with bold characters. The peptides that were used to generate mAb2D2 and mAblTA are boxed and labelled 1 and 2,
respectively. The end points of the different C-terminal deletion mutants (AC) used in Figure 3 are indicated by the numbers over the sequence.

half of hTAFI1OO (AN418) was not incorporated into (AC353) considerably weakened the interaction(s) with
TFIID (Figure 3B, compare lanes 2 and 5). A further the TFIID complex (Figure 3A, lanes 9 and 10), whereas
deletion of hTAFII1OO between amino acids 353 and 392 the AC282 deletion totally abolished this interaction (lane
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Fig. 2. The anti-hTAFIIIOO mAbs co-immunoprecipitate TAF11s and
TBP from a HeLa cell nuclear extract (NE). hTAFIII00 was
immunoprecipitated from 500 ,ul of NE with 10 tg of protein G-bound
mAbiTA (lane 1) or mAb2D2 (lane 2). Beads were washed (see
Materials and methods), boiled and hTAFII100-bound proteins were
analysed by Western blot with antibodies raised against TBP
(mAb3G3; Brou et al., 1993a), hTAF,155 (mAbl9TA), hTAF1130
(mAb2F4; Jacq et al., 1994) and hTAFIIIOO (ITA).
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11). These observations indicate that the region between
amino acids 282 and 392, but not theWD repeat-containing
region, is important for the incorporation of hTAFII100
into the HeLa cell endogenous TFIID (Figure 3C; see
also below).

Interaction of hTAF1,100 with individual
components of the TFIID complex
To identify the subunits of TFIID that interact directly
with hTAFIII00, the cDNAs encoding HA-TAF11250,
ANTAF11135, HA-TAFII100, hTAF1155, HA-TAF1130,
hTAF,128, hTAF1120, hTAF1118 and hTBP were inserted
in baculovirus expression vectors (see Materials and
methods), and each TFIID subunit was expressed either
alone or together with HA-TAFII100 in SF9 cells. WCEs
were made and the protein expression was tested by
Western blot analysis using the appropriate antibodies
raised against the human TAF11s (see Figure 4A and C,
lanes 1-4). The overexpressed hTAF11s represent 5% or
more of the total protein in WCEs of SF9 cells (data not
shown). From these extracts, hTAFIIlOO was immuno-
precipitated either with an anti-HA mAb or with an anti-
hTAFII100 mAb, and bound proteins were analysed on
Western blots (Figure 4B and C, lanes 5-6; summarized
in Table IA). The extracts in which hTAFII100 was
not co-expressed served as negative controls for the
immunoprecipitations. Since the overexpressed hTAF11s in
SF9 cell extracts greatly exceed (by at least 1000-fold)
the endogeneous insect cell TAFI concentrations, these
interaction studies indicate that hTAFII100 binds directly
to hTAF11250, hTAF1155, hTAF1128, hTAF1120 and
hTAF1118 and suggest that hTAFIII00 may contact the
same TAF11s in the TFIID complex. Note that the same
positive interactions were observed even when individually
purified TAF11s were incubated together before immuno-
precipitation (data not shown). In contrast, no interaction
was found between hTAFII100 and ANTAF11135 (Figure
4C, lane 8) or hTAFII100 and hTAF1130 (Figure 4B, lane
10). The hTAFII100-TBP interaction was weak when
compared with the negative control, in which TBP bound
non-specifically to the anti-HA antibody (Figure 4B,
compare lanes 9 and 10); however, this interaction could
also be observed when an anti-TBP mAb was used in the
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Fig. 3. The WD-40 repeats of hTAFIIlOO are not required for its
intracellular incorporation into the TFIID complex. (A and B) HeLa
cells were either non-transfected (N.T.) or transiently transfected with
expression vectors for HA-TAFIIIOO (A and B, lanes 1), C-terminally
truncated (AC) HA-TAFII100 mutants (A, lanes 2-6) and N-terminally
truncated (AN) HA-TAFII100 mutant (B, lane 2). Whole cell extracts
(WCEs) were made and the expression of the recombinant proteins
was verified by Western blot using the tx-TAFII100 mAb (ITA) and
cx-HA mAb for (A), lanes 1-6 or the a-HA mAb for (B), lanes 1-3.
From these WCEs, TBP-containing complexes were immunopurified
(IP) and analysed by Western blot for the presence of the recombinant
HA-TAFII100 proteins in the TFIID complexes using the a-HA mAb
(A, lanes 7-12, and B, lanes 4-6). The efficiency of the IP was
verified by re-probing the same blots with (A) a-TBP mAb (3G3) and
cc-TAF,155 mAb (19TA), and (B) 3G3 and cx-TAFII100 mAb (lTA).
(C) Schematic diagram of the mutants used in (A) and (B). The
numbers refer to amino acid positions in hTAFII100 where the
C-terminal mutants (AC) stop or where the N-terminal mutant (AN)
starts. The small black box represents the HA tag. The WD-40 repeats
are represented by arrows. The results of the hTAFIII00 incorporation
into the TFIID complex using the AC and AN truncated mutants are
summarized in a diagram.

