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The TATA binding protein (TBP) is a central component of the eukaryotic transcriptional machinery and is
the target of positive and negative transcriptional regulators. Here we describe the cloning and biochemical
characterization of an abundant human TBP-associated factor (TAF-172) which is homologous to the yeast
Motl protein and a member of the larger Snf2/Swi2 family of DNA-targeted ATPases. Like Mot1, TAF-172
binds to the conserved core of TBP and uses the energy of ATP hydrolysis to dissociate TBP from DNA (ADI
activity). Interestingly, ATP also causes TAF-172 to dissociate from TBP, which has not been previously
observed with Motl. Unlike Motl, TAF-172 requires both TBP and DNA for maximal (~100-fold) ATPase
activation. TAF-172 inhibits TBP-driven RNA polymerase II and III transcription but does not appear to affect
transcription driven by TBP-TAF complexes. As it does with Mot1, TFIIA reverses TAF-172-mediated repres-
sion of TBP. Together, these findings suggest that human TAF-172 is the functional homolog of yeast Mot1 and
uses the energy of ATP hydrolysis to remove TBP (but apparently not TBP-TAF complexes) from DNA.

The TATA binding protein (TBP) is recruited to eukaryotic
promoters, where it plays a central role in transcription com-
plex assembly. TBP and a variety of TBP-associated factors
(TAFs) comprise functionally distinct multisubunit complexes
(17, 27, 29, 33, 46). SL1, TFIID, and TFIIIB are TBP-TAF
complexes that specify assembly of RNA polymerase (pol) I, II,
and III transcription complexes, respectively. SNAP_ appears
to be a TBP-containing complex which targets both pol II- and
pol IIl-transcribed small nuclear RNA promoters (16, 34).
B-TFIID contains TBP and a 170-kDa TAF and supports pol
II transcription (39, 40).

In yeast, Mot1 has been identified as a TAF that appears to
regulate transcription both negatively and positively (3, 7, 8, 18,
19, 23, 26). The MOTI gene was identified in genetic screens
for mutants that increased levels of basal transcription (8, 18,
19, 23, 26). Motl1 belongs to the Snf2/Swi2 family of conserved
DNA-targeted ATPases (12), although the Motl ATPase can
function in the absence of DNA (4). Members of this family
are involved in a wide array of protein-nucleic acid transac-
tions, including transcription, chromosome segregation, and
DNA repair (5).

Motl was independently identified as an ATP-dependent
inhibitor (ADI) of TBP-TATA interactions (2, 3). ADI activity
is suppressed by TFIIA, presumably through mutual competi-
tion for TBP binding (2). Motl ADI activity inhibits pol II
transcription in vitro, but its effectiveness might depend on the
level of TFIIA present in the system. Paradoxically, Mot1-TBP
complexes are distinct from TFIID complexes (28). Whether
Motl ADI activity targets TBP alone, TFIID, or any TBP-
containing complex in vivo is unclear. A genetic interaction
between Motl and Spt3, which also interacts with TBP, has
been demonstrated, suggesting that Mot1 is directly involved in
TBP function (23). In addition to repression, Motl function
has also been implicated in gene activation in vivo (23). There-
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fore, Motl might function as a negative regulator at some
promoters and a positive regulator at others. Alternatively,
Motl might function indirectly, perhaps by removing TBP
from nonpromoter DNA (2). Mot1 mutants that are unable to
perform this activity might affect genes differentially.

We have previously described a human TAF fraction (TAF-
172) which contained components of pol III transcription fac-
tor TFIIIB (37). This fraction also possessed some properties
reminiscent of Motl and B-TFIID. To further characterize
TAF-172, we set out to clone the gene encoding it. The TAF-
172 gene bears a striking resemblance to the yeast MOT1 gene.
To characterize the protein, recombinant TAF-172 was pro-
duced by using a baculovirus expression system and purified to
apparent homogeneity. Antibodies against TAF-172 were used
to probe the abundance of TAF-172 in HeLa cells. We exam-
ined TBP-TAF-172 interactions via protein affinity chroma-
tography and TAF-172-TBP-DNA complex formation, as well
as its dissociation by ATP via the electrophoretic mobility shift
assay (EMSA). The ability of TAF-172 to hydrolyze ATP and
its cofactor requirements were also investigated and found to
be activated by the combined action of TBP and DNA. Finally,
we have used in vitro transcription assays to characterize TAF-
172’s activity toward the regulation of pol II and pol III tran-
scription. TAF-172 appears to inhibit TBP-driven but not TBP-
TAF-driven pol II and pol III transcription in vitro. These
findings suggest that TAF-172 targets primarily DNA-bound
TBP for ATP-dependent removal from DNA.

MATERIALS AND METHODS

Solutions, DNAs, and proteins. H buffer contained 20 mM HEPES (pH 7.5),
10% glycerol, 2 mM MgCl,, 0.1 mM EDTA, 1 mM dithiothreitol, and the molar
KCI concentration indicated in the buffer name. TSB contained 20 mM Tris
acetate (pH 8.0), 20% glycerol, 2 mM MgCl,, 200 mM potassium glutamate, 0.1
mM EDTA, 1 mM dithiothreitol, and 0.1 mM phenylmethylsulfonyl fluoride.
Stop mixture contained 3 M ammonium acetate and 125-pg/ml tRNA. PSB
contained 125 mM Tris-HCI (pH 6.8), 10% glycerol, 3.1% sodium dodecyl
sulfate (SDS), 0.71 M B-mercaptoethanol, and 0.5-mg/ml bromphenol blue.

Plasmids pS;TI and pG4TI were previously described (6, 32). Promoter frag-
ments for in vitro transcription were generated from pG4TI (32), pBRVAT (45),
and pGEM-U6 (22) by PCR. The TI promoter fragment was generated by
cleavage of pSP72(TATA/Inr) with restriction endonuclease EcoO109 (36).
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HeLa nuclear extracts and phosphocellulose fractions were prepared as pre-
viously described (30, 37). The following recombinant proteins were produce in
Escherichia coli and purified as previously described: GST-TBP-N and GST-
TBP-C (15), TBP (31), yeast Mot1 (4), and TFIIA (44). The B-TFIID fraction
was obtained from and purified by R. Meyers and P. Sharp (Massachusetts
Institute of Technology).

Purification of TAF-172 for internal peptide sequencing. TAF-172 was immu-
nopurified from 725 mg of the HeLa cell-derived phosphocellulose 0.1 to 0.3 step
fraction (gift of D. Reinberg [University of Medicine and Dentistry of New
Jersey]) with 2 mg of affinity-purified TBP antibodies as previously described
(37), with the following modifications. TBP immunoprecipitates were washed
with H buffer containing 0.1 M guanidine hydrochloride (GuHCI), and TAF-172
was eluted with H buffer containing 1 M GuHCI. The TAF-172 pool (~2 pg) was
dialyzed against Tris-EDTA buffer, electrophoresed on an SDS-6% polyacryl-
amide gel, transferred to a polyvinylidene difluoride membrane, stained with
amido black, and subjected to tryptic digestion in accordance with standard
protocols. Internal peptide sequencing of reverse-phase-purified peptides was
performed by the Wistar Protein Microsequencing Facility (Philadelphia, Pa.).

