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THE factor TFIID is one of several gemeral factors that are
necessary and sufficient for transcription initiation by mammalian
RNA polymerase I1'%, Stable interactions with the common TATA
element™* lead both to template commitment and to the assembly
of the other general factors into a functional preinitiation com-

plex®®. Consistent with its key role in the promoter activation
pathway, human TFIID also seems to be a target for some regula-
tory factors, as evidenced both by physical®”® and functional®'?
studies of interactions between these components. The evolutionary
conservation of functional properties'>'* led to the purification
and cloning of yeast TFIID'5~', the identification of presumptive
structural motifs'>'?, and direct structure—function studies?’. Here
we report the cloning of a complementary DNA encoding a func-
tional human TFIID. This reveals an evolutionarily conserved core
which corresponds precisely to the 180-residue DNA binding/acti-
vation domain determined”® for yeast TFIID, a near absolute
conservation of component structural motifs (direct repeats, cen-
tral basic core/lysine repeat, and sigma homology), providing
further support for their functional importance, and a unique
N-terminal structure that suggests involvement in species-specific
regulatory factor interactions.

Overlapping human TFIID ¢cDNAs (Fig. 1) were cloned fol-
lowing polymerase chain reaction (PCR) amplification with
minimally degenerate primers that were chosen from the yeast
TFIID core domain previously shown to be necessary and
sufficient for DNA binding® and to be conserved in Schizosac-
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domain (amino acids 155-335, boxed) 501 TAT CCC TCC CCC ATG ACT CCC ATG ACC CCC ATC ACT CCT GCC ACG CCA GCT TCG GAG AGT
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METHODS. A novel computer program 621 GAC CTA AAGC ACC ATT GCA CTT CGT GCC CGA AAC GCC GAA TAT AAT CCC _AAG_CGG T1T GCT
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mum degeneracy of oligonucleotides 681 GCG GTA ATC ATG AGG ATA AGA GAG CCA CGA ACC ACG GCA CTG ATT TTC AGT TCT GGG _AAA
necessary to specify five amino-acid 195 AV T M R I R E P R T T A L T F s s G K
stretchesW|th|nf£h2(elpreV|0uslymapped 742 ATG GTG TGC ACA GGA GCC AAG AGT GAA_GAA CAG TCC AGA CTG GCA GCA AGA AAA TA cT
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as primers to amplify DNA fragments
801 AGA GTT GTA CAG AAG TTG GGT TTT CCA GCT AAG TTC TTG GAC TTC AAG ATT CAG AAC ATG
b_y PClz:zsfrpmaNamalwa cell cDNA 235 TV e I T 5 F 5 T bR TR I e R W