immunoprecipitation (data not shown). These interactions
were also observed in extracts of HeLa cells transiently
overexpressing HA-TAFII 00 with one of the other TAF11s
(see Table IB and data not shown). The hTAFII100
interaction study in transfected HeLa cells confirmed the
results obtained by using the baculovirus overexpressed
proteins (Table I), although the hTAFII 100 and TBP
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Fig. 4. Interaction of hTAF1LI00 with individual components of the TFIID complex. (A-C) SF9 cells were co-infected with recombinant
baculoviruses expressing TBP or TAF11s either individually or in a pair with HA-TAFI100 as indicated. Whole cell extracts (WCEs) were made and
tested for protein expression by Western blot analysis with the appropriate mAbs raised against the different TAF11s (A, lanes 1-12, and C,
lanes 1-4). From these WCEs, TAFII100 was immunoprecipitated (IP) using either the x-HA tag antibody 12CA5 (B, lanes 1-10, and C, lanes 7-8)
or the ax-TAF1,100 mAb2D2 (B, lanes 11-12, and C, lanes 5-6). TAFII100-bound proteins were then analysed by Western blot with the appropriate
mAbs. The positions of immunoglobulin heavy (IgGH) and light (IgGL) chains and protein G are indicated.

interaction was somewhat stronger in transfected HeLa
cell extracts than in SF9 cell extracts (Table I, compare
A and B).

An anti-hTAF1100 antibody inhibits
TFIID-dependent pre-initiation complex formation
To verify whether the anti-hTAF11100 mAbs have an

effect on Pol II transcription, a highly purified in vitro
transcription assay was used in which the general Pol II
transcription factors were either recombinant proteins
overexpressed in Escherichia coli and purified (TFIIAo/J,
TFIIAy, TFIIB, TFIIEoc and TFIIEJ) or extensively puri-
fied from HeLa cell nuclear extracts (TFIIF and RNA
polymerase II). This system, when supplemented with
either immunopurified TFIID or recombinant TBP, sup-
ports transcription from a negatively supercoiled DNA
template containing the minimal adenovirus major late
promoter (AdMLP) in the absence of TFIIH (Figure SA,
lanes 1 and 6; see also Parvin et al., 1994). Increasing
amounts of the two anti-hTAF11100 mAbs, ITA and 2D2,
were pre-incubated with either TFIID (Figure SA, lanes
2-5) or TBP (lanes 7-10) for 15 min at 25°C to allow the
formation of antibody-antigen complexes. The template
DNA and the missing general transcription factors were

then added, incubated for 30 min and the transcription
reactions started by addition of NTPs. Pre-incubation of
TFIID with increasing amounts of anti-hTAF11100 mAb
(ITA) resulted in a 2- to 3-fold inhibition of basal
transcription from the AdMLP (Figure SA, lanes 2-3).
No or only a weak inhibition was observed with the other
anti-hTAFII10O mAb (2D2), even at the highest amount
tested (lane 5). In contrast, when TFIID was replaced by
recombinant TBP, and thus hTAFII1OO was absent from
the transcription reactions, neither of the anti-hTAF11100
mAbs inhibited basal Pol II transcription (lanes 6-10).

Next, we carried out order-of-addition experiments to
determine which step of the in vitro transcription process
was inhibited by the antibody mAbITA. The antibody
was either pre-incubated with TFIID (-20 min) or added
at different time points to the transcription mixtures
containing the template DNA, TFIID and the other tran-
scription factors but no NTPs (Figure SB). Interestingly,

Table I. Comparison of the interaction pattern of hTAFII100 with
individual components of the TFIID complex in baculovirus co-
infected SF9 cells (A) and in transiently transfected HeLa cells (B)

(A) Proteins interacting with (B) Proteins interacting with
TAFII100 in SF9 cells TAFII1OO in HeLa cells

TAF11250 + + + TAF11250 ND
ANTAF11135 - ANTAFI,135 ND
TAF1155 + + + TAF1I55 + ± +
TAF1130 - TAF1130 -
TAF,128 + + + TAF1128 + + +
TAF1120 + + TAF1120 +
TAF,118 ++ TAFI118 +
TBP -/+ TBP +

The averages of at least three independent experiments, similar to the
one presented in Figure 4, are shown. + + +, + +, +, -/+, -
correspond to strong, moderate, weak, very weak (but detectable) and
no interactions between hTAFII100 and a given TAFI or TBP. ND: not
determined.