Cloning of TAF-172. Converging degenerate primers (GARTAYATHGCNG
GNGC and GCNGGRTCYTCCATDAT), which encode the terminal regions of
the sequenced peptide EVLQEYIAGADTIMEDPATR, were used in a PCR
with oligo(dT)-primed human ¢cDNA. PCR products were separated by poly-
acrylamide gel electrophoresis, and the expected fragment was excised and se-
quenced. The sequence was used to synthesize the nondegenerate probe GAG
TATATTGCGGGTGCCGACACCATCATGGAAGACCCAGC. The probe
was 3?P end labeled and immediately used to screen a phage Agt10 human cDNA
library. An initial partial clone was isolated, and its insert was subcloned into
EcoRI-cut pGEM-7z (Promega) and sequenced. The clone was used in subse-
quent screens to isolate additional clones, one of which contained an open
reading frame coding for amino acids 1 to 876 in TAF-172. Sequences in the
clone and sequences coding for peptide sequences predicted to be located near
the C-terminal end of TAF-172, based on alignments with MOT1, were used in
a nested PCR (external primers, AGCCACATCATCTTTCG and CCARTTN
ACNCCRTCYTG; internal primers, TCGAGTAAACAACAATG and ACNC
CRTCYTGYTGRTA) on randomly primed cDNA to obtain a 1.4-kb probe for
the 3" half of the gene. This probe contained an open reading frame coding for
amino acids 816 to 1272 in TAF-172. Screens of phage libraries with this probe
yielded a partial clone which contained an open reading frame coding for amino
acids 976 to 1848 in TAF-172.

Affinity-purified antibodies. TAF-172 sequences encoding amino acids 1 to
623 and 952 to 1858 were subcloned separately into the Ndel site of the pET16b
expression vector (Novagen) by PCR. The polyhistidine-tagged proteins were
expressed in E. coli BL21 (Novagen) and purified from GuHCl-solubilized in-
clusion bodies by nickel affinity chromatography (Pharmacia) in accordance with
the manufacturer’s directions. Both proteins were injected into the same rabbit
to produce polyclonal antibodies. Both proteins were coupled to Affi-Gel 10
(Bio-Rad) and used to affinity purify TAF-172 antibodies. Antibodies were
eluted with a solution of 50 mM glycine (pH 2.0) and 150 mM NaCl. The
antibodies were immediately neutralized with Tris-Cl (pH 8) and dialyzed against
TSB (lacking dithiothreitol). Affinity-purified human TBP and TAF;;250 anti-
bodies were purified in the same manner against their cognate antigens.

Baculovirus expression and purification of TAF-172. To generate full-length
TAF-172, the two cDNA clones and the overlapping PCR product were com-
bined by using convenient restriction sites and inserted into the vector pFastBacl
(Gibco-BRL) along with the 6X polyhistidine tag acquired from pET16b. Re-
combinant baculovirus was generated by using the Bac-to-Bac Baculovirus Ex-
pression kit (Gibco-BRL). Sf9 cells (5 X 10%) grown in Grace’s insect medium
(Gibco-BRL) supplemented with 10% fetal bovine serum were infected with
recombinant TAF-172 baculovirus for 72 h and harvested by centrifugation. Cells
were washed in 25 ml of PBSM (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na,HPO, -
7H,0, 1.4 mM KH,PO,, 12.5 mM MgCl,, 1 mM phenylmethylsulfonyl fluoride)
and lysed with 10 ml of AS0.6 buffer (60 mM Tris acetate [pH 8.0], 15 mM
MgCl,, 20% glycerol, 0.625 mM ammonium sulfate, 1 mM phenylmethylsulfonyl
fluoride, 2-pg/ml leupeptin, 2-pg/pl pepstatin A). The cell lysate was sonicated
to reduce viscosity and centrifuged to pellet cell debris. Polyhistidine-tagged
TAF-172 was affinity purified on a 2-ml nickel Sepharose column (Pharmacia) in
accordance with the manufacturer’s directions and eluted with NE buffer (20
mM Tris acetate [pH 8.0], 10% glycerol, 2 mM MgCl,, 200 mM potassium
glutamate, 400 mM imidazole). The eluate (4 ml) was chromatographed on a
150-ml Sephacryl S300 gel filtration column (Pharmacia) equilibrated with TSB.
TAF-172 fractions eluting between 180 and 230 kDa (9 ml) were pooled and
applied to a 0.5-ml S-Sepharose (Pharmacia) column equilibrated with TSB.
TAF-172 was present in the flowthrough fraction and was stored at —80°C.

Immunoprecipitations. Rabbit serum (1 ml) containing either TAF-172,
TFIIA, or control nonspecific antibodies was incubated with protein A Sepha-
rose (200 pl) for 2 h at 4°C with constant mixing. The resin was washed with 200
mM sodium borate solution, and antibodies were cross-linked to the resin with
10 mM dimethyl pimelimidate at 23°C for 1 h. Cross-linking was quenched with
200 mM ethanolamine (pH 7.5), and the resin was washed with H.1 buffer.

HeLa nuclear extracts (22 pg, 1 ml) were mixed with protein A Sepharose
containing cross-linked TAF-172 (0.2 ml) and/or TFIIA (0.5 ml) or equivalent
amounts of control antibodies at 4°C for 3.5 h. The resin was removed by
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centrifugation, and the extracts were stored at —80°C. The resin was washed with
H1 buffer, followed by H.1 buffer, and then drained. Depletion of TBP from
nuclear extracts was done similarly, except that 0.2 mg of affinity-purified TBP
antibodies was used per mg of nuclear extract.

TBP-TAF-172 binding. TAF-172 was incubated with either GST-TBP-N,
GST-TBP-C, or TSB buffer alone for 2 h at 37°C. Proteins were then incubated
with glutathione agarose at 4°C for an additional 1 h and washed with H1 buffer.
Bound proteins were eluted with H.15 buffer containing 7.5 mM reduced gluta-
thione. Eluted fractions were precipitated with trichloroacetic acid.

