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Yeast Taf1p is an integral component of the multiprotein transcription factor TFIID. By using coimmuno-
precipitation assays, coupled with a comprehensive set of deletion mutants encompassing the entire open
reading frame of TAF1, we have discovered an essential role of a small portion of yeast Taf1p. This domain of
Taf1p, termed region 4, consisting of amino acids 200 to 303, contributes critically to the assembly and stability
of the 15-subunit TFIID holocomplex. Region 4 of Taf1p is mutationally sensitive, can assemble several Tafps
into a partial TFIID complex, and interacts directly with Taf4p and Taf6p. Mutations in Taf1p-region 4 induce
temperature-conditional growth of yeast cells. At the nonpermissive temperature these mutations have drastic
effects on both TFIID integrity and mRNA synthesis. These data are consistent with the hypothesis that Taf1p
subserves a critical scaffold function within the TFIID complex. The significance of these data with regard to
TFIID structure and function is discussed.

TFIID, one of several multiprotein general transcription
factors required for RNA polymerase II (PolII)-catalyzed
mRNA gene transcription, is comprised of the TATA-binding
protein (TBP) and 14 distinct TBP-associated factors (TAFs or
Tafps) that range in Mr from 17,000 to 150,000 in Saccharo-
myces cerevisiae (62, 63, 65, 75). These TFIID subunits share
significant sequence conservation with their metazoan or-
thologs (1, 22, 26). In vitro, PolII needs six general transcrip-
tion factors, TFIIA, -B, -D, -E, -F, and -H, to form functional
preinitiation complexes (PICs) (12, 51, 54); TFIID plays sev-
eral critical roles in this process. First, TFIID functions during
promoter recognition by binding directly to the promoter (67,
76, 77). On promoters containing a TATA box, Tafps help
stabilize TBP binding to the TATA element via interaction
with TATA-proximal initiator DNA sequences (69). Tafp-
DNA interactions may be particularly important for TFIID
binding to promoters that lack a canonical TATA element and
contain TATA-proximal initiator and distal promoter element
sequences (13, 15, 42, 69, 76). Second, Tafps can function as
coactivators during transcriptional activation by making direct
contacts with specific activators leading to an increase in PolII
PIC formation (1, 16). Finally, Taf1p contains several distinct
enzymatic activities, those of histone acetyltransferase (HAT)
(46), protein kinase (19), and ubiquitin ligase (55). These en-
zymatic activities presumably modify proteins that stimulate
PIC formation and/or function, leading to PolII transcription
initiation.

In most contexts, the Tafp subunits of TFIID are essential
for survival, as Tafp inactivation or depletion results in cessa-
tion of specific mRNA synthesis and loss of cell viability (3, 4,

33, 34, 56, 59, 64, 65, 78). Because of these critical roles, the
composition, organization, assembly, structure, and function of
the TFIID complex have been topics of great interest. TBP
appears to be incorporated into the TFIID complex primarily
through its interaction with the bipartite N-terminal domain of
Taf1p, the so-called TAND domain (5, 7, 36, 37) comprised of
TAND1 and TAND2 elements. Although Taf6p and Taf12p
have also been shown to interact with TBP (58, 60), the exact
contribution of these TBP-TAF interactions to TFIID integrity
remains to be determined. TBP binds to both isolated TAND
and intact Taf1p with nanomolar affinity (5, 7), and the struc-
ture of the TBP-TAND complex has been solved by nuclear
magnetic resonance (41). The binding of TBP to Taf1p re-
mains the best-defined direct interaction of TBP with a subunit
of the TFIID complex. However, exactly how this interaction
contributes to TFIID structure, organization, and function re-
mains to be determined.

Since a large number of Tafps constitute TFIID, numerous
Tafp-Tafp interactions are possible within the TFIID complex.
In vitro studies indicate that certain Tafp-Tafp interactions
appear to be preferred during TFIID assembly (9, 23, 24, 38,
60, 63, 74). In fact, functional TFIID subcomplexes can be
assembled using purified recombinant subunits (16). Based on
these reconstitution studies, an obligatory role of metazoan
Taf1p in all the functional Tafp subcomplexes was observed.
Consequently it was proposed that Taf1p plays a key structural
or scaffold protein role during TFIID assembly (16, 79). How-
ever, a systematic Taf1p-Tafp interaction analysis of TFIID has
yet to be reported. Yeast Taf1p shares extensive structural and
functional similarities with its metazoan orthologs, and the
TFIIDs isolated from both yeast and metazoan cells display
very similar trilobed structures in electron microscopy studies
(2, 11, 39). However, despite these many conserved properties,
a similar scaffold function for yeast Taf1p has been disputed (1,
60).

A core Tafp-Tafp assembly distinct from Taf1p(TAND)-
TBP has also been proposed to contribute importantly to
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TFIID formation. It was originally hypothesized by Roeder
and coworkers (29, 53) that a subset of TFIID subunits, those
containing the helix-loop-helix-loop-helix or histone fold do-
main (HFD), could assemble to form a complex resembling the
histone nucleosome octamer (1, 29, 53, 60). This core structure
was suggested to depend upon the HFD, a structural motif
shared by the core histones (22) and many other proteins (70).
Nine of 14 yeast Tafps appear to contain HFDs, and subsets of
these can form dimers with specific partner HFD Tafps (3, 6,
9, 23, 24, 29, 45, 47, 80). Indeed, Tan and colleagues (66) have
described the formation and characterization of such an oc-
tameric complex comprised of four HFD-Tafps, a dimer of
Taf6p-Taf9p bound to a dimer of Taf4p-Taf12p. The exact role
of this putative octamer in TFIID structure and function re-
mains to be elucidated.

Our previous structure-function analyses of Taf1p indicated
that deletion of a region of Taf1p spanning amino acids 200 to
303 (Taf1p-region 4) caused inviability (5). Our preliminary
analyses, as scored by the coimmunoprecipitation (co-IP) of a
few Tafps (Taf6p, Taf10p, and Taf14p) and TBP, indicated
that in this deletion mutant the integrity of the TFIID complex
was compromised. These observations prompted us to propose
that region 4 of Taf1p played an essential role in the assembly
and/or stability of yeast TFIID. In the present study we have
rigorously tested this hypothesis by using a combination of
biochemical and genetic approaches. We have found that re-
gion 4 of Taf1p is essential for assembly of the TFIID holo-
complex. We also observed that this region, in isolation, is
capable of nucleating the formation of TBP-TAF subcom-
plexes both in vivo and in vitro. Further, mutations of various
residues within region 4 induced temperature-conditional
growth, defects in TFIID integrity, and gene-specific defects in
mRNA gene transcription. These data lead us to conclude that
yeast Taf1p-region 4 serves as a platform for Tafp-Tafp inter-
actions critical for TFIID assembly. The implications of these
results are discussed with regard to TFIID organization, struc-
ture, and function.

MATERIALS AND METHODS

Bacterial strains. Escherichia coli strains XL-1 Blue and DH5� were used for
plasmid cloning and propagation. Ultracompetent E. coli strain XL-2 Blue
(Stratagene) was used for high-efficiency transformation of the TAF1-region 4
mutant library (see below). Recombinant proteins were expressed in E. coli
BL21(DE3) Gold (Stratagene).