transcriptional inhibition occurred only when the mAbITA
was added to the reaction mixtures before (-20 min; lane
3) or during (0 and 15 min; lanes 4 and 5) PIC formation.
In contrast, the antibody had no effect on transcription
after completion of PIC assembly (30 min; lane 6). These
observations indicate that mAbiTA exerts its inhibitory
effect on transcription at a step during PIC formation, but
cannot inhibit initiation of transcription from the fully
formed PICs. The selective inhibition of transcription
initiation in the presence of TFIID by only one of the
two antibodies suggests that the epitope recognized by
mAblTA close to the C-terminus of hTAFII10O (see
peptide 2 in Figure IB) may be important in Pol II-
directed transcription through interactions with general
Pol II transcription factors.

Functional interaction between hTAF11100 and the
small subunit of TFIIF (TFIIFI3 or RAP30)
To investigate whether hTAFII100 interacts with one of
the general Pol II transcription factors, HA-TAFII100 was
either co-expressed in SF9 cells individually with TFIIB,
TFIIEax, TFIIE,B, or with the subunits of TFIIF (RAP74
and RAP30). Alternatively, SF9 cell extracts containing
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Fig. 5. The anti-hTAF11100 antibody ITA specifically inhibits TFIID-
dependent Pol II transcription by interfering in the functional
interaction between hTAFII100 and TFIIF,B (RAP30). (A) TFIID (lanes
1-5) or TBP (lanes 6-10) were pre-incubated either in the absence or
in the presence of different amounts of a-TAFI1100 mAbs (ITA and
2D2; as indicated) for 20 min at 25°C, then the AdMLP-containing
template and the other general transcription factors (GTFs) were
added. The position of the correctly initiated transcript from the
AdMLP (+1), as determined by quantitative S1 nuclease analysis, is
indicated. (B) MAblTA exerts its inhibitory effect during pre-initiation
complex formation. MAbITA (500 ng) was either pre-incubated with
TFIID for 20 min at 25°C before adding the template DNA and the
other GTFs (-20 min, lane 3) or added simultaneously with TFIID,
template DNA and the other GTFs (0 min, lane 4) or 15 (lane 5) and
30 min (lane 6) after the assembly of all the other components. In all
cases, transcription was started at 30 min by the addition of NTPs.
Correctly initiated transcripts (AdMLP + 1) were determined by
quantitative Si nuclease analysis. The schematic assembly of the
components of the transcription reactions is depicted under the figure.

HA-TAFII100 were incubated together with either bac-
terially expressed TFIIA subunits, purified TFIIH or Pol
II-containing fractions. From these extracts, HA-TAFIIIOO
was immunoprecipitated with the anti-HA mAb (12CA5),
the resin-bound proteins were washed with IP buffer
containing 500 mM KCI, and bound proteins analysed by
Western blots using antibodies raised against the distinct
transcription factors. Under these stringent conditions,
TFIIFP (RAP30) bound selectively to hTAFII100 (Figure
6A, compare lanes 2 and 4). All the other basal transcrip-
tion factors, including TFIIFa (or RAP74), did not interact
with hTAFII100 (Figure 6B, lane 2, and data not shown).
When HA-TAFII100 was co-expressed with both TFIIFa
and , (RAP74 and RAP30) in SF9 cells, TFIIFax (RAP74)
was also retained on HA-TAFII1OO, conceivably through
its interaction with TFIIFf (RAP30) (data not shown).

Fig. 6. hTAFII100 interacts with TFIIF,B (RAP30). HA-TAFII100 was
either co-expressed with TFIIF, (RAP30) (A) or TFIIFax (RAP74) (B)
in SF9 cells. TFIIF,B (RAP30) and TFIIFa (RAP74) were also
expressed individually as negative controls. Whole cell extracts were
made (E) and TAFII100 was immunoprecipitated (IP) using the a-HA
tag antibody 12CA5. TAFII100-bound proteins were then analysed by
Western blot with mAbl2CA5 and mAbs raised against RAP30 (A) or
RAP74 (B) subunit of TFIIF. The position of immunoglobulin light
chain (IgGL) is indicated.