EMSA. The 50-bp probe contains the adenovirus major late TATA box (TA
TAAAAG) and 28 bp of DNA upstream of the TATA box (2). The DNA was 3P
end labeled with polynucleotide kinase and gel purified in accordance with
standard protocols. In addition to TBP, TAF-172, and ATP in the amounts
indicated in the corresponding figure legend (see Fig. 5), reaction mixtures
contained 4 mM Tris-Cl (pH 8.0), 4% glycerol, 5 mM MgCl,, 60 mM KCl, 0.1%
Brij 58, 5-pg/ml poly(dG-dC), and 100-pg/ml bovine serum albumin (2). Reac-
tion mixtures containing TAF-172 or Motl and/or human TBP were incubated
for 20 min at 23°C prior to loading on the gel. Samples (20 pl) were loaded onto
native 6% (59:1 acrylamide-bisacrylamide ratio) polyacrylamide gels containing
1X TG buffer (25 mM Tris-Cl [pH 8.3], 190 mM glycine, 1 mM EDTA, 5 mM
magnesium acetate), 2.5% (vol/vol) glycerol, and 0.5 mM dithiothreitol in run-
ning buffer containing 1X TG. Electrophoresis was continued at 35 mA for 60 to
90 min at 4°C.

ATPase assay. Reaction mixtures contained TBP, TAF-172, G4TI DNA (361
bp), and ATP (including 0.5-p.Ci/pl [a->?P]ATP) at the concentrations indicated
in the corresponding figure (see Fig. 6). Reactions were performed in TSB at
30°C in a volume of 10 pl. At various times, 1-ul samples were spotted on
polyethylenimine thin-layer chromatography plates, dried, and developed with a
solution of 0.8 M glacial acetic acid and 0.8 M LiCl,. The plates were dried, and
the radioactivity present as [a->*P]ATP and [a->*P]ADP was quantitated by a
PhosphorImager and NIH Image software. The percent ATP hydrolyzed was
plotted as a function of time by using Kaleidagraph software, and a global linear
fit of the data was made. Standard errors are reported.

In vitro pol II and pol III transcription assays. In vitro pol II transcription
reaction mixtures contained 3 mM HEPES, 9 mM Tris acetate (pH ~7.9), 5 mM
MgCl,, 10% glycerol, 15 mM KCI, 90 mM potassium glutamate, 50 uM EDTA,
0.5 mM dithiothreitol, 4 mM spermidine, 1% polyvinyl alcohol, 10-pg/ml
poly(dG-dC), 1-pg/ml G4TI 361-bp promoter DNA or 10-pg/ml TI 2,487-bp
DNA, 0.5 mM GTP, 0.5 mM UTP, 0.5 mM CTP, 10 uM ATP, and 4 pCi of
[«-*?P]ATP in a volume of 20 pl. Nuclear extracts (60 pg) and other reaction
components (except nucleoside triphosphates) were added, and incubations at
30°C were continued for 20 min. Transcription was initiated by addition of
nucleoside triphosphates and allowed to proceed at 30°C for 20 min. Reactions
were terminated with 80 pl of stop mixture. The RNA was extracted with a
phenol-chloroform mixture, precipitated with ethanol, resuspended in 90% for-
mamide, and electrophoresed on 7 M urea—6% polyacrylamide gels. Gels were
dried, and the radioactivity was visualized by using a PhosphorImager. In vitro
VA, pol III transcription reaction mixtures contained 6 mM HEPES, 4 mM Tris
acetate (pH ~7.7), 4 mM MgCl,, 7% glycerol, 50 mM KCI, 40 mM potassium
glutamate, 25 uM EDTA, 0.5 mM dithiothreitol, 0.5 mM spermidine, 10-p.g/ml
poly(dG-dC), 1-pg/ml VA 315-bp promoter DNA, 0.5 mM GTP, 0.5 mM UTP,
0.5 mM CTP, 10 pM ATP, and 4 pCi of [a-**P]ATP. In vitro U6 transcription
reaction mixtures contained 6 mM HEPES, 4 mM Tris acetate (pH ~7.7), 4 mM
MgCl,, 7% glycerol, 45 mM KCIl, 60 mM potassium glutamate, 25 pM EDTA,
0.5 mM dithiothreitol, 1 mM spermidine, 1% polyvinyl alcohol, 10-pg/ml
poly(dG/dC), 1-pg/ml U6 306-bp promoter DNA, 0.5 mM GTP, 0.5 mM UTP,
0.5 mM CTP, 10 uM ATP, and 4 pCi of [a->?P]ATP.

RESULTS

Cloning of the TAF-172 gene. HelLa nuclear extracts were
fractionated over phosphocellulose, and TBP-TAF-172 com-
plexes eluting in the P.3 fraction were immunopurified with
TBP antibodies (37). TAF-172 was further fractionated by
SDS-polyacrylamide gel electrophoresis, and electroblotted to
a polyvinylidene difluoride membrane. Proteins were stained
with amido black, and the TAF-172 band was excised and
subjected to trypsin digestion. Six reverse-phase-purified pep-
tides were sequenced. Based upon the peptide sequence, de-
generate primers were synthesized and used in a PCR with
human cDNA to generate a probe spanning the coding region
of the peptide. Agt10 phage plaques (2 X 10°) were probed to
obtain a single partial cDNA clone. Additional cDNA library
screens and PCRs provided the entire TAF-172 gene (see
Materials and Methods). An in-frame stop codon precedes the
initial methionine codon, indicating that the entire 5’ end of
the open reading frame is present. The entire open reading
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FIG. 1. (A) Alignment of yeast Mot1, human TAF-172, and Drosophila 89B helicase. Protein sequences were aligned by using the CLUSTAL W sequence alignment
program. Identical amino acids have a black background, and conserved (I-L-M-V, T-S, D-E, Q-N, K-R-H, Y-W-F, and G-A) amino acids have a gray background.
Peptide sequences obtained by internal microsequencing are underlined. Previously identified TPR motifs are indicated above the Mot1 sequence, and corresponding
TAF-172 regions are indicated below the TAF-172 sequence. A black dot indicates a conserved fit to the TPR consensus, an open circle indicates no match, and a dash
indicates no consensus. The sequence of TAF-172 is identical to that of TAF;170 (41), except at position 945, which is a C in TAF;170 and an S in TAF-172 (accession
no. AF038362) and two GenBank expressed sequence tags of TAF-172 (accession no. R07413 and T78264). (B) Schematic alignment of Drosophila 89B helicase, human
TAF-172, yeast Mot1, and human Snf2a. Gray blocks depict regions of high sequence similarity. The black box represents the putative ATPase-helicase domain found
in all Snf2 family members. Percent similarities were calculated by using the identical and conserved amino acid changes described above. Blocks were generated by

using the MACAW sequence alignment program.

frame encodes a 1,849-amino-acid protein with a predicted
molecular mass of 206 kDa (Fig. 1A). All six sequenced pep-
tides are present in the coding sequence.