Co-IP and gel filtration chromatography. For co-IP assays, yeast cells were
grown either in YPAD medium or in appropriate synthetic complete (SC) se-
lective medium lacking either histidine (SC-H), leucine (SC-L), or uracil (SC-U)
as indicated. Co-IP experiments were performed as described previously (5).
Table 1 lists the strains used in our experiments. Gel filtration chromatography
of TFIID was conducted essentially as described previously (62) except that the
buffer contained 150 mM NaCl. Column fractions were concentrated with tri-
chloroacetic acid and subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and immunoblot analysis to identify the elution
position of native TFIID.

Taf1p-region 4 expression construct. A DNA fragment corresponding to
TAF1-region 4 (bp 598 to bp 909 of the TAF1 open reading frame [ORF]) was
amplified with Pfu Turbo polymerase (Stratagene) by using primers containing
HindIII sites at the ends and inserted in the HindIII site of the LEU2-marked
p425GalL vector (49). Fragments encoding an N-terminal three-hemagglutinin
(HA3) tag and nuclear localization signal (NLS) were inserted in frame into
HindIII-digested p425GalL, sequenced, and transformed into yeast strain
BY4743 (MATa/MAT� leu2�0/leu2�0 ura3�0/ura3�0 his3�1/his3�1 lys2�0/
LYS2 met15�0/MET15; Research Genetics), and transformants were selected for
Leu� growth (SC-L). For induction of NLS-HA3 or NLS-HA3-region 4 proteins,

cells were grown in SC-L medium with raffinose and galactose added to 2%
(wt/vol) final concentrations. Ten optical density at 600 nm (OD600) amounts of
cells were harvested 6 h after galactose induction and frozen at �80°C for
subsequent white cell extract (WCE) preparation and co-IP studies.

Construction and isolation of region 4-targeted temperature-sensitive (ts)
TAF1 mutants. A PCR-amplified DNA fragment comprising TAF1 ORF se-
quences encoding region 4 was cloned into the EcoRI site of pBluescript SK�

plasmid. Random mutations in region 4 coding sequences were generated by
error-prone PCR as described previously (43) except that the concentrations of
MnCl2 and each deoxynucleoside triphosphate were 250 and 25 �M, respec-
tively. In a 50-�l reaction mixture, 10 pmol of each primer and 2.5 U of Taq DNA
polymerase were used with the following amplification cycle: after initial heating
at 94°C, 25 cycles of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C followed by
a 10-min extension at 72°C. The primers used were forward 5�-CCGGAATTCG
GCGGCCGCGACTTGATAAACCATGAGAAG-3� and reverse 5�-CCGGAA
TTCCTATTAGCGGCCGCCAAGTTCATCAATGGAAACATG-3�, where
the underlined sequences represent bp 598 to 618 and bp 889 to 909 of yeast
TAF1, upper and lower strands, respectively; the bold letters show an added
EcoRI site; and italics show an introduced NotI site. The EcoRI sites were used
for cloning the amplified region 4 DNA into EcoRI-digested pBluescript SK�.

The PCR-generated library of region 4 fragments was digested with NotI and
ligated into the NotI site of the HIS3-marked pRS313-HA3-TAF1�4 plasmid;
this plasmid carries an allele of TAF1 that has a NotI site introduced at the site
of deletion (5). This construct was modified to remove the NotI site at the
multiple cloning site of pRS313 by site-directed mutagenesis prior to reinsertion
of region 4 sequences. Ligation reaction mixtures were transformed at high
efficiency in E. coli XL-2 Blue ultracompetent cells (Stratagene), transformants
were pooled and grown in Luria-Bertani broth for 2 h at 37°C, and plasmids were
isolated using the Qiafilter plasmid midi kit (Qiagen). This library of mutations
was transformed into yeast strain YBY804 [MAT� ura3-52 lys2-801amber ade2-
101ochre taf1�::TRP1 his3-�200 leu2-�|pRS316(URA3)TAF1] by the high-effi-
ciency TRAFO method (25). Transformants were selected on SC-H-U plates. In
a separate PCR, wild-type (WT) region 4 sequences were amplified using the
same primers and Pfu Turbo DNA polymerase. This fragment was separately
cloned into the region 4-deletion backbone to generate pRS313-HA3-TAF1�4/
WT, a construct termed reconstructed WT or WT-r. This plasmid was introduced
by transformation into YBY804 as described above. Yeast transformants were
subjected to plasmid shuffle on 5-fluoroorotic acid plates (10). More than 100,000
clones were subjected to such screening; the colonies were then screened for
temperature sensitivity at 37°C by replica plating. After two rounds of ts mutant
screening, HIS3-marked plasmids were recovered directly from these yeast cells
as described previously (68), and the TAF1 gene resident on them was sequenced
(35). Three mutants displaying ts growth were selected for further study.

Two-hybrid assays. A yeast two-hybrid bait fragment containing sequences of
Taf1p-region 4 (amino acids 231 to 395) was PCR amplified using forward
primer 5�-CGCGCGAATTCTCTGTTCCTTATCATTGGCACAGT-3� (bold
letters showing EcoRI site) and reverse primer 5�-GCGCGAGATCTAGCATG
TTTAGACTCTTTCAATTT-3� (bold letters showing BglII site) from a plasmid
containing the full-length WT TAF1 ORF. The resulting purified PCR product

TABLE 1. Deletion variants of Taf1p used in this study (5)

Taf1p deletion mutant Deleted amino acids

WT...................................................................... None
�1........................................................................ 2 to 80
�2........................................................................ 43 to 115
�3........................................................................ 101 to 208
�4........................................................................ 200 to 303
�5........................................................................ 300 to 367
�6........................................................................ 365 to 435
�7........................................................................ 430 to 495
�8........................................................................ 480 to 595
�9........................................................................ 540 to 600
�10...................................................................... 600 to 650
�11...................................................................... 640 to 700
�12...................................................................... 692 to 774
�13...................................................................... 749 to 860
�14...................................................................... 830 to 912
�15...................................................................... 899 to 1005
�16...................................................................... 913 to 1037
�17...................................................................... 1037 to 1066
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was digested with EcoRI and BglII and cloned in the EcoRI-BglII sites of the
pGBDC1 vector (31) to encode a Gal4–DNA-binding domain (DBD) fusion. For
two-hybrid interaction screening, this plasmid construct was introduced into
yeast strain PJ69-4A and yeast genomic DNA libraries Y2HL-C1, -C2, and -C3
(31) were transformed into the bait strain. Two-hybrid interactions were
screened by activity of three reporter genes: ability to grow without histidine and
in the presence of 3-aminotriazole, ability to grow in the absence of adenine, and
�-galactosidase activity.