Next, we analysed whether the protein-protein inter-
action between hTAFII100 and TFIIF was functionally
relevant by order-of-addition experiments using the in vitro
transcription assay. To this end, two different sets of
transcription reactions were assembled. In the first set, the
supercoiled DNA template was pre-incubated with all
basic factors except TFIIF to allow the formation of partial
pre-initiation complexes, referred to as DA, DB, DAB or
DBPol II complexes (Buratowski et al., 1989; Maldonado
et al., 1990; Parvin et al., 1994; Serizawa et al., 1994).
The mAblTA was then added for 20 min, and the reaction
mix completed with the TFIIF-containing fraction (Figure
7A, lanes 1 and 2). In the second set, the DNA template
was pre-incubated with all the basic factors (including
TFIIF) for 20 min before adding the antibody (lane 4).
The reaction mixtures were then incubated further for 20
min and transcription started by NTP addition. MAblTA
inhibited transcription only when TFIIF was missing from
the pre-incubation (Figure 7A, lane 2), but not when it
was present (lane 4). This indicates that when partial PICs
are formed, in the absence of TFIIF, the mAblTA can
still bind to hTAFII100 and suggests that the antibody
interferes in the hTAFII 00-TFIIF contact. This interaction
seems to be important for basal Pol II transcription in the
presence of TFIID in vitro.
To determine whether the hTAFIII00-TFIIFl3 (RAP30)

direct interaction is indeed prevented by mAblTA, and
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Fig. 7. (A) The hTAFII100-TFIIF interaction is functionally relevant.
Two sets of transcription reactions were set up with template DNA
and all GTFs except TFIIF. One reaction was incubated with or

without 500 ng of mAblTA (mAb before TFIIF; lanes 1 and 2),
whereas the other was completed with TFIIF (mAb after TFIIF; lanes
3 and 4). After 20 min, mAbITA was added to one of the 'mAb after
TFIIF' reactions (lane 4) and the 'mAb before TFIIF' reactions were

completed by the addition of TFIIF. All the reactions were then
incubated further at 25°C for another 20 min before the addition of
NTPs. (B) MAbITA interferes in the hTAFII100-TFIIFf3 (RAP30)
interaction. HA-TAFII1OO was immunoprecipitated (IP) from the same

SF9 cell extract (E; lane 1) that was used in Figure 6A with either
mAbITA (lane 2) or mAb2D2 (lane 3) and bound proteins analysed
by Western blot with mAb12CA5 and mAb raised against the small
subunit of TFIIF. Note that the presence of TFIIFO (RAP30) in the
mAbITA IP (lane 2) was also undetectable on 5-10 times longer
exposures than the one shown here. The positions of immunoglobulin
heavy (IgGH) and light chains (IgGL) are indicated.

thus may be the reason for the transcriptional inhibition,
we tried to co-immunoprecipitate hTAFII100 and TFIIFP
(RAP30) with mAbITA. HA-TAFII100 and TFIIF,
(RAP30) were co-expressed in SF9 cells, WCEs made
and hTAFII100 was immunoprecipitated with either
mAbiTA or mAb2D2 as a negative control, since mAb2D2
has almost no effect on transcription (Figure 5A, lanes
4-5). hTAFII1OO-bound proteins were then analysed by
Western blot with anti-HA and anti-RAP30 antibodies
(Figure 7B). As expected, mAblTA does not co-immuno-
precipitate TFIIF, (RAP30) with hTAFII1OO (Figure 7B,
lane 2), whereas mAb2D2 does (lane 3). Taken together,

these results indicate that mAbITA blocks a direct protein-
protein interaction between TAFI 100 and TFIIFf (RAP30)
that is required for efficient in vitro transcription.

Discussion
hTAF,,100 contains two functionally distinct
domains
The present study reports the cloning of the cDNA
encoding the 100 kDa component of human TFIID.
hTAFI1100 is an evolutionary conserved subunit of TFIID
as it has significant sequence similarity to both Drosophila
and yeast TFIID subunits, dTAF1180 and yTAF,190 (Figure
LB; Dynlacht et al., 1993; Kokubo et al., 1993b; Reese
et al., 1994). The alignment of the amino acid sequences
shows that these three proteins are more similar to each
other in the C-terminal, WD repeat-containing halves than
they are in the N-terminal halves. Proteins containing WD
repeats regulate diverse cellular functions, such as cell
division, cell fate determination, transmembrane signall-
ing, mRNA modification and vesicle function and gene
transcription (Neer et al., 1994). To date, WD repeats
have only been found in eukaryotic proteins and there has
been no common function associated with them. However,
the high homology amongst the WD repeats of hTAFII100
and its Drosophila and yeast homologues (51 and 48%
identity, respectively) and the well conserved positional
distribution of the WD repeats may indicate a true func-
tional homology (Neer et al., 1994) amongst these TAF11s
and suggests that they participate in evolutionary con-
served interactions. Our results indicate that the WD
repeats of hTAF,1100 are not absolutely necessary for
interactions with other hTFIID subunits and suggest that
these repeats may participate in interactions between the
TFIID complex and other partner proteins, such as other
members of the basal transcription machinery. Similarly,
the WD repeats of dTAF,180 are not required for protein-
protein interactions in vitro with the TFIID subunits
dTAFII 1I0 and dTBP (Kokubo et al., 1993b). It is conceiv-
able that each individual repeat interacts with a different
partner and, as each repeat has a distinct but related amino
acid sequence, the partner proteins need not have common
structures.

