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Initiation of ribosomal DNA (rDNA) transcription by RNA polymerase I (Pol I) in the yeast Saccharomyces
cerevisiae involves upstream activation factor (UAF), core factor, the TATA binding protein (TBP), and Rrn3p
in addition to Pol I. We found previously that yeast strains carrying deletions in the UAF component RRN9
switch completely to the use of Pol II for rRNA transcription, with no residual Pol I transcription. These
polymerase-switched strains initially grow very slowly, but subsequent expansion in the number of rDNA
repeats on chromosome XII leads to better growth. Recently, it was reported that TBP overexpression could
bypass the requirement of UAF for Pol I transcription in vivo, producing nearly wild-type levels of growth in
UAF mutant strains (P. Aprikian, B. Moorefield, and R. H. Reeder, Mol. Cell. Biol. 20:5269–5275, 2000). Here,
we demonstrate that deletions in the UAF component RRN5, RRN9, or RRN10 lead to Pol II transcription of
rDNA. TBP overexpression does not suppress UAF mutation, and these strains continue to use Pol II for rRNA
transcription. We do not find evidence for even low levels of Pol I transcription in UAF mutant strains carrying
overexpressed TBP. In diploid strains lacking both copies of the UAF component RRN9, Pol II transcription
of rDNA is more strongly repressed than in haploid strains but TBP overexpression still fails to activate Pol
I. These results emphasize that UAF plays an essential role in activation of Pol I transcription and silencing
of Pol II transcription of rDNA and that TBP functions to recruit the Pol I machinery in a manner completely
dependent on UAF.

Initiation of rRNA transcription in the yeast Saccharomyces
cerevisiae requires four factors in addition to RNA polymerase
I (Pol I): upstream activation factor (UAF), core factor (CF),
TATA binding protein (TBP), and Rrn3p. UAF is a multisub-
unit transcription factor consisting of proteins encoded by
RRN5, RRN9, and RRN10, core histones H3 and H4, and
protein p30 (9, 12). CF is another Pol I-specific complex, con-
sisting of subunits encoded by RRN6, RRN7, and RRN11 (11,
14, 15).

TBP is generally required for transcription by all three nu-
clear RNA polymerases (8). In the case of yeast Pol I tran-
scription, we have previously studied the function of TBP by
both genetic and biochemical approaches. TBP was found to
interact with components of both UAF and CF but most
strongly with the Rrn9p subunit of UAF (19), suggesting that
TBP may act as a bridge to recruit CF onto a UAF-bound
promoter template. In vitro, TBP and UAF, as well as the
upstream promoter element, are dispensable for low-level,
basal transcription of rRNA from the core ribosomal DNA
(rDNA) promoter. When these components are present, how-
ever, transcription is greatly stimulated. In an in vitro system
using purified proteins, addition of TBP without UAF fails to
stimulate basal transcription (10). Thus, TBP, in association
with UAF, mediates activated transcription from the rDNA
promoter.

The role of TBP in Pol I transcription has become a matter

of some debate due to a recently published paper on the effects
of TBP overexpression. Aprikian and coworkers (1) reported
that overexpression of TBP can suppress UAF mutation by
directly stimulating CF-directed transcription. They claimed
that UAF mutant strains, which grow on galactose using
GAL7-35S rDNA helper plasmids, could grow to “nearly wild-
type levels,” even on glucose, when transformed with high-
copy-number plasmids carrying TBP. They further demon-
strated that, in vitro, increased concentrations of TBP led to
stimulation of rRNA transcription in the absence of UAF or
the upstream element. Thus, they concluded that high levels of
TBP can bypass the requirement for UAF and that TBP di-
rectly stimulates transcription from the core transcriptional
machinery (1).