GST pull-down assays. PCR-amplified DNA fragments corresponding to ei-
ther WT or mutant region 4 were cloned in the EcoRI site of the pGEX-KG GST
fusion vector (27), and the orientation and reading frames of the inserts were
confirmed by DNA sequencing. The fusion proteins were expressed in E. coli
BL21 cells and purified on glutathione-agarose beads (Sigma) (21). Expression
plasmids containing full-length ORF sequences for TAF4 and TAF6 were ex-
pressed in E. coli BL21 by IPTG (isopropyl-�-D-thiogalactopyranoside) induc-
tion. After induction, bacterial cells were harvested and cell lysates were pre-
pared. Glutathione-agarose beads containing either glutathione S-transferase
(GST) or GST fusion proteins were added, and protein binding was allowed to
proceed for 4 h with gentle shaking at 4°C, after which the beads were washed by
centrifugation three times with 500 �l of BA150. Proteins in the pellets were
subjected to SDS-PAGE and analyzed by immunoblotting with antibodies to
Taf4p and Taf6p.

Serial chromatin IP (ChIP-ChIP) assays. Yeast cells were grown to mid-log
phase and cross-linked by adding 37% formaldehyde to a final concentration of
1% (vol/vol). ChIP-ChIP was performed as described previously (57). The first IP
was performed using monoclonal antibody (MAb) anti-HA (12CA5) whereas the
second IP was with anti-Taf4p polyclonal antibodies. Multiple dilutions of input
and pellet samples were used as template for real-time PCR amplification to
probe for RPS5 gene promoter sequences with the use of the IQ SYBR Green
Supermix and iCycler system (both from Bio-Rad Laboratories). Optimal am-
plification conditions for all the primer pairs were determined empirically. Re-
sults were compared based on the threshold cycle (CT) for PCR amplification

and normalized to the signals obtained for the POL1 ORF. Serial dilutions of
yeast genomic DNA (Research Genetics) were run in parallel for all assays, and
melt curve analyses of final products were performed after each amplification to
ensure product quality. Previously described PCR primers for the RPS5 pro-
moter (8) and the POL1 ORF (57) were used.

RESULTS

Deletion of region 4 from Taf1p results in decreased steady-
state levels of holo-TFIID. Taf1p is an integral subunit of
transcription factor TFIID. In order to elucidate the role that
Taf1p plays in TFIID integrity and therefore in TFIID struc-
ture and function, we systematically determined which Tafps
are associated with different regions of Taf1p by performing
co-IP experiments with our collection of 17 deletion mutants
that span the entire ORF of TAF1 (5). The strains used for
co-IP are pseudodiploid and contain an untagged WT copy of
TAF1 in addition to an HA3-tagged deletion variant. WCEs
were prepared from the 17 mutant strains, along with two
control strains that expressed either an untagged or HA3-
tagged WT Taf1p. An aliquot of the inputs was fractionated by
SDS-PAGE, blotted, and probed with various anti-Tafp anti-
bodies. The HA-tagged WT and deletion mutant forms of
Taf1p were specifically detected [Fig. 1, row marked
(HA)Taf1p; compare lanes 1 to 17 and 19, all HA tagged, with
lane 18, WT with no tag]. The �14 variant of Taf1p (lane 14)
is significantly less abundant than other forms of Taf1p. At

FIG. 1. Deletion of Taf1p-region 4 dramatically reduces steady-state levels of holo-TFIID. WCEs prepared from the indicated yeast strains
(�1Taf1p to �17Taf1p with HA3 tag, WT with no HA3 tag [�], and WT with HA3 tag [WT] [Table 1]) were used for IP with monoclonal anti-HA
antibody (MAb 12CA5). One percent of precleared lysate (Input) and 15% of each immunoprecipitate (Pellet) were analyzed by SDS-PAGE and
immunoblotting with the antibodies recognizing the TFIID subunits indicated on the left.
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present we do not know why �14Taf1p is 20-fold less abundant
(lanes 14 and 33), but this result was reproducibly observed
(data not shown). The steady-state levels of the mutant Taf1p
proteins were similar to those of WT Taf1p, though mutant
Taf1p �1, �2, and �3 were slightly less abundant. All 14 of the
other TFIID subunits were present in similar quantities among
the strains (Fig. 1, left panel, rows Taf2p to TBP).

TFIID was immunoprecipitated from these WCEs with an-
ti-HA MAb 12CA5, and holocomplex integrity was determined
by immunoblotting. The tagged WT and deletion mutant
Taf1ps were specifically immunoprecipitated, all with similar
efficiencies (compare lanes 20 to 36 and 38, which are tagged,
with lane 37, which is not tagged). As expected, the 15 subunits
of the holo-TFIID complex specifically coimmunoprecipitated
(compare tagged-WT Taf1p, lane 38 immunoprecipitate, with
the untagged control in lane 37). Most strikingly, in the dele-
tion mutant �4Taf1p IP, only TBP and Taf7p coimmunopre-
cipitated with Taf1p in normal quantities; essentially no other
coprecipitating Tafps were detected (Fig. 1, lane 23), indicat-
ing a drastic reduction in steady-state levels of holo-TFIID in
this mutant. Such a drastic effect on TFIID integrity was not
observed even in the adjoining deletion mutants (compare �3-,
�5-, or �6Taf1p with �4Taf1p).

The N-terminal Taf1p deletion mutants, �1 to �3, in con-
trast to all other deletion mutants had greatly reduced quan-
tities of Taf1p-associated TBP (lanes 20 to 22). These mutant
forms of Taf1p also coimmunoprecipitated smaller amounts of
certain other Tafps, especially Taf2p, -11p, and -14p. The re-
duced coprecipitation of TBP with the �1Taf1p and �2Taf1p
deletion mutants is in agreement both with our previous work
and with the results of others (5, 7, 37, 52) that showed that
TBP avidly binds the N-terminal TAND of Taf1p and that this
Tafp is likely the major interaction partner of TBP in the
TFIID complex. Moreover, our data indicating that the Taf1p
sequences removed by �3 are important for Taf1p-TBP inter-
action (Fig. 1, lane 22 versus lane 38) are entirely consistent
with a recent publication by Kokubo and colleagues (73) that
mapped a TBP binding domain of Taf1p, termed TAND3
(amino acids 82 to 139). In the co-IPs with �5Taf1p, �6Taf1p,
and �7Taf1p, we also observed reduced coprecipitation of
Taf2p, Taf8p, and Taf14p (lanes 24 to 26). The concomitant
reduction of these three Tafps in the �5, �6, and �7 mutants
suggested a possible interaction among Taf2p, -8p, and -14p
within the TFIID complex. Although all of the Taf1p variants,
ranging from �8 to �17, were able to coprecipitate all TFIID
subunits, the amounts of certain coprecipitated Tafp subunits
were reduced (lanes 27 to 36). Taf7p in particular was much
reduced in the immunoprecipitates formed with the �8, �9,
�10, �15, and �16 forms of Taf1p (lanes 27 to 29, 34, and 35,
respectively).

Based on the results of this co-IP experiment, several im-
portant conclusions can be drawn. First and foremost, Taf1p-
region 4 plays a key role in the assembly and/or integrity of
TFIID, as deletion of region 4 almost completely obliterated
the holo-TFIID complex. Second, Taf1p contains separate do-
mains for binding TBP and various Tafps. Third, within the
TFIID complex, Taf1p subserves more than a simple structural
role because mutants �8Taf1p to �16Taf1p formed TFIID
“holocomplexes” with normal or nearly normal apparent stoi-

chiometry, yet these “TFIID complexes” were unable to sup-
port cell growth (5).

