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Conserved and nonconserved tunctions
of the yeast and human TATA-binding
proteins
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Although the TATA-binding protein (TBP) is highly conserved throughout the eukaryotic kingdom, human
TBP cannot functionally replace yeast TBP for cell viability. To investigate the basis of this species
specificity, we examine the in vivo transcriptional activity of human TBP at different classes of yeast
promoters. Consistent with previous results, analysis of yeast/human hybrid TBPs indicates that growth
defects are not correlated with the ability to promote TATA-dependent polymerase II (Pol II) transcription or
to respond to acidic activator proteins. Human TBP partially complements the growth defects of a yeast TBP
mutant with altered TATA element-binding specificity, suggesting that it carries out sufficient Pol II function

to support viability. However, human TBP does not complement the defects of yeast TBP mutants that are
specifically defective in transcription by RNA polymerase III. Three independently isolated derivatives of
human TBP that permit yeast cell growth replace arginine 231 with lysine; the corresponding amino acid in
yeast TBP (lysine 133) has been implicated in RNA polymerase III transcription. Transcriptional analysis
indicates that human TBP functions pootly at promoters recognized by RNA polymerases I and III and at
RNA Pol II promoters lacking a conventional TATA element. These observations suggest that species
specificity of TBP primarily reflects evolutionarily diverged interactions with TBP-associated factors (TAFs)
that are necessary for recruitment to promoters lacking TATA elements.
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The TATA-binding protein (TBP), the central initiation
factor for transcription by all three nuclear RNA poly-
merases (Comai et al. 1992; Cormack and Struhl 1992;
Schultz et al. 1992; White et al. 1992), is highly con-
served throughout the eukaryotic kingdom. The car-
boxy-terminal core domain {180 amino acids), which is
sufficient for TATA element binding (Horikoshi et al.
1990} and for all essential functions in yeast (Cormack et
al. 1991; Gill and Tjian 1991; Poon et al. 1991; Zhou et
al. 1991), is 80% identical between yeast and human.
The cocrystal structures of yeast and Arabidopsis TBPs
bound to the TATA element are extremely similar (J.L.
Kim et al. 1993; Y. Kim et al. 1993). This remarkable
conservation is reflected in the similar biochemical
properties of TBPs from different species. In vitro, yeast
TBP {yTBP) and human TBP (hTBP) can functionally re-
place one another for basal RNA polymerase II (Pol II}
transcription {Buratowski et al. 1988; Cavallini et al.
1988; Flanagan et al. 1990), and they display nearly iden-
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tical DNA sequence requirements for TATA elements
(Wobbe and Struhl 1990).

Despite the high degree of structural and functional
conservation, TBP does exhibit species-specific behavior
in vivo. In particular, hTBP cannot functionally replace
yTBP for cell viability, indicating that human TBP can-
not carry out at least one essential function of yTBP
(Cormack et al. 1991; Gill and Tjian 1991). This failure
to support cell growth is not attributable to the divergent
amino-terminal regions but to multiple amino acid dif-
ferences in the carboxy-terminal core domain {Cormack
et al. 1991; Gill and Tjian 1991). Another example of
species specificity is the inability of yTBP to mediate a
transcriptional response to retinoic acid in embryo car-
cinoma cells (Berkenstam et al. 1992). In this case, the
functional difference maps to a short region of TBP, and
it may reflect the inability of yTBP to interact with an
ElA-like activity that is specific to embryo carcinoma
cells {(Keaveney et al. 1993).

Why is hTBP unable to support yeast cell growth? As
suggested by initial experiments in vitro (Peterson et al.
1990; Pugh and Tjian 1990), one possibility is that hTBP
and yTBP may differ in their ability to form a functional
TFIID complex that is necessary for responding to tran-
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scriptional activators. However, this view has not been
supported by subsequent experiments in vitro and in
vivo. First, a mutant hTBP derivative with altered DNA-
binding specificity is responsive to acidic activators in
yeast cells (Strubin and Struhl 1992). Second, in different
in vitro studies, human and yeast TBPs respond to acidic
activator proteins in both yeast and human transcription
systems {Kelleher et al. 1992). Third, the nonresponsive-
ness of yTBP to retinoic acid induction is specific to
embryo carcinoma cells and does not reflect a general
defect in transcriptional activation (Keaveney et al.
1993).