BLAST searches of protein databases (1) revealed extensive
sequence similarity among human TAF-172, the yeast Motl
protein (37% identity and 50% conservation), and the Dro-
sophila 89B helicase gene product of a partial cDNA clone
(56% identity and 66% conservation) over their entire se-
quence (Fig. 1). Essentially all of the similarity between TAF-
172 and Motl is contained within five sequence blocks, sug-
gesting that they encode functions common to both (Fig. 1B).
The most highly conserved block is predicted to contain a
domain common to members of the Snf2 family of DNA-
targeted ATPases. TAF-172 shows no similarity to other mem-
bers of the Snf2 family outside of the ATPase domain. Resi-
dues that align with Mot1’s proposed tetratricopeptide repeats
(TPR) are indicated in Fig. 1A. While this report was under

review, the sequence of an identical gene, that for TAF,;170,
was reported (41). TAF;;170 binds TBP and appears to be a
component of B-TFIID.

Purification of recombinant TAF-172. E. coli expression of
TAF-172 was largely ineffective due to its insolubility and in-
complete synthesis. The entire TAF-172 open reading frame
was subcloned into a baculovirus vector along with a polyhis-
tidine tag to aid in purification. Recombinant TAF-172 was
highly overexpressed and soluble in infected Sf9 insect cells.
TAF-172 was purified to apparent homogeneity by using nickel
Sepharose, gel filtration, and S-Sepharose (Fig. 2A). All of the
experiments described here used the high-purity S-Sepharose
fraction.

TAF-172 polyclonal antibodies generated against E. coli-
expressed TAF-172 fragments reacted with purified baculovi-
rus-produced TAF-172 and a protein of the same size in HeLa
nuclear extracts and in a P.3-derived TAF-172 fraction (Fig.
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FIG. 2. Purification of recombinant TAF-172. (A) Sf9 insect cells were in-
fected with recombinant baculovirus containing the TAF-172 gene and six in-
frame histidine codons at the amino terminus. Equal proportions of pooled
fractions generated at each stage of the purification process were analyzed on an
SDS-6% polyacrylamide gel in which the proteins were stained with silver.
Molecular weight markers (M) are shown in lane 1. The crude cell lysate (CE;
lane 2), the Ni** column elution (lane 3), the Sephacryl S300 gel filtration pool
(lane 4), and the S Sepharose pool (lane 5) are shown. (B) Western blot of
TAF-172. HeLa nuclear extract (NE; 40 pg, lane 1), immunopurified, P.3-de-
rived TAF-172 (20 ng, lane 2), recombinant (rec.) TAF-172 (25 ng, lane 3), and
a B-TFIID containing Superdex 200 PG fraction (39) (1.2 pg, lane 4) were
electrophoresed on an SDS-6% polyacrylamide gel. Proteins were electroblotted
to nitrocellulose and probed with affinity-purified TAF-172 antibodies.

2B, lanes 1 to 3). The correspondence of the apparent molec-
ular masses provided further evidence that the full-length
TAF-172 gene had been cloned. TAF-172 antibodies also
cross-reacted with a protein with a similar size in a highly
purified B-TFIID fraction (lane 4) which was derived from a
phosphocellulose fraction similar to that of TAF-172 and con-
tains TAF ;170 (39-41). This further confirms that these two
TAFs are equivalent.

Endogenous expression and limited coassociation of TBP
and TAF-172 in HeLa cells. To quantitate the steady-state
expression level of TAF-172 and TBP in vivo, HeLa cells were
solubilized in SDS protein sample buffer, and their TAF-172
and TBP content was analyzed by Western blotting. Signals
were compared against known concentrations of recombinant
TAF-172 or TBP (Fig. 3A). TAF-172 appeared to be relatively
abundant in HeLa cells, at an estimated 170,000 molecules per
cell. TBP was estimated to be present at 200,000 molecules per
cell.

We next examined the potential coassociation of TBP and
TAF-172. HeLa nuclear extracts were fractionated over phos-
phocellulose. Five fractions were generated (P.15 or flow-
through, P.3, P.5, P.7, and P1), corresponding to the KCIl
concentration used in the serial step elutions. Most of the
TAF-172 flowed through the phosphocellulose column (Fig.
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FIG. 3. Endogenous expression and coassociation of TAF-172 and TBP. (A)
HeLa cells (85,000) were solubilized in protein sample buffer and electropho-
resed on an SDS-6% polyacrylamide gel (lane 1) along with decreasing amounts
of recombinant TAF-172 (80, 40, 20, 10, and 5 ng; lanes 2 to 6) and HeLa nuclear
extract (NE; 50 wg; lane 7). Proteins were electroblotted to nitrocellulose and
probed with affinity-purified TAF-172 antibodies. Equivalent amounts of HeLa
cells and nuclear extracts were also electrophoresed on an SDS-7.8% polyacryl-
amide gel (lanes 8 and 15) along with recombinant TBP (4, 2, 1, 0.4, 0.2, and 0.1
ng; lanes 9 to 14), electroblotted, and probed with affinity-purified TBP antibod-
ies. (B) HeLa nuclear extracts were chromatographed over phosphocellulose in
H.15 buffer and serially step eluted with buffer containing 0.3, 0.5, 0.7, and 1.0 M
KCl, as indicated. Equal portions of these fractions were separated on SDS-6%
or-7.8% polyacrylamide gels and probed by Western blotting for TAF-172 or
TBP, respectively, with affinity-purified antibodies. (C) HeLa nuclear extracts (50
ug; lanes 1 and 4), or nuclear extracts immunodepleted (depl.) of TBP (lanes 2
and 5) or TAF-172 (lanes 3 and 6) were separated on SDS-6% or-7.8% poly-
acrylamide gels and probed by Western blotting as indicated. Immunoprecipi-
tates (Ip) from these depletions were eluted and treated similarly (lanes 7 to 10).
The amount of immunoprecipitate used in the TBP Western blot (lanes 9 and
10) was 10 times that used for the TAF-172 Western blot (lanes 7 and 8).

3B), while most of the TBP remained bound, suggesting that
most of the TAF-172 is not stably associated with TBP, includ-
ing TFIID. The TBP that flowed through the phosphocellulose
may or may not be bound to TAF-172.