Region 4 can nucleate the formation of a partial TFIID
complex in vivo. The observed decrease in steady-state levels
of holo-TFIID complex in the �4Taf1p strain could result
either from direct loss of critical TafXp-Taf1p-region 4 se-
quences or, alternatively, from altered spacing of critical flank-
ing domains that participate in Tafp-Tafp interactions involv-
ing these regions (i.e., region 1 and region 3, region 1 and
region 5, etc.). To directly assess the role of region 4 sequences
in TFIID assembly, we expressed region 4, as an NLS and HA3

fusion protein, in yeast cells under UASGAL control (Fig. 2A)
and assayed whether any Tafp could associate with this domain
of Taf1p. Empty vector expressing NLS and HA3 tag, but
lacking the region 4 ORF, was used as a control. WCEs were
prepared from galactose-induced cells, and co-IPs were per-
formed using anti-HA antibody as in Fig. 1. Tagged region 4
polypeptide was specifically and efficiently immunoprecipi-
tated (Fig. 2B, compare lanes 1 and 2 with 3 and 4). Impor-
tantly, Taf3p, -4p, -5p, -6p, -10p, -11p, -12p, and -13p and TBP
coprecipitated with region 4 (lane 4). It has been hypothesized
that human TFIID can dimerize, presumably through direct
TBP-TBP interactions (72). To ensure that the Tafp enrich-
ment observed in this co-IP experiment was not due to con-
taminating TFIID dimerized to coprecipitating TBP, quantita-
tive immunoblot analyses were performed with these two
immunoprecipitates (data not shown). The enrichment of Tafp
bands in the region 4 pellet (Fig. 2, lane 4) compared to that in
the empty vector pellet was as high as 130-fold, whereas
TFIID-specific Tafps, Taf1p, Taf2p, Taf7p, and Taf8p, were
either absent or consistently near background levels in the
region 4 immunoprecipitate. Based upon these data, we con-
cluded that the Tafps associated with Taf1p-region 4 in this
experiment did not originate from TFIID contamination but
instead represented a subset of TFIID-Tafps that directly as-
sociated with region 4 to form a partial TFIID-like com-
plex(es). These results also suggested that the loss of holo-
TFIID in the �4Taf1p strain was likely due to the direct loss of
this TAF-binding domain from Taf1p and was not caused by
spacing changes between flanking regions. Taken together, the
results of the experiments presented in Fig. 1 and 2 suggest
that region 4 of Taf1p is essential for TFIID assembly and
integrity.

Mutations in region 4 confer both temperature-conditional
(ts) growth phenotypes and transcription defects. Taf1p-re-
gion 4 alone was capable of assembling several Tafps into a
partial TFIID complex, presumably through the formation of
direct specific Taf1p-region 4-Tafp interactions. We reasoned
that, if this were true, then these interactions should be muta-
tionally sensitive. To test this prediction, we generated a library
of random mutations in the ORF encoding Taf1p-region 4 via
error-prone PCR. After screening of the resulting mutants for
ts growth, three ts alleles of TAF1 termed Ts21, Ts47, and Ts48
were selected for further study. DNA sequence analysis of
these mutant TAF1 genes revealed that each carried multiple
point mutations that mapped throughout the targeted region
(Fig. 3A). The mutant strains were viable at a permissive tem-
perature, growing essentially as WT (Fig. 3B), although the
Ts48 mutant had a slightly lower growth rate, while all three
failed to grow at a nonpermissive temperature. Inviability at
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37°C was recessive to WT since ts growth was rescued by
introducing a plasmid carrying the WT TAF1 allele (data not
shown). Similar results were observed in liquid cultures (Fig.
3C). These data indicated that region 4 of TAF1 represented
an independently mutable domain and that mutations in this
region induced ts growth at 37°C, results that supported the
notion that this domain plays an important role in cellular
function, likely through effects upon Tafp-Tafp interactions
and thus TFIID integrity.

The ts growth phenotype of the three mutants could be due
to the loss of Taf1p function in mRNA synthesis; this was

tested in two ways. First, we determined total RNA content
and the total poly(A)� mRNA content of each of these strains.
Total RNA was isolated from equal numbers of cells, and
mRNA content was measured by slot blot hybridization with
32P-labeled oligo(dT20) as a probe (Fig. 3D). When normalized
to the total RNA content of the cells, the mutant cells con-
tained slightly reduced amounts of poly(A)� mRNA (Fig. 3E).
Poly(A)� mRNA was 80% of the WT levels in Ts48 followed
by Ts21 (85% of the WT level) and Ts47 (90% of the WT
level). We next used Northern blot analyses to test for the
effects of temperature shift on PolII-catalyzed TFIID-depen-
dent mRNA gene transcription (Fig. 3F). Strain Ts21 had
greatly reduced transcript levels of PCL1 (eightfold) and TUB2
(sixfold) 60 min after shift to restrictive temperature. In Ts48,
transcripts for RPS5, PCL1, TUB2, and CLN2 were reduced
approximately 2-, 3-, 2.5-, and 6-fold, respectively, while the
Ts47 mutant displayed reduced transcript levels for RPS5 and
CLN2. As a control we used the ts2 mutant allele of TAF1, a
mutant that has been well characterized elsewhere (67). In ts2
cells, steady-state levels of RPS5 mRNA dropped to undetect-
able levels after 60 min of growth at restrictive temperature but
were unaffected in the congenic WT strain (Fig. 3F). Expres-
sion of several other genes was also tested by reverse transcrip-
tion coupled with real-time quantitative PCR with similar re-
sults (data not shown). The results of these experiments
showed that, in addition to a general decrease in the poly(A)�

mRNA contents of the mutant yeast strains, TAF1 allele-spe-
cific transcription differences also existed. These data were
consistent with the idea that the region 4 domain of Taf1p
contributes importantly to Taf1p and TFIID function.

The TFIID complex is unstable in the ts mutants. To test
whether the integrity of the TFIID complex was affected in the
ts mutants, co-IP assays were conducted using WCEs prepared
from cells before and after shift to 37°C. The cells used in these
experiments were from the same cultures used for the mRNA
analyses described above (Fig. 3). Tafp stability was relatively
insensitive to shift to 37°C (Fig. 4A, Input, lanes 1 to 20),
although Taf1p steady-state levels were lower in Ts21 and Ts48
cells (compare Taf1p signal in lanes 5, 10, 15, and 20). Taf1p
was efficiently immunoprecipitated from all strains (lanes 21 to
40). In the WT yeast strain all TFIID subunits coprecipitated
with Taf1p (lanes 21 to 25). In contrast, with the mutants, the
integrity of the TFIID holocomplex was affected to various
degrees. The Ts47 mutant, like WT, showed coprecipitation of
all TFIID subunits (lanes 31 to 35), whereas with Ts48, only
TBP and Taf7p (and trace amounts of Taf12p) coprecipitated
with Taf1p (lanes 36 to 40) even at time zero, indicating a very
strong effect of the five mutated residues of region 4 in Ts48 on
Tafp-Tafp interactions (Fig. 4A, lane 36). The association of
Taf1p with only Taf7p and TBP but not the other Tafps is
consistent with the co-IP results seen for �4Taf1p in Fig. 1
(lane 23). With Ts21, an intermediate effect was observed;
decreased Taf1p association of Taf6p, Taf9p, Taf10p, Taf13p,
and Taf14p and TBP was observed (Fig. 4A, lanes 26 to 30).
From these co-IP experiments, it appeared that, in the ts mu-
tants, especially the Ts48 mutant, TFIID had either dissociated
into “free” Tafps or had split into discrete subcomplexes of
Tafps of unique constitution.