These observations do not address the possibility that
species-specificity might reflect defects in specific poly-
merase I (Pol II} functions of TBP. For example, hTBP
might not function at promoters that lack conventional
TATA sequences or that require gene-specific transcrip-
tion factors lacking acidic activation domains. What also
must be considered is that TBP is a component of the
SL1 (Comai et al. 1992) and TFIIIB complexes (Kassavetis
et al. 1992; Lobo et al. 1992; Taggart et al. 1992), which
are respectively involved in transcriptional initiation by
Pol I and Pol IIl. In principle, therefore, the failure of
hTBP to support yeast cell viability could result from a
defect in transcription by any of the three RNA poly-
merases.

In this paper we address this issue by isolating a mu-
tant hTBP that permits yeast cell growth, and by exam-
ining directly the transcriptional phenotype of hTBP in
vivo. To circumvent the problems associated with invi-
ability, transcriptional analysis of hTBP was carried out
in a strain that also contained a temperature-sensitive
derivative of yTBP. Specific Pol II and Pol III functions
were also examined with the use of altered DNA-binding
specificity {Strubin and Struhl 1992) and Pol HI-specific
mutations (Cormack and Struhl 1993) in yTBP. We show

that the inability of hTBP to support cell growth in yeast
does not correlate with its ability to carry out TATA-
dependent transcription but, rather, reflects functional
defects at Pol I, Pol I1I, and TATA-less Pol II promoters.

Results

Partially functional hTBP-yTBP chimeras show no
obvious defect in Pol II transcription

Previously, we used the plasmid shuffle assay to deter-
mine the function of chimeric hTBP-yTBP molecules
(Cormack et al. 1991). In this assay a TRP1-marked plas-
mid containing the TBP derivative to be tested is intro-
duced into yeast strain BYA2, which is deleted for the
endogenous TBP gene and contains a URA3-marked
plasmid carrying the wild-type TBP gene. The ability of
the TBP derivative to support cell growth is assayed by
plating the resulting strains in medium containing 5-flu-
oro-orotic acid {5-FOA), a compound that is selectively
toxic to cells containing the URA3-marked plasmid. Fig-
ure 1A shows four hTBP—yTBP hybrid proteins that sup-
port cell growth to varying extents.

To investigate whether there was a defect in Pol II
transcription that corresponded with the poor growth of
strains containing these yeast-human TBP hybrid pro-
teins, we measured HIS3 and DEDI mRNA levels (Fig.
1B). Wild-type levels of the HIS3 + 1 and the DED1 tran-
script were observed in all cases. Surprisingly, the level
of the HIS3 + 13 transcript actually increased in strains
with the subfunctional TBP molecules, with the extent
of increased + 13 transcription being inversely propor-
tional to the health of the cell.

Although this increase in + 13 transcription could re-
sult from specific functional differences among the TBP
molecules, we suspected that this effect might be attrib-
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Figure 1. Transcriptional analysis of strains containing yTBP/hTBP hybrids. (A} For each hybrid TBP, the portions derived from yTBP
(solid) and h'TBP (open) are indicated along with the positions of the hybrid junctions and the location of the highly conserved core
domain. The relative abilities of these TBP derivatives to support cell growth (defined by colony sizes; see Cormack et al. 1991} are
also indicated. (B) Analysis of HIS3 (+1 and +13) and DED1 RNAs in wild-type (i.e,, GCN4) strains containing the indicated
derivatives as the sole source of TBP. The labeled DED1 probe was diluted 10-fold with unlabeled oligonucleotide to reduce the specific
activity. (C) Analysis of HIS3 (+1 and + 13) and DEDI RNAs in isogenic gcn4 deletion strains containing the indicated derivatives as