The potential coassociation of TBP and TAF-172 was also
examined by immunoprecipitation. Nuclear extracts were im-
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FIG. 4. Recombinant TAF-172 binds to TBP. TAF-172 (10 pg) was incu-
bated alone (lane 3) or with 2 pg of GST fusions containing either amino-
terminal residues 1 to 163 (lane 4, GST-TBP-N) or carboxyl-terminal residues
168 to 339 (lane 5, GST-TBP-C) and glutathione agarose as described in Mate-
rials and Methods. The resin was washed, and eluted proteins were subjected to
SDS-6% polyacrylamide gel electrophoresis and analyzed for TAF-172 by West-
ern blotting. Recombinant TAF-172 (50 ng) is present in lane 1 and represents
0.5% of the input. Molecular mass markers (M) are in lane 2.

munodepleted with affinity-purified antibodies against either
TBP or TAF-172. As shown in Fig. 3C, TAF-172 antibodies
depleted TAF-172 (lane 3) but had little effect on the level of
TBP (lane 6). Conversely, TBP antibodies depleted TBP (lane
5) but had little effect on the level of TAF-172 (lane 2). Our
previous immunoprecipitation studies with HeLa TAF-172 and
TBP derived from a P.3 fraction indicate that these TBP an-
tibodies are capable of coimmunoprecipitating stoichiometric
amounts of TAF-172, which indicates that these antibodies do
not disrupt stable TBP-TAF-172 interactions (37; also see Fig.
5C). Thus, it appears that the bulk of TAF-172 and TBP is not
stably associated in HelLa nuclear extracts.

When the TAF-172 immunoprecipitate was examined, it
contained both TAF-172 (lane 8) and small amounts of TBP
(lane 9). Corroborating results were obtained with TBP immu-
noprecipitates (data not shown). TAF,,250, which represents a
marker for TFIID, was not detected in the immunoprecipitates
(data not shown), indicating that TAF-172 is not stably asso-
ciated with TFIID. Similar conclusions were drawn from Motl
and yeast TFIID studies (28). Thus, although HeLa cells con-
tain nearly as much TAF-172 as TBP, very little of the two
appears to be coassociated. This low association is not due to
low intrinsic stability of the complex because TBP-TAF-172
complexes immunopurified from HeLa cell extracts are stable
when repeatedly washed with 1 M KCI and are dissociated only
in the presence of GuHCI (37).

Association of recombinant TAF-172 with recombinant
TBP. To assess whether recombinant TAF-172 binds TBP di-
rectly and to determine whether the conserved carboxyl-termi-
nal domain of TBP is sufficient for binding, glutathione S-
transferase (GST) fusion proteins containing either the
conserved carboxyl-terminal domain (GST-TBP-C) or the
nonconserved amino-terminal domain (GST-TBP-N) of hu-
man TBP were incubated with TAF-172. The GST fusions
were then immobilized on glutathione agarose and assayed for
TAF-172 retention by SDS-polyacrylamide gel electrophoresis,
followed by Western blotting (Fig. 4). TAF-172 was retained in
the presence of GST-TBP-C but not on resin alone or on resin
containing GST-TBP-N. TAF-172 was also bound by full-
length TBP (data not shown). These results demonstrate that
TAF-172 binds directly to the conserved core domain of TBP
and corroborates the coimmunoprecipitation data obtained
with isolated HeLa TAF-172 (37). While it appears that TAF-
172 does associate directly with TBP, binding was detected
only after prolonged (~3 h) incubation of the two proteins. At
the concentration of proteins employed, diffusion-limited in-
teractions, in general, proceed within seconds. This suggests
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FIG. 5. ATP-mediated dissociation of TAF-172-TBP-DNA complexes as
detected by EMSA. (A) Reaction mixtures contained human TBP (hTBP) (lanes
1, 2, and 5 to 15), radiolabeled TATA DNA (50 bp), and increasing concentra-
tions of TAF-172 (lanes 5 to 10) or yeast Mot1 (lanes 12 to 15), as indicated. The
letter A indicates that 0.1 mM ATP was included. Migration of TBP-DNA
complexes is indicated by T-D and TAF-172/Mot1-human TBP-DNA complexes
are indicated by 172-T-D. (B) TBP-DNA or TAF-172-TBP-DNA complexes
were preassembled at the indicated concentrations. ATP (0.1 mM) and/or com-
petitor (comp.) TATA DNA (250 nM) were then simultaneously added to the
reaction mixtures in lanes 4 to 6, as indicated. Reactions were allowed to con-
tinue for 5 min before loading of the gel. In lane 2, competitor DNA was added
at the same time as the labeled probe. (C) Reactions similar to those in panel A,
except that a 106-bp TATA DNA probe was used. Where indicated, 0.6 pg of
antigen affinity-purified TBP, TAF-172, or control TAF;250 antibody was added
to the reaction mixture.

that, at least in the absence of DNA, stable association of TBP
and TAF-172 is, in some way, kinetically limited.
Dissociation of TBP-DNA complexes by TAF-172 and ATP.
The yeast Motl protein uses the energy of ATP hydrolysis to
dissociate TBP from DNA (ADI activity) (2, 3). To determine
whether TAF-172 possesses ADI activity, radiolabeled TBP-
TATA DNA complexes were incubated with TAF-172 in the
absence or presence of ATP and binding was examined by
EMSA. TBP alone shifted the TATA probe, and ATP did not
affect this interaction (Fig. SA, lanes 1, 2, and 11). TAF-172 did
not stably bind to the probe in the presence or absence of ATP
(lanes 3 and 4). When TAF-172 was incubated with human
TBP-TATA complexes, a slower-migrating species was ob-
served (172-T-D in lanes 5, 7, and 9). In the presence of ATP,
this complex disappeared, and the T-D complex reappeared
(lanes 6, 8, and 10). Increasing TAF-172 concentrations re-
sulted in less reappearance of the T-D complex, and at the
highest concentration, very little was detected, which verifies
that TAF-172 possesses ADI activity. The re-emergence of the
T-D complex at the lower TAF-172 concentrations contrasts
with yeast Mot1 (lanes 12 to 15) and indicates that either some
of the TAF-172 dissociated from the T-D complex before it
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FIG. 6. TAF-172 is a TBP-stimulated DNA-dependent ATPase. (A and B)
TAF-172 was assayed for ATPase activity in the presence or absence of TBP and
a 361-bp G4TI promoter DNA fragment, as indicated. Background rates of ATP
hydrolysis determined in parallel reactions lacking TAF-172 were subtracted
from the data; standard errors were summed. Background rates as a percentage
of the rate determined in the presence of TAF-172 are indicated (% bkd).

induced TBP to dissociate from DNA or that free TBP re-
bound to the probe.

To distinguish between these alternatives, competitor DNA
was added to the reaction mixture at the same time as ATP. As
shown in Fig. 5B, similar levels of the T-D complex were
observed in the presence of ATP and TAF-172, irrespective of
the presence of competitor DNA (compare lanes 3 and 4 with
5 and 6). When the competitor DNA was added to the reaction
mixture at the same time as the DNA probe, it effectively
competed for TBP binding, which indicates that sufficient com-
petitor was present to sequester any free TBP. These data
suggest that free TBP did not rebind the probe and are con-
sistent with the interpretation that ATP hydrolysis also induces
the dissociation of TAF-172 from the T-D complex.