If the latter hypothesis were correct, then we should be able
to detect such subcomplexes by appropriate co-IP studies.

FIG. 2. The Taf1p-region 4 polypeptide alone nucleates assembly
of a partial TFIID complex in vivo. (A) Schematic representation of
Taf1p (top) and region 4 (amino acid residues 200 to 303; bottom).
The gray and the hatched boxes represent the NLS (PKKKRKV) and
HA3 tag, respectively, of the expression vector fused to region 4 coding
sequence and expressed from a GAL enhancer-promoter on a 2�m
plasmid. (B) Co-IP analysis of TAF proteins associated with Taf1p-
region 4. WCEs were prepared from yeast cells expressing empty
vector containing the NLS and HA3 tag only (Empty Vector) or vec-
tor–NLS-HA3–region 4 sequence (Vector Region4) and precleared
with protein A beads. Immunoprecipitates were formed from these
precleared WCEs by using anti-HA immunoglobulin G bound to pro-
tein A beads. The resulting immunoprecipitates were fractionated by
SDS-PAGE, blotted, and probed with specific antibodies as indicated
(left). Input (I) lanes represent 1% of the total WCE used for each IP;
pellet (P) lanes represent the total immunoprecipitated material.
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Consequently, we conducted co-IP experiments with antibod-
ies to Taf4p, using the same WCEs as used in the Fig. 4A
experiment. Taf4p was selected for several reasons: it is TFIID
specific, total Taf4p levels did not change over the time course

of this experiment, Taf4p was dissociated from Taf1p in the
Ts48 mutant, and finally, Taf4p has been shown by others to be
able to interact with other Tafps (60, 66, 74). The results of this
anti-Taf4p co-IP study are shown in Fig. 4B. Taf4p was effi-

FIG. 3. Mutations in Taf1p-region 4 induce both temperature-conditional growth and transcriptional defects. (A) Location of mutations induced by
error-prone PCR in three different variants of Taf1p-region 4. The three white bars represent the Taf1p-region 4 coding region corresponding to amino
acids 199 to 303, and the location and identities of the WT and mutated amino acids are marked by dark vertical lines where the letters and numbers
indicate the positions of mutations (first letter is WT residue and last letter is mutated residue) in Ts21, Ts47, and Ts48. (B) Growth characteristics of
WT and mutated strains at permissive (30°C) and nonpermissive (37°C) temperatures. Equal numbers of cells from each of the indicated strains (left)
were serially threefold diluted and spotted on minimal medium (increasing dilutions from left to right); plates were incubated at the temperatures
indicated for 4 days (30°C) or 7 days (37°C) and photographed. WT, WT cells; WT-r, reconstructed WT strain; Ts21, Ts47, and Ts48, region 4 mutant
yeast strains. (C) Effect of shift in temperature on growth of WT and mutant cells in liquid cultures. Equal numbers of cells were grown to log phase at
permissive temperature, split into halves, and harvested by centrifugation, and each culture was transferred to either 30 or 37°C as shown at the top;
arrows indicate the time point at which cells were pelleted and resuspended at 30 or 37°C. Cell counts were determined at the times indicated using a
hemocytometer. (D) Slot blot hybridization of total RNA to measure poly(A)� mRNA content. Serial threefold dilutions of RNA (10 to 0.33 �g) were
blotted and probed with end-labeled 32P-oligo(dT20). Slot blot analyses were done in triplicate, and intensities from 3.3 to 0.33 �g of RNA spots were
averaged; only a single analysis for each strain is shown. (E) Normalized amounts of poly(A)� RNA in yeast strains were obtained by calculating the ratio
of the slot blot intensities to the relative amounts of RNA recovered from equal numbers of cells in each strain (WT, 35.5 pg/cell, 100%; Ts21, 110.4%;
Ts47, 106.9%; and Ts48, 113.6%). (F) Effect of Taf1p-region 4 ts mutations on TFIID-dependent gene transcription. (Top) Effect of temperature shift
on transcription of various mRNAs in cells expressing WT and region 4 mutant alleles. Total RNA was prepared from cells grown for the indicated time
(in minutes) at 37°C. Equal microgram amounts of these RNAs were gel fractionated, blotted, and probed with the 32P-labeled DNA probes indicated.
Fold changes were normalized to total rRNA scored by staining blots with methylene blue. (Bottom) RNA blot analysis of TAF1 ts2 mutant and its
congenic WT strain. RNA samples prepared from cells at time zero and 60 min after temperature shift to 37°C were gel fractionated and probed with
radiolabeled cDNA probes as described above.
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FIG. 3—Continued.

VOL. 24, 2004 SCAFFOLD FUNCTION OF Taf1p IN TFIID ASSEMBLY 4935



FIG. 4. Effect of temperature shift on TFIID integrity in WT and
TAF1 region 4 mutant strains. WT and ts mutant cells (as indicated,
top) were grown to log phase at 30°C and shifted to 37°C. Cells were
collected at 0, 15, 30, 45, and 60 min after the temperature shift (top),
WCEs were prepared and normalized to total protein content, and
equal amounts of total protein were used for co-IP assays with anti-HA
antibody (MAb 12CA5) (A) or anti-Taf4p antibodies (B). Immuno-
precipitates were fractionated by SDS-PAGE and blotted, and specific
antibodies (left) were used to probe the blots as detailed for Fig. 1 and
2. The same precleared lysate was used for all IPs. Input lanes repre-
sent 1.5% of the total precleared lysate; pellet lanes contain approxi-
mately 15% of the immunoprecipitate. (C) Summary of the results of
the two sets of co-IP experiments; dashed lines denote reduced
amounts of association as scored by co-IP.
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ciently immunoprecipitated from all strains (Fig. 4B, lanes 1 to
20, rows labeled Taf4p). In the WT, all the tested Tafp subunits
efficiently coprecipitated with Taf4p (lanes 1 to 5). Similarly,
and in agreement with the previous co-IP with Ts47, all the
tested Tafps coprecipitated with Taf4p (Fig. 4B, lanes 11 to
15). In the Ts48 samples, neither Taf1p, Taf7p, nor TBP effi-
ciently coprecipitated with Taf4p (Fig. 4B, lanes 16 to 20) while
all the other TFIID Tafps did. These results are consistent with
the notion that TFIID in Ts48 cells could split into at least two
subcomplexes, one containing Taf1p, TBP, and Taf7p and the
other containing Taf4p and the remaining Tafps (compare Fig.
4A, lanes 36 to 40, and Fig. 4B, lanes 16 to 20). Slightly less
Taf7p, Taf8p, and TBP were Taf4p associated in Ts21 WCE
(lanes 6 to 10). These results for Ts21 were somewhat surpris-
ing, since this mutant did not display drastic dissociation of
Tafps in the Taf1p co-IP experiment presented in Fig. 4A.