the sole source of TBP. The DED1 probe was not diluted.
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utable to induction of the transcriptional activator
GCN4 under conditions of suboptimal growth. GCN4
selectively increases the + 13 transcript (Struhl 1986),
and GCN4 protein levels increase upon amino acid or
purine limitation (Hinnebusch 1984; Thireos et al. 1984;
Mosch et al. 1991; Rolfes and Hinnebusch 1993). In ac-
cord with this hypothesis, elevated levels of the +13
transcript are almost completely eliminated in gcn4 de-
letion strains containing the same hybrid TBP molecules
(Fig. 1C). The residual increase observed in strains con-
taining the least functional TBP hybrids may reflect ac-
tivation by YAPI and/or YAP2, proteins that are in-
volved in stress responses and bind weakly to the GCN4
site in the HIS3 promoter (Moye-Rowley et al. 1989;
Schnell et al. 1992; Bossier et al. 1993). These results
strongly suggest that the hTBP—yTBP hybrids efficiently
promote basal and GCN4-activated transcription. The
physiological mechanism by which suboptimal TBP
molecules cause GCN4 induction is unknown, but it
probably does not arise from amino acid or purine limi-
tation because the experiments are carried out in com-
plete growth medium.

Isolation of a h'TBP mutant that supports cell
growth in yeast

hTBP-yTBP hybrid 17, which contains hTBP residues
1-295 fused to amino acids 198-240 of yTBP, permits
only very slow growth (Cormack et al. 1991). To obtain
derivatives with improved TBP function, five indepen-
dent colonies carrying hybrid 17 as the only copy of TBP
were individually grown to saturation in liquid cultures,
and 107 cells from each culture were plated on YPD
plates. Plasmids carrying the chimeric TBP were rescued
from fast growing colonies and then retested for their
ability to support cell growth. Of five such plasmids,
three independent isolates conferred faster growth than
hybrid 17.

DNA sequencing of the TBP-coding region revealed
that all three derivatives contain the same AGA to AAA

1 155 339
mmmii#m g
225 231 254
human K----- R---RK--R---K----- K----K
yeast K----- K---RK--R---K----- K----K
127 133 156

Figure 2. A derivative of hTBP that supports yeast cell growth.
hTBP {339 residues) contains a divergent amino-terminal region
(hatched), basic repeat (+), and two direct repeats (arrows).
Shown below is an expanded view of the basic repeats of yTBP
(residues 127-156) and hTBP (residues 225-254), with the basic
residues indicated. In the hTBP derivative that supports cell
growth, arginine 231 is replaced by lysine, the corresponding
residue that occurs in yTBP (K133).

Function of human TATA-binding protein in yeast
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Figure 3. Cell viability is not correlated with the efficiency of
supporting GCN4- and TATA-dependent Pol II transcription.
Cell viability was examined by growth in the presence of 5-FOA
after plasmid shuffling. The Pol II assay was performed by in-
troducing altered specificity derivatives of the various TBPs
into a strain containing a TGTAAA sequence downstream of a
GCN4-binding site and examining the resulting cells for growth
in medium containing 5 mM aminotriazole. Under these condi-
tions, cell growth requires efficient GCN4- and TATA-depen-
dent transcription. The altered specificity derivative of hTBP
supports cell growth at lower aminotriazole concentrations, in-
dicative of its ability to promote TATA-dependent Pol II tran-
scription {Strubin and Struhl 1992). For each hybrid TBP, the
portions derived from yTBP (solid bar) and hTBP (open bar) are
indicated. Designations of the various hybrids are those used
previously (Cormack et al. 1991). H* is entirely hTBP except for
amino acid 231.

change at amino acid 231 of hTBP, resulting in a substi-
tution of lysine for arginine (Fig. 2). Interestingly, the
corresponding amino acid in yTBP {residue 133} is lysine,
indicating that the R231K mutation results in the re-
placement of a human residue by its yeast counterpart.
This amino acid is one of the eight basic residues that
make up the TBP ‘basic repeat” (Horikoshi et al. 1989),
and it is the only such basic residue that is not conserved
between yeast and human.