library“®. Five candidate products were
selected on the basis of expected size 861 GTG GGG AGC TGT GAT GTG AAG TTT CCT ATA AGG TTA GAA GGC CTT GTG CTC ACC CAC CAR
and cross-hybridization to yeast TFIID 255 v 6 s ¢ Dp v x F P? I R L ® 6 L V L T H Q
prc?beszaltstandarq low stringency con- 921 CAA TTT AGT AGT TAT GAG CCA GAG TTA TTT CCT GGT TTA ATC TAC ARGA ATG ATC AAA £0F
ditions**. Sequencing of the subcloned 275 Q F s s Y E P E L F P G L I Y R M 1 K P
fragments revealed one that encoded .
. . . AGA ATT GTT CTC CTT ATT TTT GTT TCT GGA AAA GTT GTA TTA ACA GGT GCT AAA GTT AGA
a polypeptide W!th a h'gh sequence 285 R I v L L b ¥ v s G X v v L T G A X v
homology to amino acids 91-161 of
the S. cerevisiae TFUD. This insert was 1041 GCA GAR ATT TAT GAA GCA TTT GAAR AAC ATC TAC CCT ATT CTA AAG GGA TTC AGG AAG ACG
used to screen 10° recombinants from 315 A E® T ¥ ®B A F E®E N I Y ® I L X & F R Kk T
the same library under 215tandard 1101 ACG TAATGGCTCTCATGTACCCTTGCCTCCCCCACCCCCTTCTTTITTITTTTTTTTAAACAAATCAGT
high stringency conditions®*. Three 355 T OcH
i f 1,254 an
Independentdoneso 1'25_8' g . d 1179 CCTTTAAATGGTCGTGTTGTGAGAAGATGGATGTTGAGTTIGCAGGGTCTSGGCACCAGGTGATSCICTTCTOTAAGTACS
1,232 bp were sequenced in both direc-
tions using the chain termination 1258 CACCGCGGGATGCCGGGAAGGGGCATTATTTGTGCACTGAGAACACCGCGCACGTGACCTGTGAGTTGCTCATACCOTS
method. One contained a poly(A) tail
s poly(A) 1337 CTGCTATCTGGGCAGCGCTGCCCATTTATTTATATGTAGATTTTARACACTGCTGTTGACAAGTTGGTTTGAGGOATAA
685 bp 3’ of the TFIID ORF stop codon,
whereas another contained the full ORF 1416 AACTTTAAGTGTTAAAGCCACCTCTATAATTGATTGGACTTTTTAATTTTAATGT TTTTCCCOATGAACTACAGTT
as evidenced by a start codon (ATG) in
. 1495 ATATTTCTACCAGAAAAGTAAAAATCTTTTTTAAAAGIGTTGTTTTTCTAATTTATAACTCCTAGGSGGTTATTICTGTS
the correct reading frame preceded by ! '
stop codons (boxed) in the same read- 1574 CCAGACACATTCCACCTCTCCAGTATTGCAGGACAGAATATATGTGTTAATGAAAATGAATGGCTGTACATA
ing frame.
1653 CITTCTTCAGAGTACTCTGTACAATAARATGCAGTTTATAAAARAAAAAAMAAAAAARAA 1710
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charomyces pombe TFIID?!. The combined sequence contains
a 335-residue open reading frame encoding a polypeptide of
calculated relative molecular mass (M,) 37,160. Southern blots
with short RNA probes showed hybridization with several high
M, placental DNA fragments, indicative either of several
homologous genes or of a complex intron-exon structure (as
observed for Schiz. pombe®' and Arabidopsis**), whereas RNase
protection assays indicated a low abundance of uniform length
transcripts (data not shown).