We found previously that mutations in UAF components
immediately lead to a polymerase switch in rRNA transcrip-
tion from Pol I to Pol II (17, 20). This state is called N-PSW.
Subsequent adaptation events result in rDNA repeat number
expansion, allowing these strains to grow well on glucose in the
absence of GAL7-35S rDNA plasmids. This state is called
PSW. It is therefore possible that the UAF mutant strains
described by Aprikian and coworkers (1), when growing on
glucose with overexpressed TBP, used Pol II for rRNA tran-
scription from the chromosomal rDNA repeats. Perhaps TBP
overexpression facilitates Pol II transcription, leading to better
growth. In this study, we more thoroughly investigated the
effects of TBP overexpression in UAF mutant strains and
found that, contrary to the results reported by Aprikian and
coworkers (1), TBP overexpression cannot bypass the essential
requirement of UAF for either activation of Pol I transcription
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or silencing of Pol II transcription of rDNA. We discuss some
published experimental results obtained in vertebrate systems
that are relevant to the conclusions obtained with the yeast
system.

MATERIALS AND METHODS

Yeast strains and plasmids. Yeast extract-peptone (YEP)-glucose (YEPD)
medium, YEP-galactose medium, synthetic galactose medium, and synthetic
glucose medium were used to grow yeast cells, as described previously (11, 16).
Yeast strains and plasmids used in this study are listed in Table 1. Diploid strain
NOY1002 was constructed by crossing an rrn9D N-PSW strain carrying
pNOY103 (GAL7-35S rDNA, URA3) with an rrn9D N-PSW strain carrying
pNOY199 (GAL7-35S rDNA, TRP1) and selecting diploids on media lacking
uracil and tryptophan.

Western blot analysis. Extracts were prepared from 15-ml cultures of strains
grown in synthetic galactose medium lacking leucine (to maintain selection for
plasmids), as described previously (10). Total protein in the extracts was deter-
mined by Lowry assay, and Western blot analysis was carried out using affinity-
purified TBP antibodies, as described previously (10).

Primer extension analysis. Total RNA was prepared and primer extension
analysis was carried out using a g-32P-labeled primer which hybridizes to the 35S
rRNA external transcribed spacer, as described previously (20). Autoradiograms
were quantitated by a PhosphorImager.

RESULTS

Like rrn9D strains, rrn5D and rrn10D strains undergo poly-
merase switching. We originally discovered the polymerase
switching phenomenon in strains carrying deletions in the
UAF component RRN9 (20). These strains grow well on ga-
lactose, using GAL7-35S rDNA helper plasmids for transcrip-
tion of rRNA, but produce a low frequency of variants that can
also grow on glucose, where transcription of the GAL7 pro-
moter is repressed. We called these variants PSW, for poly-
merase switched, and we called the original galactose-depen-
dent strain N-PSW, for no good growth, polymerase switched,
and we demonstrated Pol II transcription (and no Pol I tran-
scription) of chromosomal rDNA in both of these strains (17,
20). As with rrn9D, disruptions in genes for the UAF compo-
nents RRN5 and RRN10 give similar results. As shown in Fig.
1, rrn5D, rrn9D, and rrn10D strains carrying GAL7-35S rDNA
plasmids grow well on galactose but also produce some PSW
variants on glucose. The different frequencies of PSW variants
arising in these three strains, which are apparent in Fig. 1, have
been confirmed by analysis of many independent clones by spot
tests on glucose plates. The results suggest that RRN5 is some-
how the most important component for silencing Pol II tran-
scription of chromosomal rDNA, followed by RRN10 and then
RRN9.

High-copy-number TBP plasmids lead to overexpression of
functional TBP. We wanted to determine whether excess TBP
could suppress the polymerase-switched phenotype of UAF
mutant strains. To overexpress TBP in our UAF mutant
strains, we used high-copy-number (2mm) plasmids carrying
SPT15, the gene encoding TBP, under control of its endoge-
nous promoter, which is similar to the plasmid used by
Aprikian and coworkers (1) in their experiments. We trans-
formed this plasmid, or a vector control, into an rrn9D N-PSW
strain carrying GAL7-35S rDNA plasmids (NOY703).