When the R231K mutation is introduced into an oth-
erwise wild-type hTBP, the resulting protein supports
cell growth at 30°C (Fig. 3). Thus, we have identified one
of the critical amino acid differences between yeast and
human TBP that contributes to species specificity in
vivo. However, strains containing the R231K derivative
of hTBP grow more slowly than wild-type yeast strains
at 30°C, and they fail to grow at 37°C. The temperature-
sensitive phenotype could reflect thermolability of this
TBP derivative or, more likely in our opinion, a general
failure of slow-growing strains to thrive in more strin-
gent conditions. The observation that the R231 deriva-
tive of hTBP is not fully functional in yeast is consistent
with previous results (Cormack et al. 1991; Gill and
Tjian 1991) that multiple differences between hTBP and
yTBP are important for species specificity.

The failure of hTBP to support yeast cell growth
does not correlate with a decrease in TATA-
dependent, Pol I transcription

Although results presented here (Fig. 1) and elsewhere
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(Kelleher et al. 1992; Strubin and Struhl 1992) indicate
that hTBP supports basal, TATA-dependent transcrip-
tion and is responsive to acidic activator proteins, the
possibility remained that species specificity might be at-
tributable to the relative inefficiency of hTBP in carrying
out these functions. To address this issue, we utilized an
assay for TBP function that is specific for TATA-depen-
dent transcription in vivo (Strubin and Struhl 1992). In
this assay TBP derivatives with altered DNA-binding
specificity are examined for their ability to stimulate
transcription from a HIS3 promoter that contains a mu-
tated TATA element, TGTAAA. Wild-type yTBP is
present in the cell to permit normal cell growth, but it
functions very poorly at this promoter. Altered DNA-
binding specificity versions of yTBP and hTBP (respec-
tively termed yTBP™? and hTBP™?) allow increased tran-
scription of the TGTAAA-containing HIS3 promoter,
with the yTBP derivative being more efficient (Strubin
and Struhl 1992).

Altered specificity (i.e., m3) versions of hTBP, hTBP
carrying the R231K mutation that allows hTBP to sup-
port cell growth, and hTBP/yTBP hybrid 17 were intro-
duced into a strain carrying the TGTAAA-containing
HIS3 promoter and tested for their ability to confer
growth in the presence of 5 mM aminotriazole, a com-
petitive inhibitor of the HIS3 gene product. Under these
relatively stringent conditions, yTBP™2 supports growth,
whereas hTBP™2 does not (Strubin and Struhl 1992). As
shown in Figure 3, there was no correlation between the
ability to support cell growth in the plasmid shuffle as-
say, and the ability of the corresponding m3 derivative to
support transcription of TGTAAA-containing promoter.
The strain carrying hybrid 17 is only marginally viable,
yet hybrid 17™2 supports HIS3 transcription well. Con-
versely, hTBP carrying the R231K mutation supports cell
growth reasonably well, yet its m3 version is no more
functional for TATA-dependent transcription than
hTBP™? itself. Thus, the failure of hTBP to functionally
replace yTBP in vivo cannot be explained by a general
decrease in TATA-dependent, Pol 1 transcription.

As an independent test for Pol II function, we also
examined whether hTBP could complement the growth
defect associated with yTBP™3, This derivative is unable
to support cell growth, presumably because altered
TATA element recognition leads to a defect in Pol II
transcription (Strubin and Struhl 1992). As shown in Fig-
ure 4, hTBP partially complements the growth defect of
yTBP™3; a strain containing hTBP and yTBP™? is viable,
although it grows more slowly than a wild-type strain.
Moreover, hybrid 17, which differs from hTBP by only 10
residues at the carboxyl terminus, almost completely
complements the growth defect associated with yTBP™3.
The relative abilities of hybrid 17 and hTBP to comple-
ment yTBP™? correlate well with their relative efficien-
cies in promoting TATA-dependent Pol II transcription
(Pig. 3).

hTBP is defective for Pol III transcription

In a detailed mutational analysis of yTBP, we isolated a

1338 GENES & DEVELOPMENT

TRP1 LEU2 LEU2

m3
yTBP vector

m3
yTBP vector

vector

yTBP

hTBP

hybrid17

5-FOA -ura, trp, leu

Figure 4. hTBP complements the growth defect associated
with the yTBP derivative {m3) with altered TATA element spec-
ificity. Strains containing the indicated TRP1 or LEU2 TBP plas-
mids {or control vectors) were tested for their ability to grow in
the presence of 5-FOA after plasmid shuffling or in selective
minimal medium |i.e., lacking uracil, tryptophan, and leucine}
that requires the maintenance of all plasmids.