Figure 5C verifies the composition of the 172-T-D complex.
Lanes 1 and 2 recapitulate the ADI activity on a longer probe.
Affinity-purified antibodies directed against either TBP or
TAF-172 supershifted the 172-T-D complex (lanes 3 and 4),
but control antibodies against an unrelated protein (TAF;;250)
did not (lane 5). Similar 172-T-D complexes were obtained
with HeLa-derived TAF-172 (data not shown). When com-
pared side by side in a variety of biochemical assays, HeLa-
derived and recombinant TAF-172 behaved indistinguishably
(data not shown).

TAF-172 is a TBP- and DNA-stimulated ATPase. The iso-
lated Motl ATPase domain hydrolyzes ATP in the absence of
TBP and DNA cofactors at a rate of ~25 min~' (3). In the
presence of TBP, the ATPase activity of the full-length protein
is stimulated approximately fivefold (4). In the presence of
saturating ATP concentrations, recombinant TAF-172 pos-
sessed little or no detectable ATPase activity in the absence of
cofactors or in the presence of either TBP or a 361-bp TATA-
containing DNA fragment (Fig. 6A). Strikingly, in the pres-
ence of both TBP and DNA, TAF-172 possessed potent AT-
Pase activity, having a turnover value of ~10 min~'. Thus, in
apparent contrast to Motl, the TAF-172 ATPase is activated
synergistically by the combined action of TBP and DNA.

TBP has a fairly high affinity for nonspecific DNA (K, ~300
nM) (6). At the concentration of TBP (1 wM) used in the
ATPase experiments, TBP readily bound nonspecific DNA. In
accordance with this, we found that the TAF-172 ATPase was
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FIG. 7. Depletion of endogenous TAF-172 from pol II and pol III transcrip-
tion reaction mixtures. (A) HeLa nuclear extract (NE; 120 pg, lane 1) and
extracts immunodepleted with TAF-172 serum (lane 2) or an unrelated control
serum (lane 3) were electrophoresed on an SDS-6% polyacrylamide gel, elec-
troblotted to nitrocellulose, and probed for TAF-172. (B) TAF-172-depleted or
control depleted nuclear extracts were used to transcribe 5 nM TI (lanes 1 and
2), G¢TI (lanes 3 and 4), VA, (lanes 5 and 6), or U6 (lanes 7 and 8) DNA as
described in Materials and Methods. The time of exposure to the phosphor
screen was varied to obtain similar signal intensities among the different pro-
moters.

activated by TBP and a DNA cofactor that lacks a TATA box
(data not shown).

TAF-172 binds DNA very weakly in the absence of TBP
(unpublished data). It is plausible that DNA alone can activate
the TAF-172 ATPase but at a level below the sensitivity of the
assay. While the use of a saturating ATP concentration (0.4
mM) ensured that ATP was not limiting the activity of the
ATPase, it precluded accurate determinations of very low lev-
els of ATP hydrolysis. To assess whether DNA alone might
activate the TAF-172 ATPase, the ATP concentration was
reduced 100-fold, while the level of [a->*P]ATP remained con-
stant. This, in effect, increased the sensitivity of the assay 100-
fold. As shown in Fig. 6B, TAF-172 alone possessed very weak
ATPase activity (apparent turnover, ~0.025 min~ "), which
might reflect its intrinsic activity or a minor amount of an
ATPase contaminant in the preparation. However, addition of
DNA to TAF-172 activated the ATPase approximately five-
fold, indicating that DNA alone can activate the TAF-172
ATPase. This ATPase activity is nevertheless only 1% of that
observed in the presence of both TBP and DNA.

TAF-172 inhibits TBP-driven, but not TBP-TAF-driven, in
vitro transcription. Motl is an inhibitor of yeast basal pol II
transcription (2, 3). Initially, TAF-172 was identified as the
major polypeptide present in a TAF fraction that was immu-
nopurified with TBP antibodies and eluted with GuHCI (37).
The TAF-172 fraction, in conjunction with TBP and another
TAF fraction, reconstituted TFIIIB activity. The TAF-172
fraction also inhibited pol II transcription. To determine
whether TAF-172 is a regulator of human pol II transcription
and/or a pol III transcription factor, TAF-172 antibodies were
used to immunodeplete TAF-172 from HeLa nuclear extracts.
Western blotting confirmed the quantitative depletion of TAF-
172 relative to control depletions (Fig. 7A).

For pol II transcription, we used the synthetic basal TI
promoter, which contains the adenovirus major late TATA box
and the TdT initiator (32, 36). TI lacks activator binding sites.
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FIG. 8. TAF-172 does not inhibit TBP-TAF-promoted in vitro transcription
in the presence or absence of TFIIA. (A) HeLa nuclear extracts (100 pg in lanes
1 to 10 and 80 pg in lanes 11 to 15) containing endogenous TAF-172 (endog.
172) as indicated, were used to transcribe 5 nM TI (lanes 1 to 5), G4TI (lanes 6
to 10), or VA, (lanes 11 to 15) DNA in the presence of increasing concentrations
of recombinant TAF-172, as indicated. Time of exposure to the phosphor screen
was varied to obtain similar signal intensities among the different promoters. (B)
HeLa nuclear extracts (120 pg) immunodepleted with TFIIA serum (lane 1) or
an unrelated control (ctrl.) serum (lane 2) were electrophoresed on an SDS-6%
polyacrylamide gel, electroblotted to nitrocellulose, and probed for the « subunit
of TFITA. (C) HeLa nuclear extracts (100 ng) depleted of TFIIA, TAF-172, or
TFIIA and TAF-172 were used to transcribe 5 nM G¢TI (lanes 1 to 4) or VA,
(lanes 5 to 8) DNA.

Since endogenous TAF-172 is present in nuclear extracts at
concentrations similar to those of TBP, we expect depletion of
TAF-172 to give rise to a greater level of transcription if,
indeed, endogenous TAF-172 acts as a general transcriptional
repressor. However, as shown in Fig. 7B (lanes 1 and 2),
depletion of TAF-172 had no detectable effect on pol II basal
transcription. Similarly, depletion of TAF-172 did not affect
activated transcription of the Spl-responsive pol II-transcribed
GTI promoter (lanes 3 and 4), the TATA-less, pol III-tran-
scribed VA, gene (lanes 5 and 6), or the TATA-containing pol
III-transcribed U6 gene. Each is recognized by a distinct TBP-
TAF complex: TFIID, TFIIIB, or SNAP,, respectively. Thus,
TAF-172 does not appear to be a functional in vitro compo-
nent of any of these TBP-TAF complexes.