Several assays showed that the cloned cDNA encodes a func-
tional TFIID with TATA-box-binding and basal-level-transcrip-
tion activities. A polypeptide (p38) of apparent M, 38,000 was
generated from expression of the cDNA in bacteria (data not
shown) or translation of cDNA-derived transcripts in a
reticulocyte lysate (Fig. 2a). Polypeptide p38 bound specifically
to the TATA element of the adenovirus ML promoter as shown
by the different sensitivities of two p38-dependent complexes
to oligonucleotides with normal or mutant TATA sequences
(Fig. 2b). One of these complexes was indistinguishable from
the complex formed with natural human TFIID, whereas the
second had a faster mobility; this suggests that the translated
p38 protein may not be structurally equivalent to natural TFIID
and/or that p38 may interact with or be modified by factors in
the lysate.

When analysed in a cell-free transcription system recon-
stituted with general factors from HeLa cells, both the lysate-
derived (Fig. 2¢) and the bacterially expressed (Fig. 2d) human
p38, as well as bacterially expressed yeast TFIID (Fig. 2d),
could mediate basal level transcription as effectively as natural
human TFIID. In contrast, although the stimulatory effect of
the human transcriptional activator USF (which binds upstream
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FIG. 2 In vitro expression and function of the human ¢cDNA-encoded TFIID.
a SDS-PAGE analysis of [*°S]methionine-labelled TFIID produced in
reticulocyte lysate. Lysates were programmed with no RNA (lane 1) or human
TFIID cDNA-derived mRNA (lane 2). The size of the labelled TFIID polypeptide
(arrow) based on size markers (not shown) is M, 38,000. b, Site-specific
binding of expressed and native human TFIID. Gel shift assays with a major
late promoter (MLP) fragment contained: lane 1, no protein; lane 2, control
lysate with no RNA; lanes 3-9, lysate programmed with human TFIID mRNA;
lanes 10-12, amino-octyl fraction of native human TFIID*. Unlabelled oligonu-
cleotides (MLP, positions —45 to —15) contained either a wild type (w) or
a mutant {m) TATA box (as indicated) and were added as competitors in
the nanogram amounts indicated above each lane. The bold arrow and the
upper thin arrow indicate human TFHD specific complexes whereas the lower
thin arrow indicates a nonspecific complex formed by a component in the
lysate. ¢, Transcriptional activity of expressed human TFIID in a reconstituted
system. Reactions containing an MLP template (pSmaF) and partially purified
factors TFIIB, TFIIE/F and RNA polymerase iI°° were complemented with
buffer (lane 1), DES2 fraction of human TFIID* (hliD) (lane 2), unprogrammed
lysate (lane 3), and lysate programmed with human TFIID mRNA (lane 4).
Specific transcripts measured by primer extension are indicated by the
arrow. d USF-stimulated transcription with human TFIID. Reactions containing
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of TATA on the ML promoter’) was readily apparent with native
human TFIID, no detectable enhancement was observed with
the bacterially expressed yeast or human TFIID polypeptides
(Fig. 2d). Possibly related to this difference, the native human
TFIID showed transcripts in the guanosine(G)-less cassette
assay indicative of multiple initiations on the same template
(Fig. 2d legend), whereas the bacterially expressed proteins did
not.

Figure 3b details, and Fig. 4 summarizes schematically, a
comparison of the human TFIID sequence with TFIID sequen-
ces from Saccharomyces cerevisiae, Schiz. pombe®', Arabidopsis
thaliana® and Drosophila melanogaster (M. Muhich, C. lida
and C. Parker, unpublished observations). There is a remarkable
degree of sequence conservation (=80% identity) and complete
colinearity between the ~180-residue C-terminal regions of the
factors. Moreover, this region correlates exactly with the region
of 8. cerevisiae TFIID previously shown®® to be necessary and
sufficient for TATA box binding and core promoter transcrip-
tion. Altogether, these observations clearly argue for a conserved
TFIID ‘core’ which explains the evolutionary conservation of
TFIID function.

The TFIID core also contains the structural motifs (Fig. 3b,
Fig. 4) noted previously'>'® and in the accompanying paper?'.
The residues comprising these elements show an even more
striking (near absolute) conservation from yeast through to
humans, which argues strongly for a conservation of func-
tional roles as follows. First, there are direct repeats'® which
allow an element of symmetry in the folded TFIID molecule.
This has been proposed to be important for DNA binding, both
by analogy to the dimeric structure of other site-specific DNA
binding proteins and on the basis of mutational analysis®® (T.Y.,
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an adenovirus MLP template with upstream sequences (—400 to +10)
attached to the 380-bp G-less cassette pML(C,AT)*® and Hela factors TFIIB,
TFIIF/F, and RNA polymerase !l were complemented with buffer (lane 1),
DE52 fraction of native TFIID (lanes 2, 3), aminc-octyl fraction of native
TFID (lanes 4, 5) and purified bacterially expressed yeast (lanes 6, 7) or
human (lanes 8, 9) TFIID. A DE52 fraction of huamn activator USF® was
present in lanes 3, 5, 7 and 9. Transcription from the G-free cassette was
in the absence of GTP; the upper arrow indicates the full length cassette
transcript resulting from specific initiation at +1 whereas the shorter
~30-bp spaced bands (lanes 2-5) are indicative of multiple initiations on
the same template®®. The lower arrow indicates the position of a labelled
DNA fragment added as an internal standard.