large number of temperature-sensitive derivatives that
are specifically defective in Pol III transcription at the
restrictive temperature (Cormack and Struhl 1993}
These mutations define a TBP surface that may interact
with Tds4/Brfl/Pcf4, a component of the Pol III tran-
scription factor TFIIIB (Buratowski and Zhou 1992; Col-
bert and Hahn 1992; Lopez-De-Leon et al. 1992}, because
overproduction of Tds4 suppresses the temperature-sen-
sitive phenotype of Pol IlI-specific TBP mutations {Cor-
mack and Struhl 1993). We examined hTBP for its ability
to complement the temperature-sensitive phenotype of
two different Pol IlI-specific mutations (F133S and
Y231L). As shown in Figure 5, strains containing hTBP
and either of the Pol IlI-specific mutations fail to grow at
37°C. As a positive control for this assay, we examined
the A135T derivative of yTBP, which shows a preferen-
tial defect in Pol I and Pol II transcription (Cormack and
Struhl 1993). Strains containing A135T and either of the
Pol II-specific derivatives grow at 37°C, although some-
what slower than a strain containing wild-type yTBP.
Thus, by this genetic assay, hTBP is unable to support
sufficient Pol III transcription for cell growth.

hTBP functions poorly at Pol I, Pol 111,
and TATA-less Pol II promoters

The above experiments demonstrate that the failure of
hTBP derivatives to support cell growth does not corre-
late with the ability to support TATA-dependent Pol II
transcription but may be related to a defect in Pol III
transcription. To assess directly the transcriptional ac-
tivity of hTBP at different classes of yeast promoters, we
exploited two temperature-sensitive alleles of yTBP
(T1111 and S136N) that are defective for Pol I, Pol II, and
Pol III transcription at the restrictive temperature (Cor-
mack and Struhl 1992). By expressing hTBP in these mu-
tant strains and eliminating yTBP function by shifting
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Figure 5. hTBP does not not complement TBP derivatives with
Pol IMI-specific defects. Strains containing either of two temper-
ature-sensitive, Pol Ill-specific derivatives of yTBP (F1558 or
Y231L; Cormack and Struhl 1993) on URA3 centromeric plas-
mids and the indicated TBP derivatives on TRP1 centromeric
plasmids were tested for their ability to grow at 37°C. The
A135T derivative of yTBP, which preferentially affects Pol I and
Pol I transcription {Cormack and Struhl 1993}, complements
the Pol IlI-defective TBPs, but hTBP does not.

cells to the restrictive temperature, we could assess
whether hTBP was able to function at promoters utilized
by all three nuclear RNA polymerases. Specifically, at
various times after the temperature shift, we quantitated
mRNA levels for TATA-dependent (HIS3 +13, DED1)
and TATA-less (HIS3 +1, TRP3) Pol II promoters, as
well as RNA levels corresponding to the intron of the Pol
I-transcribed isoleucine tRNA and the junction be-
tween the mature 2558 tRNA and the 3’-nontranscribed
spacer of the Pol I-transcribed ribosomal precursor RNA.
Because the half-lives of these RNA species are short, the

TS /hTBP

Function of human TATA-binding protein in yeast

signal at any given time reflects transcriptional initia-
tion, not accumulated RNA levels (Cormack and Struhl
1992).

As shown previously, T1111 (Fig. 6) and S136N (data
not shown) strains show a rapid decrease in all of these
RNA species after the shift to the restrictive tempera-
ture, reflecting the common role of TBP in Pol I, Pol II,
and Pol III transcription. In the wild-type strain, the lev-
els of these RINA species are not affected by shift to 37°C
(Fig. 6), and coexpression of hTBP has no effect (data not
shown). In accord with results presented here and else-
where, coexpression of hTBP in T111I strain restores
transcription from TATA-containing Pol II promoters
(DED1 and HIS3 +13) at the restrictive temperature. In
contrast, transcription from TATA-less promoters (TRP3
and HIS3 +1) declined as rapidly after temperature shift
as in the T111I strain not expressing hTBP. Levels of
tRNA and rRNA also fell equally rapidly in the T111I
strains that did or did not express hTBP. Identical results
for all these promoters were observed in S136N strains
shifted to the restrictive temperature (data not shown).
Thus, in yeast cells, hTBP is functional for Pol II tran-
scription dependent on a consensus TATA element but
it is unable to support efficient transcription from Pol I,
Pol I, and TATA-less Pol II promoters.