Yeast TFIIA is inhibitory to Motl ADI activity, through
competitive interactions with yeast TBP (2). Similar results
were obtained with TAF-172, human TBP, and human TFIIA
(unpublished data). Perhaps the TFIIA that is present in HeLa
nuclear extracts counteracts the repressing activity of TAF-
172. We explored this possibility in two ways. First, in an effort
to outcompete any potential TAF-172 inhibitor, recombinant
TAF-172 was titrated into a standard nuclear extract, which
was then assayed for pol II and pol III transcription. As shown
in Fig. 8A, addition of increasing amounts of TAF-172 had
little effect on transcription from the TI (lanes 1 to 5), G,TI
(lanes 6 to 10), or VA, (lanes 11 to 15) promoter. The highest
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amount of recombinant TAF-172 added corresponds to ap-
proximately a 15- to 40-fold molar excess over the amount of
resident TBP or TAF-172. If such a putative TAF-172 inhibitor
was present and acting stoichiometrically, it would have to be
present at extremely high levels. Western blotting data indicate
that there is less TFIIA in nuclear extracts than TBP or TAF-
172 (data not shown).

The second strategy used to address whether TFIIA might
counteract TAF-172 involved immunodepleting TFIIA from
nuclear extracts (Fig. 8B). As expected of an important pol II
transcription factor, G4TI transcription was diminished upon
TFIIA depletion relative to mock-depleted or TAF-172-de-
pleted reactions (Fig. 8C, lanes 1 to 3). In control experiments,
pol IIT VA, transcription was unaffected by depletion of either
TAF-172 or TFIIA (lanes 5 to 8). If the function of TFIIA is to
counteract transcriptional repression by TAF-172, then we
would expect that depletion of both TFIIA and TAF-172
would lead to restoration of transcription. However, as shown
in lane 4, this is not the case. Transcription of G,TI was no
stronger than in the TFIIA-depleted reaction (lane 2), which
indicated that, at least in this TFIID-based system, TFIIA does
not function solely to counteract any potential TAF-172 re-
pression.

The description of yeast Mot1 as an ADI of pol II transcrip-
tion was initially based upon an assay that utilized recombinant
yeast TBP instead of the TFIID TBP-TAF complex (2). Per-
haps TAF-172/Motl targets primarily TBP and not TBP-TAF
complexes. The pol III-transcribed U6 gene is transcribed
poorly in HeLa nuclear extracts in the absence of added TBP
(34, 35). To examine whether TAF-172 might target TBP in
the U6 transcription system, TAF-172 was titrated into HeLa
nuclear extracts reconstituted with recombinant TBP and as-
sayed for transcription of the U6 gene. As shown in Fig. 9A,
addition of TAF-172 had a dramatic inhibitory effect on U6
transcription, which suggests that TAF-172 might target pri-
marily TAF-free TBP.

To further test this possibility, the endogenous TBP which
may be largely complexed with TAFs in HeLa nuclear extracts
was specifically inactivated by heat and replaced with recom-
binant TBP (25). As shown in Fig. 9B, TI transcription was not
reconstituted in such heat-treated extracts (lane 2) unless re-
combinant TBP (lane 3) was added back. When TAF-172 was
titrated into the reaction, it too inhibited transcription (lanes 4
to 7). Taken together, the data suggest that TAF-172 inhibits
both pol II and pol IIT transcription primarily through inter-
actions with TBP and not TBP-TAF complexes. However, we
cannot rule out the possibility that TAF-172 is targeted to
TBP-TAF complexes through promoter-specific factors.

In yeast transcription reactions reconstituted with yeast
TBP, yeast TFIIA reverses Motl-mediated transcriptional in-
hibition (2). In Fig. 9C, we address whether the same is true in
the human system. In transcription reactions reconstituted
with human TBP and repressed by TAF-172 (lanes 1 to 4),
increasing concentrations of recombinant human TFIIA re-
versed TAF-172-mediated repression (lanes 5 to 8). This ob-
servation is consistent with the notion that TFIIA functions, in
part, by assembling TBP into an active promoter complex that
resists incorporation of the TAF-172/Mot]1 inhibitor (2).

DISCUSSION

TAF-172 is a human homolog of yeast Motl. TAF-172 is a
human TBP-associated factor and a member of the Snf2/Swi2
family of conserved DNA-dependent ATPases. TAF-172 bears
strong sequence similarity to the yeast Motl protein, and this
similarity is punctuated over its entire coding sequence. Both
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FIG. 9. Inhibition of TBP-promoted transcription by TAF-172. (A) HeLa
nuclear extracts (100 pg) were used to transcribe 5 nM U6 DNA (lane 1) in the
presence of increasing concentrations of TAF-172, as indicated. All of the reac-
tion mixtures contained 5 nM pure recombinant human TBP (rTBP) in addition
to endogenous TBP-TAF complexes. (B) HeLa nuclear extracts (NE; 60 pg)
were mock treated (lane 1) or heat treated (ht; lanes 2 to 7) at 47°C for 15 min
to selectively inactivate endogenous TBP (25) and used to transcribe 5 nM TI
promoter DNA in the absence (lane 2) or presence (lanes 3 to 7) of pure
recombinant human TBP. TBP, TI DNA, ATP (10 pM), and increasing concen-
trations of TAF-172, as indicated, were preincubated at 30°C for 30 min prior to
the addition of nuclear extract. (C) Reactions identical to those depicted in panel
B, except that increasing concentrations of pure recombinant human TFITA
(rTFIIA) were included in the reaction mixtures shown in lanes 5 to 9, as
indicated.

Motl and TAF-172 bear strong similarity to the Drosophila
89B helicase, although only what appears to be the carboxyl-
terminal half of the 89B helicase has been cloned (14). It is
important to note that the 89B helicase, Mot1, and TAF-172
have not been demonstrated to be helicases. Together, these
three proteins make up a distinct Motl subgroup within the
Snf2-Swi2 family.

TAF-172 and Motl share several distinct blocks of homol-
ogy. Based upon studies with Mot1, the most N-terminal block
might interact with TBP (4). TAF-172 does not possess any
motifs that are detectable by on-line algorithms. However,
Motl has been reported to contain TPR (8) which span the
first two N-terminal homology blocks, as well as the nonho-
mology region that separates them (Fig. 1). A number of TPR-
like sequences are found at corresponding positions in TAF-
172, but the loose TPR consensus and the proposed presence
of TPR in nonhomology regions preclude a firm conclusion on
whether such a TPR structural domain exists in this region of
either protein. The C-terminal half of TAF-172 and Motl
contains the ATPase and helicase-like domains. These do-
mains reside in a region that has the highest degree of conser-
vation (70%) and is the only region possessing significant ho-
mology to other Snf2 family members (~60% conservation).
TAF-172, the 89B helicase, and Motl1 share extensive sequence
homology on either side of the ATPase helicase domain that is
specific to the Mot1 subdomain. The function of these regions
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is unknown. Consistent with the idea that these homology
regions are important, deletions from either end of Motl, as
well as site-specific mutations in the Motl ATPase domain,
impair its function (3, 4).