METHODS. A human TFIID ¢cDNA {containing nucleotides 1-1,258) in Blue-
script SK was transcribed with T7 RNA polymerase and derived RNA was
translated in rabbit reticulocyte lysates (Promega) after heat denaturation.
Mobility shift assays® and primer extension®® and G-free cassette®® tran-
scription assays were performed as previously described. S. cerevisiae and
human TFID cDNAs containing the coding regions were expressed in bacteria,
and lysates were prepared as previously described®. The recombinant yeast
(p27) and human (p38) TATA factors were purified to near homogeneity.
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unpublished results). Second, there is a sigma homology
region'®, which overlaps the C-terminal direct repeat and intro-
duces an element of asymmetry into the direct repeat structure.
This region of TFIID has been implicated in TATA box binding
by deletion®® and point mutagenesis studies (T.Y., unpublished
results) and we have suggested that it could provide the primary
determinants for the specificity of DNA binding. Third, there
is a repeat of basic residues'® (notably lysines) in the central
basic core connecting the direct repeats that has the potential
for formation of an «a-helix with basic residues on one face.
Mutagenesis studies indicate that individual basic residues are
required neither for DNA binding nor for basal transcription
(T.Y., unpublished results), consistent with our earlier sugges-
tion'® that they might interact with certain types of activators.
Fourth, there are myc homologies, noted first by Gasch et al.*?
for the Arabidopsis and yeast proteins, between regions of TFIID
and the helix-loop-helix domains of a myc-related family of
regulatory proteins. As discussed by these authors, this raises
the possibility that these regions are important either for
homotypic interactions within TFIID or for heterotypic interac-
tions with distinct regulatory factors.

In striking contrast to the conserved C-terminal regions, the
N-terminal regions of TFIID differ markedly both in size and
sequence (Fig. 4). The human TFIID N terminus lacks the high
density of charged residues previously noted’! in yeast TFIID,
but contains obvious structural features that could be func-

tionally related to similar structural motifs in other regulatory
factors. These include (see Fig. 3a): a region containing 34
consecutive glutamines (the Q-run) flanked by two regions (STP-
1 and STP-2) rich in serine (S), threonine (T) and proline (P)
residues. The latter show a general similarity to Ser, Thr, (Pro)-
rich regions in regulatory proteins like SP1** and GAL11*,
whereas the Ser-Pro, Thr-Pro and Tyr-Pro/Pro-Tyr repeats
(usually preceded, followed or interspersed with an Ala, Ile,
Leu or Met residue) are reminiscent of the reversibly phosphory-
lated heptad repeat (Tyr-Ser-Pro-Thr-Ser-Pro-Ser) in the largest
subunit of RNA polymerase IT?°. Similarly the Q-run and adja-
cent Gln-rich regions resemble polyglutamine and Gln-rich
regions present in other factors®>**?® and implicated, in some
cases, as activation domains>?’. These regions might well serve
as interfaces for intermolecular protein-protein interactions.
Yeast TFIID structure-function studies?® and comparative
sequence analyses (Fig. 3) suggest that the human TFIID N
terminus is not essential for basal transcription functions. Unlike
natural human TFIID*»7!%!2 however, neither bacterially
expressed yeast nor human TFIID seem capable of mediating
the normal functions of certain activators (like USF) in recon-
stituted cell-free systems (Fig. 2d; M. Meisterernst, unpublished
observations). This suggests that the human N terminus might
be involved in mediating regulatory factor interactions, either
with TFIID itself or with other general factors, and that these
functions might be encoded in separate factors (such as GAL11)