In the N-terminal half of hTAFII1OO, dTAF1180 and
yTAF,190 there is a second region (between amino acids
210 and 374 in hTAFII1OO and the corresponding regions
in the two other TAFIs) that is also evolutionary conserved
(66% similarity between hTAFII1OO and dTAF1180, and
56% similarity between hTAFII1OO and yTAF,190).
C-terminal deletions in this region seriously impaired the
ability of hTAFII1OO mutants to enter into the TFIID
complex in HeLa cells (Figure 3C). The region between
amino acids 282 and 353, that was absolutely required
for the incorporation of hTAFI1l00 mutants into the TFIID
complex, contains a conserved putative oc-helix (amino
acids 313-324). This oc-helix was identified by an
improved secondary structure prediction program that
takes into account the sequence alignments of the TAFI 100
homologues in yeast and Drosophila (Rost and Sander,
1993; Rost et al., 1994). Thus, this minimal region,
together with the adjacent amino acids (353-392), deletion
of which weakened but did not abolish binding to TFIID,
seems to be important for TAF-TAF interactions.
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Fig. 8. Schematic representation of the hTAFII100 interactions within
the TFIID complex. The model includes most of the previously
described human TAFII-TAFI, and hTAFII-TBP interactions (Ruppert
et al., 1993; Jacq et al., 1994; Histake et al., 1995; Klemm et al.,
1995; Mengus et al., 1995). The numbers represent the apparent
molecular masses of the TAF11s in kDa.

The two anti-hTAFI1100 mAbs, which were raised
against epitopes in the N-terminal (mAb2D2) and in the
C-terminal (mAbITA) regions of hTAFII100 (see Figure
LA and B), have different effects on transcription. The
fact that mAbITA inhibits in vitro transcription is in good
agreement with the suggestion that the C-terminal half of
hTAFII100 is responsible for making contacts between the
TFIID complex and other transcription factors (see below).
The other antibody, mAb2D2, does not inhibit transcrip-
tion, indicating that its epitope is not involved directly in
transcription. This epitope, in the non-conserved N-ter-
minal region of hTAFII100 (Figure iB), is accessible in
the native TFIID complex since mAb2D2 can immuno-
precipitate the TFIID complex. This short region seems
not to be involved in either TAFII-TBP or TAFII-TAFI1
interactions (or other interactions that are important for
transcription), suggesting that the domain responsible
for interactions within the TFIID complex may begin
C-terminal from the mAb2D2 epitope.

Taken together, all these results suggest that hTAFII1OO,
but also dTAFI80 and yTAF1190, can be divided into at
least two functional domains, one located in the N-terminal
half which is responsible for interactions within the TFIID
complex and a second located in the C-terminal half
containing the WD repeats, that may be involved in
contacts between the TFIID complex and other partner
factors (see also below).

hTAF11100 interactions within the TFIID complex
hTAFII1OO interacts with several TAF11s (see Figure 8 and
Table I). These interactions seem to be direct protein-
protein interactions for several reasons. First, the over-
expressed human TAF11s in SF9 cell extracts account for
5% or more of the total protein. Thus, as the human
TAF11s exceed by at least 1000-fold the endogenous insect
cell TAFI concentrations, it is unlikely that the insect cell
TAF11s can serve as bridging factors for these interactions.
Furthermore, when human TAF11s are overexpressed in

HeLa cells, endogeneous bridging TAF11s have not been
detected by Western blots (data not shown). Second, we
observed the same TAFII-TAFI, interactions independently
when the TAF11s have either been pre-purified and incub-
ated together before immunoprecipitation (data not shown)
or co-expressed together and immunoprecipitated (Figure
4). The strong interaction of hTAFII100 with hTAFI250,
hTAF1155 and hTAF1128 suggests that these hTAF11s may
be the main contact points of hTAFIII00 in the TFIID
complex (see Figure 8). Both overexpressed hTAF1155 and
hTAFI28 interact with the CA418 and CA353 hTAFII100
mutants, but not with the CA282 mutant, in HeLa cell co-
transfection experiments (data not shown), further sug-
gesting that the N-terminal half of hTAFI 100 is responsible
for the TAFII-TAFI interactions within the TFIID
complex.