A schematic summarizing the results of these co-IP experi-
ments is presented in Fig. 4C. The data are consistent with the
idea that mutation of Taf1p-region 4 resulted in an unstable
TFIID complex and that Tafps could dissociate from the
TFIID complex at a nonpermissive temperature. Indeed, mu-
tations in the Ts48 mutant had the most profound effect on
TFIID integrity, apparently “splitting” TFIID into two sub-
complexes under the conditions of our co-IP experiments. This
effect was observed even when WCEs were prepared from cells
grown at a permissive temperature where no large growth
deficiencies were observed. Decreased affinities of Tafp-Tafp
association could explain the conditional growth and transcrip-
tional defects of our ts-TAF1 strains.

Taf1p and Taf4p co-occupy the RPS5 promoter in Ts48
cells. To further explore the hypothesis that region 4 mutation
decreased Taf1p-Tafp affinity-stability, we conducted an in vivo
serial ChIP-ChIP assay. This ChIP-ChIP study should allow us
to test whether both Taf1p and Taf4p (putative cognate sub-
complexes [Fig. 4C]) resided upon the same promoter in WT
and Ts48 cells. For ChIP-ChIP assays, we first immunoprecipi-
tated Taf1p using anti-HA antibody followed by elution of the
immunoprecipitated chromatin with HA peptide and a second
IP with anti-Taf4p antibodies. The occupancy of TFIID on the
constitutively expressed TFIID (Taf1p)-dependent RPS5 gene
promoter was determined by quantitative real-time PCR. We
reasoned that, if in vivo TFIID was intact on gene promoters,
then both Taf1p and Taf4p should be cross-linked to the pro-
moter in WT and Ts48 cells. Such promoter occupancy in vivo
is readily scored by quantitative PCR analysis of the immuno-
precipitated DNAs. We observed that comparable amounts of
DNA were coprecipitated with Taf1p in the WT and Ts48
mutant samples with anti-HA antibody (Fig. 5A). In the sec-
ond IP performed with anti-Taf4p antibody, we again observed
enrichment of the RPS5 promoter in both strains, indicating
that, in a significant fraction of cells, both Taf1p and Taf4p are
resident on the RPS5 promoter in strain Ts48. These data are
consistent with the idea that Ts48 cells actually contain an
intact TFIID holocomplex.

WCE prepared from Ts48 cells contains intact TFIID. To
directly address the question of TFIID holocomplex integrity
in WT and Ts48 cells, we performed gel filtration chromatog-
raphy experiments to size TFIID in WCEs derived from these
two cell types. If the TFIID complex was split into two sub-
complexes as observed in the co-IP experiments, then Taf1p

and Taf4p would not coelute. TFIID elution was monitored by
immunoblotting column fractions with antibodies to five
TFIID-specific subunits. We found that TFIID eluted in the
same fractions in both the WT and the Ts48 strains (Fig. 5B)
with elution profiles consistent with our earlier sizing analyses
of TFIID (62). Thus, results from two different and indepen-
dent assays, ChIP-ChIP and gel filtration, indicated that the
TFIID complex in the Ts48 mutant was in fact intact even
though our co-IP experiments (Fig. 4) showed that there were
significant differences in the strength of Tafp-Tafp interactions
between the WT and mutated Taf1p-region 4.

Region 4 directly binds to Taf4p and Taf6p. To reveal the
identity of the Tafp(s) that might be directly interacting with
Taf1p, we performed systematic two-hybrid screens using an
overlapping family of 11 gene fragments spanning the entire
TAF1 ORF sequentially fused to the DBD of Gal4p as “bait.”
Yeast genomic DNA Gal4p-activation domain (AD) fusion
libraries (31) were screened against this family of 11 DBD-
Taf1p bait molecules. Only those proteins showing interaction
with the Taf1p-region 4 DBD bait are discussed here. Roughly
107 individual colonies were screened, and two Tafp-encoding
genes, TAF4 and TAF6, were identified. DNA sequencing in-
dicated that both TAF4 and TAF6 AD fusion clones carried
essentially full-length genes (data not shown). The interactions
of Taf4p and Taf6p with Taf1p-region 4 were specific, as both
required bait and prey plasmids (Fig. 6A). The two-hybrid bait
used for these screens lacked 31 amino acid residues at the
N-terminal end and had an additional 92 amino acid residues
at its C-terminal end compared to the deletion mutation in
�4Taf1p. The fact that Taf1p-region 4 interacts with other
Tafps is consistent with the hypothesis that region 4 of Taf1p
encodes sequences essential for TFIID integrity and function.

To test whether the interactions observed in our two-hybrid
assays directly involved Taf1p-region 4 amino acids (i.e., amino
acids 200 to 303) identified by our genetic and biochemical
assays, we conducted a series of GST pull-down experiments.
Recombinant Taf4p and Taf6p were expressed in E. coli, and
the resulting cell extracts were incubated with either bead-
bound GST alone or bead-bound region 4-GST fusion proteins
(WT and Ts21, Ts47, and Ts48) for pull-down assays (Fig. 6B).
Tafp-Taf1p-region 4 interactions were scored by SDS-PAGE
and immunoblotting of bead-bound proteins. Taf4p specifically
interacted with GST-region 4 protein (Fig. 6B, compare lanes
2 to 5 with lane 1). Interestingly, all the mutant region 4-GST-
fusion proteins reproducibly bound less Taf4p (12 to 55% of
WT level) than did the WT protein, indicating an effect of
these mutations on the affinity of Tafp-Tafp interactions. Sim-
ilar results were obtained with Taf6p; we observed that less
Taf6p associated with mutant GST-region 4 than with WT
GST-region 4. Taken together, the data presented in Fig. 6
support the hypothesis that at least two integral TFIID Tafps
directly and specifically interact with region 4 of Taf1p, results
consistent with the notion that this domain of Taf1p contrib-
utes critically to TFIID stability and hence function.

DISCUSSION

Structural insights into the organization of the TFIID com-
plex. Since our first report in 1997 on the structure-function
relationships of TAF1 (5), a more complete picture of the
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TFIID complex has emerged. New TFIID-specific Tafps have
been identified (33, 34, 60, 65, 75), novel Tafp-Tafp interac-
tions have been described (22, 23, 63, 66, 81), and low-resolu-
tion three-dimensional structures of the TFIID complex have
been determined (2, 11, 39, 40, 48). In this study, we have per-
formed a comprehensive analysis of all the TFIID components
associated with Taf1p using co-IP assays and our family of
Taf1p deletion mutants that encompass the entire TAF1 ORF.
As monitored by this assay, full-length WT Taf1p efficiently
precipitated along with TBP and the 13 additional Tafp sub-

units that represent holo-TFIID (Fig. 1). Certain deletion mu-
tants exhibited significantly reduced amounts of holo-TFIID.
Based on these co-IP results, a more detailed picture of Taf1p-
TBP (5, 7, 73) and Taf1p-Tafp subunit interactions has emerged.
Our biochemical and genetic approach for studying the role of
Taf1p in TFIID structure, as detailed in this report, has been
fruitful, not only confirming known subunit-subunit interac-
tions but also providing new information regarding the physical
and structural organization of these subunits within TFIID.