Relationship to B-TFIID. B-TFIID is a human TBP-TAF
complex that contains a 170-kDa TAF (39, 40). While this
report was under review, a clone (TAF;170) that encodes this
protein was reported (41), and it is identical to TAF-172.
Unlike TAF-172-TBP complexes, B-TFIID appears to support
basal pol II transcription in vitro. The basis of this difference
might be the relative level of TFIIA in each system. TFIIA
counteracts TAF-172/Motl transcriptional repression in vitro
through mutual competition for TBP binding (this study and
reference 2).

TAF-172 is relatively abundant and appears to target pri-
marily TAF-free TBP. TAF-172 is about as abundant in HeLa
cells as is TBP (~200,000 molecules). However, the majorities
of TAF-172 and TBP do not appear to be stably associated
with each other. This lack of association is not due to a low
mutual affinity because the small amount that is associated is
very resistant to repeated high-salt washes, which allowed us to
immunopurify the complex >10,000-fold (37). Resin pull-
down experiments between purified recombinant TBP and re-
combinant TAF-172 demonstrate a direct interaction between
TAF-172 and the evolutionarily conserved C-terminal domain
of TBP. Immunoprecipitation and column chromatography
purification indicate that TAF-172 is not stably associated with
TFIID, TFIIIB, or SNAP_. Consistent with this, Mot1 does not
appear to be tightly associated with yeast TFIID (28).

TAF-172 does not appear to inhibit TBP-TAF-driven tran-
scription but potently inhibits TBP-driven pol II and pol III
transcription. Likewise, Motl inhibits yeast transcription in
vitro driven by yeast TBP. Mot1 has not been tested for activity
on yeast TFIID. The findings obtained with TAF-172 suggest
that it targets primarily TAF-free TBP, and not TFIID, in this
system. We cannot exclude the possibility that promoter-spe-
cific factors or factors missing from crude nuclear extracts
target TAF-172 to TBP-TAF complexes.

The large abundance of TBP-free TAF-172 is puzzling. It is
possible that TAF-172 possesses other cellular functions in
addition to TBP regulation. Alternativley, the abundance of
TAF-172 might be necessary to ensure a very low basal level of
TBP bound randomly to chromosomal DNA, particularly since
high concentrations of TAF-172 are required for maximal
ATP-dependent dissociation of TBP from DNA. TBP has a
relatively high affinity for nonspecific DNA (6). Once bound to
nonspecific DNA, TBP can coalesce the assembly of active pol
IT transcription complexes in vitro (6). This is clearly not de-
sirable in the cell, and the high levels of TAF-172 might serve
to minimize this nonspecific binding. TBP-TAF complexes
such as TFIID associate very poorly with DNA in the absence
of TFIIA and promoter-specific activators (20, 43). Therefore,
unlike TBP, TFIID is not likely to be promiscuously bound to
nonpromoter DNA and thus is not a necessary target of TAF-
172/Motl.

Mechanism of action of TAF-172/Mot1 on TBP-TATA com-
plexes. To recycle TBP-DNA complexes, TAF-172/Motl
would be expected to possess two activities: (i) dissociation of
TBP from DNA and (ii) dissociation of itself from TBP. For
Motl, this first step is ATP dependent (ADI activity) and has
been well documented (2-4). At relatively low TAF-172 con-
centrations, ATP-dependent removal of TAF-172 from TBP
appears to predominate. At higher concentrations, ADI activ-
ity predominates.

Figure 10 illustrates a simplified mechanism that might ac-
count for the action of the TAF-172/Motl ATPase on TBP-
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FIG. 10. Possible ATPase cycle for TAF-172 and Mot1. ATP hydrolysis leads
to either dissociation of TBP and TAF-172 from DNA (reaction 1) or just
dissociation of TAF-172 (reaction 2). Note that the ATP-dependent dissociation
of TAF-172 is not the reverse of the association reaction, in that ATP is not
generated. Additional details are provided in the text.

DNA complexes. TAF-172/Motl binds to TBP-DNA com-
plexes. ATP hydrolysis leads to the dissociation of TAF-172/
Motl and TBP from each other and from DNA (reaction 1).
However, at least for TAF-172, ATP hydrolysis is not entirely
coupled to reaction 1. An alternative nonproductive reaction
occurs in which ATP hydrolysis leads to the dissociation of
TAF-172, leaving an intact TBP-DNA complex (reaction 2).
Repetitive rounds of association and dissociation of TAF-172
with the TBP-DNA complex are consistent with the high rate
of ATP hydrolysis by TAF-172 only in the presence of this
complex. Higher TAF-172 concentrations drive more frequent
encounters with the TBP-DNA complex and provide more
opportunity for TAF-172 to dissociate TBP (i.e., reaction 1). In
the context of the cell, additional factors might exist which
favor reaction 1 over reaction 2.

Possible auxiliary factors. A number of studies on Motl
implicate the involvement of cofactors for Motl function.
Mot1 does copurify with and appears to interact directly with
both TBP and yeast TAF,90 (referred to as TAF;85 in refer-
ence 42). The human and Drosophila homologs of yeast
TAF;90 are human TAF;100 and drosophila TAF;80, both
of which are components of TFIID (10, 11, 21, 27, 33, 38). The
Arabidopsis COPI gene also encodes a homolog of these TAFs
(11). Interestingly, the COPI gene product appears to function
as a developmental transcriptional repressor (9).

Yeast TAF;;90 and its homologs contain B-transducin
(WD40) repeats (11). Proteins with WD40 repeats tend to
interact with proteins containing TPR motifs, which Mot1 re-
portedly contains. Such protein pairs appear to be generally
involved in repression mechanisms. While drosophila TAF;80
and human TAF};100 interact with TBP and other TAF com-
ponents of TFIID, these interactions do not require the WD40
repeats, suggesting that the WD40 repeats are available for
interaction with other proteins (11, 21). It is plausible that
TAF-172/Motl might interact with human TAF ;100 or yeast
TAF,90, thereby allowing it to associate with TFIID. The
prevailing evidence from both the human and yeast systems,
however, indicates that TFIID is not stably associated with
TAF-172/Motl.

The promoter-specific repressor Leu3p functions through a
TBP-Motl complex (42), which implicates a direct cofactor
involvement in Motl-mediated repression. Since Motl does
not repress all genes (8, 23), Mot1 might be targeted to specific
promoters through direct interactions with sequence-specific
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factors. Genetic interactions between the yeast NOT proteins,
Spt3, TFIIA, and Motl have been defined (7, 23). Spt3 also
interacts with TBP and has homology to human TAF,;18 (13,
24). Taken together, the interactions suggest that Motl, and
presumably TAF-172, normally functions in the context of nu-
merous other proteins to regulate transcription through TBP.
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