Previously, Dynlacht et al. (1993) found no interactions
between the Drosophila homologue of hTAFII 00,
dTAFI80, and dTBP or dTAFI1 10. In contrast, Kokubo
et al. (1993b) described that both TBP and dTAFI1110
can bind to dTAF1180. The contradictory TAFII-TAFI,
interactions described for dTAF,180 are probably due to
the different assay conditions used (Dynlacht et al., 1993;
Kokubo et al., 1993b). In our hands, hTAFII1OO binds
reproducibly to hTBP, but with a weaker affinity when
compared with the binding of hTAFII100 to other TAF11s
(see Figure 4). Moreover, hTAFI1100, TBP and hTAF,1250
form a stable partial TFIID complex (data not shown). In
contrast, dTAFI80 could only be incorporated in a higher
order partial TFIID which includes TBP, dTAF,1250,
dTAFI1110 and dTAF1160 (Dynlacht et al., 1993). In this
respect, the interactions amongst the human TAF11s and
TBP are different from those described amongst the
equivalent Drosophila proteins. We failed to detect an
interaction between hTAFI1100 and hTAFI1135, the human
homologue of dTAFI1110. One possible explanation for
the lack of interaction may be that the hTAF11135 protein
is N-terminally truncated, since the isolated cDNA encodes
only the C-terminal 733 amino acids of hTAF11135. Thus,
if there is an interaction between the full-length hTAFI 135
and hTAFI1100 then the N-terminal end of hTAFI135 may
be involved in this binding. The interactions between
dTAF1180 and the Drosophila homologues of hTAF1128
(dTAF1,30,3) or hTAF1155 have not yet been tested. In the
future, it will be interesting to investigate how these
interactions compare with those described here for
hTAFI1I00 (see Table I and Figure 8). Note that, at present,
the Drosophila homologue of hTAF1155 is not known.

The possible role of hTAF11100 in the TFIID complex
The direct interaction between hTAFII100 and TFIIFP
(RAP30) was abolished by mAbiTA, the same antibody
which inhibits basal Pol II transcription. Thus, our results
suggest that this interaction is required for efficient basal
transcription and that the C-terminal region of hTAFI1 00,
containing the mAbiTA epitope, is required to contact
TFIIF,B (RAP30). The interaction between hTAFII100 and
TFIIFI (RAP30) could be important for the recruitment
of RNA polymerase II to the template, since a variety of
evidence suggests that TFIIF (RAP74/30) enters into the
pre-initiation complex together with Pol II (reviewed in
Serizawa et al., 1994). The inhibition by mAbITA is not
very strong (2- to 3-fold), possibly reflecting the fact that

3709



V.Dubrovskaya et al.

other TAF11s in the TFIID complex may functionally
contact other members of the transcription machinery
(Goodrich et al., 1993; Histake et al., 1995; Klemm et al.,
1995). Thus, the anti-hTAFIII0O antibody may destabilize
only one of these contacts. A partial TFIID complex,
containing only TBP and hTAF11250, gives a reproducibly
lower basal transcription activity than TBP alone
(V.Dubrovskaya and L.Tora unpublished results; Kokubo
et al., 1993a). However, when the amount of TBP is
equilibrated, purified TFIID complexes allow the same or
higher basal transcription activities as TBP alone. This
suggests that TAF11s, such as hTAFII10O, can overcome
the negative effect of hTAF11250 in the native TFIID
complexes possibly by stabilizing the formation of a
productive PIC. In addition, TAFI, basic transcription
factor contacts seem to confer a slight positive effect on
transcription when saturating levels of TFIID or TBP are
compared (data not shown), suggesting that these contacts
not only overcome the negative effect of hTAF11250 but
that they positively participate in basal Pol II transcription.

At the present time, no direct interactions have been
detected between hTAFII100 and the acidic activation
domain of VP16 or between hTAFIIOO and the two
different activation domains of the human oestrogen
receptor (data not shown). Similarly, no activators have
been shown to interact with either dTAF1180 or yTAFI90.
Further experiments will be necessary to determine
whether hTAFII100, or its homologues, are co-activators
for specific activation domains. It is also conceivable that
hTAFII1OO is not contacted by transcriptional activators
but is a link between the TFIID complex and other
components of the basal transcription machinery. A further
possibility is that the hTAFII10O-RAP30 interaction is
enhanced following interaction between transcriptional
activators and other TAF11s.

Materials and methods
Purification of the TFIID complexes and peptide sequencing
of hTAF11100
Nuclear extracts from 1012 HeLa cells were prepared and purified on
heparin Ultrogel, phosphocellulose P11 and phenyl-5PW columns as
described in Brou et al. (1993a). TFIID was affinity purified from
the PC1.0-derived phenyl-5PW fractions using the purified anti-hTBP
antibody 3G3. Bound TFIID was eluted by using an excess of the
corresponding epitope peptide. The eluted PC.0 TFIID was dialysed
against buffer S [5 mM NaCl, 0.5 mM Tris-HCl pH 7.9, 0.005 mM
dithiothreitol (DTT), 0.01% SDS] for 6 h, lyophilized and resolved by
SDS-PAGE. The proteins were transferred to a PVDF membrane
(Millipore, Immobilon P, 0.45 gm), stained briefly with Coomassie
Brilliant Blue, excised and digested with trypsin. The eluted peptides were
fractionated by reverse-phase HPLC and microsequenced as described by
Brou et al. (1993b).