Discussion

We present five independent lines of evidence that the
failure of h'TBP to support yeast cell growth is not attrib-
utable to a general failure of Pol I transcription but,
rather, to its inability to support Pol I, Pol Ill, and TATA-
less Pol II transcription. First, chimeric hTBP—yTBP mol-
ecules that display a wide range in their ability to sup-
port yeast cell growth do not show corresponding defects
in transcription from the Pol II promoters HIS3 and
DED1 (Fig. 1). Ironically, those chimeric proteins least
able to support cell growth show the highest levels of
HIS3 + 13 transcription. Although this effect is indirect,
being caused by induction of GCN4 as a consequence of

T T

T
37 00.51234|00.51234|00.51
L 11

Figure 6. Transcriptional analysis. RNA levels of the
indicated genes in strains containing wild-type yTBP, a
temperature-sensitive derivative of yTBP (T111I), or the
combination of T111I and hTBP at various times {in
hours) after shifting the cultures to 37°C.
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poor cell growth, it emphasizes the fact that even the
most functionally compromised chimeric TBPs carry out
Pol 1I transcription and respond to acidic activators.

Second, hTBP partially complements the growth de-
fect associated with the yTBP derivative that has altered
TATA element recognition properties (Fig. 4}. This ob-
servation suggests that hTBP carries out sufficient Pol II
function to support viability. Consistent with this view,
cell viability is not correlated with the relative efficiency
at supporting TATA-dependent transcription (Fig. 3).

Third, hTBP does not complement the Pol Ill-specific
defect of two yTBP derivatives, indicating that it is de-
fective for Pol III transcription (Fig. 5). As discussed be-
low, it is unlikely that hTBPs lack of function in this
assay reflects instability/unfolding of the protein at
37°C. This observation suggests that the defect in Pol III
transcription could account for the inability of hTBP to
support yeast cell growth.

Fourth, we isolated three independent intragenic sup-
pressors in hTBP that permit yeast cell growth but do not
increase the efficiency of TATA-dependent Pol II tran-
scription (Fig. 3). Strikingly, all three derivatives contain
the same mutation, which replaces arginine 231 of hTBP
with lysine, the corresponding yeast amino acid. The
corresponding position in yTBP (K133), which is located
at the amino terminus of helix H1 (Nikolov et al. 1992},
has been implicated in Pol III transcription. Overexpres-
sion of Tds4/Brfl/Pcf4, the 70-kD subunit of Pol III fac-
tor TFIIIB, suppresses the double mutant K133L, K138L,
consistent with a role for K133 in Pol III transcription
{Buratowski and Zhou 1992}. In a separate study, we iso-
lated a large number of temperature-sensitive mutations
defective in Pol III transcription but functional for Pol II
transcription {Cormack and Struhl 1993). Among these
were two substitutions at K133, again implicating that
residue in Pol III transcription. The fact that substitution
of lysine for arginine at this position permits cell viabil-
ity suggests that the major defect of hTBP in yeast cells
is in Pol III, not Pol II transcription.

Finally, by shifting cells that are coexpressing hTBP
and a temperature-sensitive yTBP to the restrictive tem-
perature, we directly assayed the transcriptional activity
of hTBP at various classes of promoters (Fig. 6). Interest-
ingly, and consistent with the other studies, transcrip-
tion from the two TATA-element containing promoters
{DED1, HIS3 + 13) occurred at a level comparable to that
in the wild-type strain. In contrast, transcripts from the
tRNA, rRNA, and two TATA-less Pol II promoters
(TRP3, HIS3 + 1) are not observed at the restrictive tem-
perature. The effects at the Pol II promoters are not at-
tributable to growth-related induction of GCN4 because
TRP3 and the HIS3 + 13 transcripts are both activated by
GCN4 yet are differentially affected under these condi-
tions. Thus, at 37°C, hTBP supports TATA-dependent
Pol II transcription but it is defective for Pol I, Pol I, and
TATA-less Pol II transcription.