It is clear that in the context of the TFIID complex TBP

FIG. 5. TFIID is intact in WT and Ts48 cells. (A) Measurements of Taf1p and Taf4p co-occupancy on the RPS5 gene promoter analyzed by
sequential ChIP (ChIP-ChIP). Sheared formaldehyde cross-linked WT and Ts48 chromatin preparations were subjected to a first IP with anti-HA
(Taf1p) antibody. Immunoprecipitated Taf1p-DNA complexes were eluted with HA peptide, and a second IP was performed on this eluted
material with anti-Taf4p antibodies. Aliquots of both immunoprecipitates were analyzed by real-time quantitative PCR, and results were
normalized and plotted as RPS5 gene promoter enrichment over DNA PolI (POL1) ORF. (B) Gel filtration of TFIID extracted from WT and Ts48
cells. Equal aliquots of alternate fractions from gel filtration chromatography of WT and Ts48 WCE were trichloroacetic acid precipitated,
fractionated by SDS-PAGE, and blotted, and different TFIID-specific Tafps were detected with specific antibodies (left). The WCE input (I) and
column fractions analyzed are indicated (bottom); the elution positions of various size markers run in parallel are shown (top).
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interacts predominantly with the N-terminal domain of Taf1p.
This interaction has been the subject of intense investigation,
and results of our systematic Taf1p (WT and mutant)-TBP
co-IP analyses are consistent with previous results from genetic
and biochemical studies as well as our recent three-dimen-
sional structure of yeast TFIID (40). For example, our co-IP
results showing that less TBP is coprecipitated with �3Taf1p
predicted additional interactions between Taf1p and TBP over
and above TAND-TBP binding. This prediction has now been
independently confirmed by a report published while the
manuscript was being revised. Kokubo and colleagues showed
that another Taf1p sequence termed TAND3 (amino acids 82
to 139) interacts with TBP (73). Part of TAND3 is deleted in
our �3Taf1p mutant (amino acids 101 to 208 deleted). Thus,
our co-IP results have strong predictive value for the structural
features of TFIID organization.

Similarly, our data have afforded us greater structural insight
into Taf1p-Taf7p interactions within the TFIID complex.
Taf7p interaction with the C-terminal portion of Taf1p has
previously been reported in yeast two-hybrid interaction (81)
and recently by electron microscopy structural mapping (40).
However, our co-IP experiments on Taf1p further extend these
findings by showing that Taf7p makes multiple contacts with
the C-terminal end of Taf1p (Fig. 1). In addition, Taf7p’s
interaction with Taf1p is independent of the remaining TFIID
subunit Tafp-Tafp interactions mediated through Taf1p-region
4, since in �4Taf1p co-IP experiments normal amounts of
Taf7p coprecipitated with �4Taf1p (Fig. 1). Moreover, the
co-IP results with �4-, � 5-, and �6Taf1p also demonstrated a
possible interaction among Taf2p, Taf8p, and Taf14p subunits
of TFIID, which to our knowledge has not yet been described.
Thus, using our co-IP approach, we have unveiled novel struc-
tural features of Tafp-Tafp interactions in the TFIID complex.

Haploid yeast cells containing Taf1p mutants �8-, �9-, �10-,
�11-, �12-, �13-, �15-, and �16Taf1p are inviable despite the
association of all TFIID subunits with the mutant Taf1ps.
Therefore, in addition to contributing critically to TFIID as-
sembly and TFIID stability, Taf1p must also play other signif-
icant nonstructural roles in TFIID function. The HAT activity
of yeast Taf1p has been roughly mapped to the central con-
served domain (amino acids 354 to 817) of the protein (46).
Portions of the central conserved domain are deleted in mu-
tants �5- to �13Taf1p, thus suggesting that this HAT function
could be one of the nonscaffold functions of Taf1p. The Taf1p
domain defined by �16 has been implicated in promoter
(DNA) binding by others (44). Taken together, these results
underscore the modular nature of this protein. Taf1p contains
at least five functional domains: the composite tripartite N-
terminal TAND that binds TBP; a TFIID assembly domain
(localized around region 4); a Taf7p binding domain, distrib-
uted through region 8, region 10, region 15, and region 16; a
HAT enzyme active center that abuts the TFIID assembly
domain (region 5 to region 13); and a promoter recognition
domain (region 16). Collectively, these data indicate that
Taf1p plays multiple critical roles in TFIID function. The most
important structural insight from our experiments has been the
discovery that Taf1p-region 4 plays an essential role in TFIID
assembly and stability.

Taf1p-region 4 is essential for TFIID assembly and stability.
The assembly-stability or scaffold function of Taf1p critically

depends on region 4, since deletion of this domain resulted in
the loss of holo-TFIID. This loss of TFIID integrity was not
due to nonspecific or trivial effects; the Taf1p protein encoded
by taf1-�4 was not simply globally unfolded because both
Taf7p and TBP retained the ability to associate with �4Taf1p.
Further supporting a specific scaffold function for region 4 are
our data showing that, when expressed in yeast cells, Taf1p-
region 4 alone nucleated the assembly of several Tafps into a
partial TFIID complex (Fig. 2), a result that supported a direct
role for this domain of the protein in the scaffold-assembly
function of Taf1p. Comparable detailed protein-protein inter-
action studies with metazoan Taf1p have not yet been re-
ported; thus, it remains to be determined whether a similar

FIG. 6. Direct interaction of Taf1p-region 4 with Taf4p and Taf6p.
(A) Yeast two-hybrid interactions between DBD-Taf1p-region 4 bait
and Taf4p- and Taf6p-AD fusion proteins. Yeast strains harboring
either no bait (�) or a Taf1p-region 4 (Reg4)-containing DBD bait
(amino acids 235 to 395) and either empty AD vector (�), AD-Taf4p,
or AD-Taf6p were plated on appropriate selection medium containing
3 mM 3-aminotriazole. Equal numbers of cells for each strain were
serially threefold diluted and spotted on plates (dilutions top to bot-
tom). Cells expressing full-length Gal4p served as a positive control.
(B) Taf4p and Taf6p interact directly with (GST-)region 4. E. coli
carrying either Taf4p or Taf6p expression plasmids was induced with
IPTG as detailed in Materials and Methods, and bacterial cell extracts
were prepared. Equal amounts of precleared E. coli cell lysates were
incubated with equal amounts of GST or region 4-GST fusion proteins
(bottom) bound to glutathione-agarose beads. Pellets containing GST-
bound proteins were fractionated by SDS-PAGE, blotted, and probed
for Taf6p (top) or Taf4p (middle) binding by using antibodies to either
Taf6p or Taf4p (left).
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assembly domain exists in higher eukaryotes. A small amount
of TBP coprecipitated with the TFIID subcomplex formed on
Taf1p-region 4, most likely through interactions with Taf6p
and/or Taf12p (58, 60). In this regard, it is notable that C-
terminal truncation mutants of Taf1p that contain region 4
sequences have been found to form TFIID-like subcomplexes
(18, 44), though in these experiments not all the TFIID-Tafps
were probed for. In light of our data, we assume that region 4
most likely contributed critically to the assembly of these
TFIID subcomplexes. Surprisingly, in the study by Collart and
colleagues (18), TBP was dissociated from the complex despite
the presence of the TAND. Further experimentation will be
needed to understand whether these partial TFIID complexes
are functional in transcription.