Cloning of the cDNA for the 100 kDa TBP-associated protein
The peptide sequence AFEDLETDDFTTATGHINLP was used to gener-
ate two degenerate primers (5'-GCA/C/T TTT GAG GAC/T CTG/T
GAG AC-3', 5'-CC T/CAA ATT G/ATT T/G/AAT G/ATG T/G/C/AGG-
3'). These primers were used in PCR using a human HeLa cDNA library
template to amplify the 60mer corresponding to the peptide sequence.
The PCR products were verified by hybridization with a 32P-labelled
non-overlapping third degenerative primer (5'-GAT GAC/T TTC/T
ACA/C/T ACA GCA/C/T AC-3'). The correct 60 bp long PCR product
was then reamplified with EcoRI sites, inserted in a Bluescript SK+
vector (BSK+, Stratagene), sequenced and used as a probe for screening
the HeLa cell random primed cDNA library made in the XZAP II system
according to Stratagene. After the third round of screening, five positive

clones were sequenced and two were found to encode the entire
hTAFII100 protein.

Construction of eukaryotic hTAF,1100 expression vectors and
HeLa cell transfections
To construct the eukaryotic expression vector pXJTAFIIIOO, the XhoI-
NotI hTAFII100 cDNA fragment from BSK+ was inserted into the
corresponding sites of pXJ42 (Xiao et al., 1991). To express the HA
epitope-tagged hTAFIIIOO protein, the oligonucleotide 5'-CCCACCAT-
GGCTACCCCTACGACGTGCCCGACTACGCCATCGAAC-3' and its
complementary strand were inserted into the ApaI-XhoI sites of the
pXJTAFIIlOO expression vector, to create pXJHA-hTAFII100, thus adding
the HA epitope-containing peptide (MGYPYDVPDYAIELEST) to the
N-terminus of hTAFIII00. Expression vectors for the HA-AN418 and
the HA-AC418 mutants were constructed by deleting from pXJHA-
TAFII100 either the XhoI-BamHI fragment encoding the first 418 amino
acids of TAF11100 or the BamHI fragment encoding amino acids 418-
799 of TAFIIIOO, respectively. cDNA fragments encoding the other
HA-TAFIlIOO mutants shown in Figure 3C were generated by PCR
amplification, digested with the appropriate restriction enzyme and
cloned in the corresponding sites of the pXJ42 vector. All constructions
were verified by sequencing.
HeLa cell transfections and WCE preparations were as described in

Tasset et al. (1990). A total of 20 ig of DNA was used in each
transfection (in 9 cm Petri dishes), which included 5 jig of the
corresponding expression vector (as indicated in Figure 3), and carrier
DNA (BSK+, Stratagene).

Construction of baculovirus expression vectors for TAF11s,
TFIIFand protein expression
The construction of the pVL1392-HATAF11250 has been described (Jacq
et al., 1994). The cDNA encoding HA-TAFIIIOO was excised from
pXJHA-TAFI1I00 by XbaI-SpeI and inserted into the corresponding sites
of pVL1393 baculovirus expression vector (O'Reilly et al., 1992). To
express TAFII100 with a histidine tag, the XhoI-NotI TAFII1OO cDNA
fragment was inserted in-frame into the pAcSG HisNT-A vector
(PharMingene). The cDNA encoding the C-terminal 733 amino acids of
hTAF11135 (G.Mengus and I.Davidson, unpublished result) was inserted
into the EcoRI site of the pAcSG HisNT-A vector (PharMingene). The
cDNA encoding HA-TAF30 was excised from pXJ-HATAF30 vector
(Jacq et al., 1994) and inserted into the pVL 1392 vector (O'Reilly et al.,
1992). cDNAs encoding hTAF,118, hTAF1120, hTAF1128 and hTAF1155
(Mengus et al., 1995; Lavigne et al., 1996) were PCR amplified with
the appropriate restriction sites, digested and inserted in-frame into the
pAcSG HisNT-A vector (PharMingene). cDNAs encoding RAP74 and
the RAP30 (Sopta et al., 1989) were PCR amplified with XbaI sites and
inserted in the corresponding sites of pAcAB3 (Belyaev and Roy, 1993)
and pVL1392 (O'Reilly et al., 1992), respectively. SF9 cell infection,
plaque purification and WCE preparation were performed as described
(O'Reilly et al., 1992; Brou et al., 1993c).