The fact that hTBP supports efficient TATA-depen-
dent Pol II transcription argues strongly that the other
functional defects are not attributable to instability or
misfolding of hTBP at the elevated temperature neces-
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sary to carry out this experiment. hTBP itself is not in-
herently temperature sensitive for these specific func-
tions, because human cells grow normally at 37°C. Thus,
we conclude that the functional defects observed at 37°C
reflect species-specific incompatibilies between hTBP
and yeast transcription factors. Although we cannot be
sure that the transcriptional defects seen at 37°C {Fig. 6]
are the same as those responsible for inviability of h TBP
at 30°C, we think it highly likely. Finally, we note that
although our results clearly show functional defects of
hTBP at particular classes of promoters, it remains pos-
sible that hTBP might not behave identically on all pro-
moters of a given class.

Molecular implications

Transcription by all three nuclear RNA polymerases re-
quires the presence of TBP at the promoter region (for
review, see Sharp 1992; Hernandez 1993; Struhl 1994). In
the case of Pol II promoters containing TATA elements,
TBP can bind directly to the promoter. Moreover, the
TBP-TATA element interaction is the first step in as-
sembling an active Pol I transcription complex, and the
TATA element is likely to be a critical DNA sequence
determinant of the promoter. For other promoters, re-
cruitment of TBP to the promoter is unlikely to occur by
DNA sequence recognition and, hence, is presumably
achieved by protein—protein interactions. In mammalian
cells, TBP interacts with associated proteins (TAFs) to
form SL1, TFIID, and TFIIB complexes that are specific
for Pol I, Pol II, and Pol III transcription. In yeast, equiv-
alent complexes probably exist, although only TFIIIB has
been identified.

Our results indicate that in yeast cells hTBP is defec-
tive at promoters in which recruitment requires protein—
protein interactions. For Pol I and Pol III transcription,
the simplest model to account for the functional differ-
ences between yTBP and hTBP invokes species-specific
interactions between TBP and TAFs that are necessary
for the formation/activity of the SL1 and TFIIIB com-
plexes. Given the importance of lysine 133 of yTBP in
species specificity, and the fact that overexpression of
Tds4 suppresses the Pol lII-specific defect caused by mu-
tations at this residue of yTBP (Cormack and Struhl
1993}, it is plausible that the putative interaction be-
tween TBP and Tds4 is incompatible across species. For
Pol 11 transcription, functional differences might reflect
evolutionarily diverged interactions between TBP and
proteins such as the tethering factor for TATA-less pro-
moters (Pugh and Tjian 1991).

The fact that hTBP efficiently supports TATA-depen-
dent transcription in yeast cells indicates that the inter-
actions of TBP with basic components of the Pol II tran-
scription machinery {e.g., TFIIB and TFIIA} and with pro-
teins involved in the response to acidic activators must
be functionally conserved. In addition, our results indi-
cate that any TBP-TAF interactions important to
TATA-dependent Pol II transcription must be function-
ally conserved across species. However, it is not yet
known whether TAFs are required for TATA-dependent,
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Pol II transcription in yeast. In this regard, free TBP has
never been detected in mammalian cell extracts, but it is
present in considerable amounts in yeast cell extracts
{Buratowski et al. 1988; Cavallini et al. 1988). Moreover,
TBP appears to be sufficient for activated transcription in
a yeast in vitro transcription system {Kelleher et al.
1992), whereas Pol II-specific TAFs are clearly required
for the response to activator proteins in mammalian in
vitro transcription systems (Dynlacht et al. 1991; Tanese
et al. 1991; Takada et al. 1992; Zhou et al. 1992; Wang
and Tjian 1994). The role(s} of TAFs in yeast Pol II tran-
scription and the molecular details of species-specific in-
teractions between TBP and TAFs remain to be clarified.