The possibility of Tafp contamination through TFIID dimer-
ization (72) in our Taf1p-region 4 co-IP experiments was ruled
out through quantitative immunoblotting studies. These exper-
iments showed that not all the TFIID-specific Tafps coprecipi-
tated with Taf1p-region 4: for example, Taf1p, Taf2p, and
Taf8p were not detected in these immunoprecipitates. We also
note that no such dimer has yet been detected for yeast TFIID
by co-IP (14, 62), TFIID molecular sizing (62), or electron
microscopy (39, 40).

It is also notable that the expression of Taf1p-region 4 had
no dominant-negative effect upon growth even when a Leu2d-
based high-copy-number yeast expression vector (61) with a
highly inducible Gal promoter was used (data not shown). This
result is likely due to the fact that, even after galactose induc-
tion, cells carrying this Leu2d-region 4 plasmid did not accu-
mulate large quantities of the region 4 polypeptide. We esti-
mated the expression of region 4 polypeptide in the induced
cells by quantitative immunoblotting and found it to be �1,000
molecules per cell, only 20 to 30% the level of TFIID. We
assume that the low steady-state levels of region 4 peptide
reflect the fact that region 4-Tafp complexes are less stable
than the holo-TFIID complex because high-salt washes of
these immunoprecipitates induce greater complex dissociation
compared to that for the full-length Taf1p (i.e., TFIID [data
not shown]).

Consistent with the essential role played by Taf1p-region 4
in TFIID assembly, integrity, and cell viability, we were readily
able to generate temperature-conditional mutant alleles of
TAF1 that had molecular lesions in this region of the ORF.
Co-IP assays performed with these mutant strains revealed
striking effects of these mutations on the integrity of the TFIID
complex, effects that ranged from negligible in the Ts47 mutant
to profound in the Ts48 mutant. These data are summarized in
Fig. 4C, which depicts the results of co-IP experiments gener-
ated by using antibodies to Taf1p (anti-HA) and Taf4p. Al-
though in the co-IP experiments several Tafps, including
Taf4p, were found to be dissociated from holo-TFIID in a Ts48
WCE, ChIP-ChIP assays showed that both Taf1p and Taf4p
occupied a significantly large proportion of the RPS5 promot-
ers in Ts48 cells, suggesting the presence of an intact TFIID
complex in vivo. Gel filtration chromatography of WCE pre-
pared from WT and Ts48 cells further proved that indeed
there was intact TFIID holocomplex in these cells and that no
partial TFIID complex existed in Ts48 extracts, consistent with
our own previous published work (62, 63). We conclude that,
in the present study, the disruptive effects of mutations in

Taf1p-region 4 were accentuated in our co-IP experiments.
While slightly different buffers were used in the co-IP and gel
filtration experiments, the differences between the co-IP and
gel filtration results seem to originate from the reduced stabil-
ity of the TFIID complex during the co-IP studies, because
only TBP and Taf7p were associated with Taf1p of the Ts48
mutant when either buffer was used in co-IP experiments (data
not shown). In this regard, it is important to note that the
duration of gel filtration chromatography is only 45 min com-
pared to the approximately 16-h duration of the co-IP. We
believe that mutations in Taf1p-region 4 have significantly
weakened Tafp-Tafp interactions and that these weakened in-
teractions lead to dissociation of the TFIID complex during
the co-IP experiments. We assume that transferring Ts21,
Ts47, and Ts48 cells to 37°C exacerbates this decreased
strength of Tafp-Tafp interactions.

Given the functional nexus of multiple Tafps with Taf1p-
region 4, it is important to understand how this region con-
tributes to the TFIID assembly process. To assess this, we
conducted two-hybrid assays with a Taf1p fragment encom-
passing region 4; we found that this bait interacted with Taf4p
and Taf6p (Fig. 6). GST pull-down experiments confirmed the
direct interaction of Taf1p-region 4 with both Taf4p and
Taf6p. These data indicate that Taf1p-region 4 interacts with at
least these two Tafps to help form the TFIID holocomplex.
The association of a TFIID-specific Tafp (Taf4p) and a SA-
GA-TFIID-shared Tafp (Taf6p) could play a critical role in the
decision to assemble shared Tafps into either TFIID or SAGA.

Both human and yeast TFIID display a trilobed structure (2,
11, 39), and the HFD-containing Tafps have been mapped to
these lobes (39). Based upon our data, TFIID assembly can be
considered either as a cooperative process that is nucleated on
Taf1p or as a modular process where a subcomplex composed
of TBP, Taf1p, and Taf7p associates with another subcom-
plex(es), perhaps comprised of the remaining Tafps binding
either pairwise as dimers (i.e., HFDTafX-HFDTafY) (39) or as a
Taf-octamer-like core (66). Our co-IP results with the region 4
mutants appear consistent with the trilobular models of TFIID
structure (39, 40). Thus, the apparent “splitting” of TFIID can
be viewed as dissociation of both A and B lobes from a Taf1p-
Taf7p-TBP “core,” in the case of Ts48 (Fig. 4A), while in the
case of Ts21, only one of these lobes dissociates (Fig. 4A). We
do not presently know whether the partial TFIID complex
observed in the Ts48 mutant is a bona fide in vivo assembly
intermediate or simply the result of in vitro dissociation of
holo-TFIID. Our future work will address this issue.

The Ts47 mutant strain exhibited ts growth although TFIID
integrity in these cells was unaffected by shift to the restrictive
temperature. It is possible that critical conformational changes in
TFIID, required for proper functioning (17, 20, 22, 28, 30, 32, 50,
53, 71), are affected by the mutations in Taf1p-region 4 in the
Ts47 mutant. Alternatively, despite the fact that these mutations
did not result in total dissociation of the Tafps, they might have
sufficiently weakened Tafp-Tafp associations such that the result-
ing complex displays functional defects. Obviously, these models
are not mutually exclusive. It is important to note that none of the
isolated mutants had a single point mutation, suggesting that
multiple amino acid residues likely participate in specific Tafp-
Tafp interactions important for TFIID assembly, integrity, and/or
function. The most severe effect on TFIID integrity was observed
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in Ts48, a mutant that contains five missense mutations. We
observed effects on the steady-state transcript levels of several
TFIID-dependent genes when cells carrying region 4 mutations
were grown at the restrictive temperature. Mutations in this re-
gion of Taf1p may have broader effects on global transcription in
yeast. Planned gene array studies will examine whether the vari-
ous mutants of Taf1p-region 4 differentially affect global mRNA
gene transcription.

In summary, our study has systematically documented the
scaffold function(s) of yeast Taf1p. Further, our work has con-
tributed important new information regarding the structural or-
ganization of TFIID and the critical role played by Taf1p gener-
ally and Taf1p-region 4 specifically in this process. Our future
studies will be directed at understanding the effects of region 4
mutations on transcription, as well as elucidating in detail the role
of region 4 in the structure and organization of TFIID.
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