Immunization and monoclonal antibody production
Immunization and mAb production were essentially as described by
Brou et al. (1993a). Mice were injected intraperitoneally three times at
2 week intervals, with 100 jig of the synthetic peptide (see peptides 1
and 2 in Figure IB) coupled to ovalbumin. Spleen cells were fused with
Sp2/0.Ag 14 myeloma cells and culture supernatants at day 10 were
tested on recombinant and/or endogenous hTAFII 00 proteins by Western
blot analysis, by immunostaining of transfected Cos-1 cells and by
ELISA. The ovalbumin-coupled peptide 1-injected mice generated
mAb2D2 and the ovalbumin-coupled peptide 2-injected mice generated
mAbITA. Both mAbs were found to be IgG1,K molecules.
The anti-TBP mAb (3G3), the anti-TAF1130 mAb (2F4), the anti-

TAF1118 mAb (16TA), the anti-TAF1120 mAb (22TA), the anti-TAF1128
mAb (1STA), the anti-TAFI55 mAb (19TA) and the anti-TAF11135 mAb
(20TA) are described in Brou et al. (1993a), Jacq et al. (1994), Mengus
et al. (1995) and Lavigne et al. (1996). The anti-TFIIFo and anti-TFIIFf
mAbs were raised (as described above) against the respective full-length
E.coli overexpressed recombinant TFIIF subunits. The anti-HA mAb
(12CA5) was purchased from Boehringer Mannheim.

Co-immunoprecipitation and Western blot analysis
Routinely, 200 jil of the transfected HeLa cell extracts or 100 jil of
infected SF9 cell extracts were immunoprecipitated with 20-50 jil of
protein G-Sepharose (Pharmacia) and 2-5 jig of the different mAbs as
indicated in the figures. The beads were then washed three times with
1 ml of IP buffer [25 mM Tris-HCl pH 7.9, 10% (v/v) glycerol, 0.1%
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NP-40. 0.5 mM DTT, 5 mM MgCl, ] containing 500 mM KCI, and three
times with 1 ml of IP buffer containing 100 mM KCI. After washing,
bound proteins were either eluted with an excess of the corresponding
epitope peptide and analysed by SDS-PAGE or directly 2-10 p1 of
beads were boiled in SDS sample buffer and proteins run on SDS-
PAGE. Protein samples were then transferred to a nitrocellulose filter
and probed with the appropriate antibodies. Western blot analyses were
performed by standard methods using an ECL kit (Amersham).

In vitro transcription
The E.coli overexpression and the purification of recombinant human
TBP, His-TFIIA Wf3 and His-TFIIAy7 TFIIB, His-TFIIErt and D was
described previously (Moncollin et al.. 1992: Brou et al., 1993a; Chalut
eta!l.. 1994: Sun et al.. 1994). TFIIF and Pol II were purified as follows:
the heparin-Ultrogel 0.6 M KCl-derived phosphocellulose 0.5 M KCI
(PCO.5) fraction (Brou et al., 1993a) was loaded on a DEAE-5PW
HPLC column in 50 mM KCl-containing buffer A [25 mM Tris-HCl
pH 7.9. 0.5 mM DTT, 0.1 mM EDTA. 10% glycerol (v/v)] and eluted
stepwise with the same buffer containing 0.15. 0.25 and I M KCI. Pol
II was eluting between 0.25 and 1 M KCI. To purify TFIIF, the PCO.5
fraction (Brou et al.. 1993a) was loaded on a Phenyl-SPW HPLC column
in buffer A containing 0.9 M ammonium sulfate, and proteins were
eluted with a linear 0.9-0 M ammonium sulfate gradient. TFIIF eluted
in fractions containing -0.7 M ammonium sulfate. The TFIIF- and Pol
IL-containing fractions were not contaminated by any other transcription
factors, as verified by Western blot analysis (data not shown). All protein
fractions were dialysed against buffer B [25 mM Tris-HCl pH 7.9,
50 mM KCI, 0.5 mM DTT, 0.1 mM EDTA, 20% glycerol (v/v)]. In litro
transcriptions were performed essentially as described by Brou et a!.
(1993a). Each 25 pt reaction contained 25 ng of supercoiled plasmid
(pAL7; containing the AdMLP; Brou et al., 1993c), 20-50 ng of the
purified recombinant proteins. 2-3 p11 of the purified fractions along with
aliquots of the purified mAbs (as indicated) and an appropriate amount
of buffer B. After the pre-incubation steps (see legend to Figure 5),
transcription was initiated by addition of nucleoside triphosphates to
0.5 mM and MgCl, to 5 mM. Transcriptions were then incubated further
at 25°C for 45 min. RNA transcripts from the AdMLP were detected
by quantitative Sl nuclease mapping (Tora et £l1.. 1989).
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