Materials and methods
Strains and plasmids

Strain BYA2, which is deleted for the chromosomal TBP locus,
and derivatives carrying the temperature sensitive (ts) yeast/
human hybrid TBP alleles on centromeric TRP1 plasmids have
been described previously (Cormack et al. 1991; Cormack and
Struhl 1992, 1993). When necessary, TBP derivatives were re-
cloned into URA3 or LEU2 centromeric plasmids. The hTBP
and the hybrid hTBP/yTBP expression constructs consist of a
precise fusion of the yTBP promoter and 3'-untranslated region
to the coding region of hTBP {Cormack et al. 1991). The hTBP
derivative containing the R231K mutation was generated by
substituting the PstI-Xbal fragment from the mutated hybrid
17 molecule into hybrid 11 (Cormack et al. 1991}, generating an
entirely human derived hTBP except for the single amino acid
change. The altered specificity mutations were introduced into
this R231K hTBP derivative by substitution of the Pstl-Xbal
fragment into the altered specificity hTBP molecule generated
previously (Strubin and Struhl 1992). The three mutations that
confer altered specificity were introduced into hybrid 17 by
polymerase chain reaction using hybrid molecule 17 as tem-
plate and oligonucleotides hBcll and hBcl2 as primers (hBcll:
CCGCTGATCAAACCCAGAATTACTCTCGTTATTTTTG;
hBcl2: GCGCTGATCATTCTGTAGAATAAACCAGG). After
cleavage with Bcll, the two amplified products were ligated to-
gether, and the resulting product cleaved with Xbal and BamHI
before being inserted into hybrid molecule 12 (Cormack et al.
1991} in place of the yeast sequence.

TBP phenotypic analysis

To analyze the various TBPs for their ability to support GCN4-
and TATA-dependent activation, altered specificity derivatives
were introduced into a strain containing the his3 allele that
contains a GCN4-binding site upstream of the TGTAAA TATA
element as described previously (Strubin and Struhl 1992).
Transformants were tested for growth by spotting ~10* cells
onto SD media lacking histidine and supplemented with 5 mm
aminotriazole, a competitive inhibitor of the HIS3 gene prod-
uct. The level of resistance to aminotriazole is directly related
to the level of HIS3 transcription (Hill et al. 1986; Chen and
Struhl 1988). Under these stringent assay conditions, yTBP sup-
ports cell growth, whereas hTBP does not; however, hTBP does
support GCN4- and TATA-dependent activation as indicated by
its ability to support cell growth at lower aminotriazole con-
centrations (Strubin and Struhl 1992). For the plasmid shuffle
assay, the relevant TBP derivatives, carried on a TRPI centro-
meric vector, were introduced into BYA2 whose only copy of
TBP is carried on a centromeric URA3 vector. The transfor-
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mants were grown on media lacking uracil and tryptophan to
select for the TRP1 and URAS3 vectors, and ~10° cells were then
plated on SD media containing 5-FOA. The complementation
assay for Pol III function was carried out by introducing TBP
derivatives into strains containing the F1558 and Y231 alleles
(Cormack and Struhl 1993) and testing for growth at 37°C.

RNA analysis

For the experiments in Figure 1, the various strains were grown
in YPD media to early log phase {A55,=0.5), collected by cen-
trifugation, and frozen. For the temperature-shift experiments
(Fig. 6), cells were grown in YPD medium to early exponential
phase at 30°C, shifted to 37°C for 15 min, and returned to 30°C
for 1 hr. After this pre-heat shock, the cultures were shifted
back to 37°C and aliquots taken at the appropriate times. As
described previously (Cormack and Struhl 1992), the pre-heat
shock induces the heat shock proteins and prevents the tran-
sient (~30 min) decrease in all transcripts that occurs under
these mild heat shock conditions (Nicolet and Craig 1991). For
each time point the cells were collected rapidly by centrifuga-
tion and flash frozen in liquid nitrogen.

Total RNA was prepared from each sample of cells and quan-
titated by absorbance at 260 nm and by staining with ethidium
bromide after separation by agarose gel electrophoresis. Ten mi-
crograms of RNA from each sample was hybridized to comple-
tion with a 100-fold excess of the appropriate 32P-labeled olig-
onucleotides and treated with S1 nuclease as described previ-
ously (Cormack and Struhl 1992).
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