a
human
53EEQQRIQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQlAVAAAAVQQ 100
01 S8 0 0ATQGCGTSGQOAPQLFHS QT LT TAPLEGT TP LYPSPMTPMTPITPATPASES 154
b
human 214
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Arabidopsis 1 19 T D A Q K A 78
Arabidopsis 2 19 T D A Q K A 78
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FIG. 3 The human TATA factor consists of a highly conserved TFIID core
domain and a unique N-terminal structure. a, The amino-acid sequence of
the nonconserved N-terminal region of the human TATA factor (single-letter
amino-acid code). The potentially interesting primary structure motifs high-
lighted include a glutamine repeat (boxed) which is flanked by two regions
(STP-1 and 2) that are rich in serine, threonine, and proline and characterized
by triplets (underlined) containing Ser-Pro, Thr-Pro, and Pro-Tyr/Tyr-Pro pairs
preceded or followed by a Met, lle, Leu, or Ala residue. Alternative arrange-
ments of repeating triplets (such as Pro-Met-Thr, Pro-lle-Thr) are also
possible. b, The sequence of the human TFIID core domain is displayed in
the top line, whereas the lower lines show only amino acids that differ in
the TFIID sequences from other species. Putative structural domains that
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are discussed in the text are indicated as follows: (1) direct repeats, long
arrows indicate regions containing the two interrupted repeats whose con-
stituent residues are shaded; (2) basic repeat, solid circles (lysines) and
open circles (arginines) indicate residues in the central basic core which lie
on one face of potential a-helical structures; (3) sigma homology, the region
with an overall sequence similarity to the sigma 2.3 and 2.4 domains
is indicated by brackets while solid inverted triangles denote residues,
in two small regions, that correspond to those most highly conserved
in the 2.4 regions of various sigma factors. The regions with sequence
similarities to the helix-loop-helix proteins (Gasch et al??) extend from
residues 201 to 220 in direct repeat 1 and from 269 to 314 in direct
repeat 2.
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FIG. 4 Evolutionary conservation of the TATA factor primary structure. The
degree of sequence identity (relative to human) within the conserved C-
terminal core domains of the TFIIDs from human, Drosophila (M. Muhich, C.
lida, C. Parker, unpublished results), Arabidopsis®, Schiz. pombe®* and S.
cerevisiae® are summarized. Also indicated are the positions in the core
of the structural domains discussed in the text. The N-terminal regions of
these proteins differ markedly both in length and amino-acid composition

in lower eukaryotes whereas in mammalian cells they might
require either modifications of the N-terminal domains or inter-
actions with other cofactors. The latter situation is also suggested
by size differences between natural human TFIID (M, 120,000)?
and the cloned TATA-binding protein (M, 37,160). Although it
is tempting to invoke the N-terminal domains in regulatory
factor interactions, it is important to bear in mind the great
differences in the N-terminal domains from various species and
their near absence in Arabidopsis TFIID. Thus, in some cases
regulatory factor functions may be mediated totally or in part
through direct (or cofactor-dependent) interactions with the
conserved TF1ID core or with other general factors.

In summary, we have described the cloning and functional
characterization of a human TATA factor (TFIID). Sequence
comparisons with TFIID from other species suggest both
structural similarities that account for conserved functions
and dissimilarities that may reflect distinct regulatory mech-
anisms. O
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Arabidopsis thaliana contains
two genes for TFIID
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THE general transcription initiation factor TFIID plays a primary
part in the activation of eukaryotic genes transcribed by RNA
polymerase II. Binding of TFIID to the TATA box initiates the
assembly of other general transcription factors as well as RNA
polymerase II at the promoter resulting in a preinitiation complex
capable of accurate transcription initiation in vitro'. Human
TFIID has been shown to interact with various regulatory
factors*™. The observation that stimulation of transcription by
different trans-acting factors is mediated through distinct TATA
elements led to the suggestion that different types of TFIID may
exist in yeast”™'’, humans'>'* and plants'®. Here we report the
cloning and characterization of two distinct TFIID complementary
DNA clones from Arabidopsis thaliana. Furthermore, we have
found that TFIID from Arabidopsis and other organisms shows
homology to helix-loop-helix proteins.

Several genomic clones from Arabidopsis thaliana, all derived
from the same locus, were isolated using the recently isolated
yeast TFIID gene'’"?! as a probe. To obtain related cDNAs we
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