We first confirmed that this strain overexpressed TBP by

TABLE 1. Yeast strains and plasmids

Strain or
plasmid Description

Strains
NOY388 ..................(5 W303-1a) MATa ade2-1 ura3-1 trp1-1 leu2-

3,112 his3-11 can1-100
NOY677 ..................MATa/MATa ade2/ade2 ade3/ade3 leu2/leu2

ura3/ura3 trp1/trp1 can1/can1
RRN10/rrn10D::LEU2

NOY678 ..................MATa/a ade2-1/ade2-1 ura3-1/ura3-1 leu2-
3,112/leu2-3,112 trp1-1/trp1-1 his3-11/his3-11
can1-100/can1-100 RRN9/rrn9D::HIS3

NOY679 ..................MATa/a ade2-1/ade2-1 ura3-1/ura3-1 leu2-
3,112/leu2-3,112 trp1-1/trp1-1 his3-11/his3-11
can1-100/can1-100 RRN5/rrn5D::LEU2

NOY703 ..................MATa ade2-1 ura3-1 trp1-1 leu2-3,112 his3-11
can1-100 rrn9D::HIS3 pNOY103; N-PSW

NOY751 ..................MATa/a ade2-1/ade2-1 ura3-1/ura3-1 leu2-
3,112/leu2-3,112 trp1-1/trp1-1 his3-11/his3-11
can1-100/can1-100 spt15D::HIS3/SPT15

NOY902 ..................Same as NOY703, but PSW and pNOY103
removed by 5-fluoroorotic acid selection

NOY921 ..................Same as NOY703, but fob1D::LEU2
NOY1000 ................MATa ade2-1 ura3-1 trp1-1 leu2-3,112 his3-11

can1-100 rrn9D::HIS3 pNOY103 pNOY419;
N-PSW

NOY1001 ................MATa ade2-1 ura3-1 trp1-1 leu2-3,112 his3-11
can1-100 rrn9D::HIS3 pNOY103 pRS425;
N-PSW

NOY1002 ................MATa/a ade2-1/ade2-1 ura3-1/ura3-1 leu2-
3,112/leu2-3,112 trp1-1/trp1-1 his3-11/his3-11
can1-100/can1-100 rrn9D::HIS3/rrn9D::HIS3
pNOY103 pNOY199

Plasmids
pNOY103 ................High-copy-number plasmid carrying GAL7-35S

rDNA, URA3, 2mm, and amp
pNOY199 ................High-copy-number plasmid carrying GAL7-35S

rDNA, TRP1, 2mm, and amp
pNOY347 ................SPT15 under its own promoter cloned into

pRS315 (CEN6 LEU2 amp)
pNOY419 ................SPT15 under its own promoter cloned into

YEp351 (2mm LEU2 amp)
pRS415 ....................Escherichia coli-yeast shuttle vector carrying

CEN6 ARS4 LEU2 (4)
pRS425 ....................E. coli-yeast shuttle vector carrying 2mm ARS4

LEU2 (4)

FIG. 1. Polymerase switch phenotype in rrn5D, rrn9D, and rrn10D
strains. Diploid strains NOY679 (RRN5/rrn5D), NOY678 (RRN9/
rrn9D), and NOY677 (RRN10/rrn10D) were transformed with the
GAL7-35S rDNA plasmid pNOY199 and sporulated, and then tetrads
were dissected on galactose plates. Tetrads corresponding to rrn5D,
rrn9D, and rrn10D (as indicated by slow growth) were restreaked once
onto another galactose plate (lacking tryptophan, to maintain pNOY199),
and then aliquots of 10-fold serial dilutions of two independent colo-
nies from these strains were spot tested on YEP-galactose (Gal) and
YEPD (Glu) plates, as shown. Plates were incubated for 6 days at 30°C.
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analyzing TBP levels in extracts by Western blot analysis using
affinity-purified TBP antibody. As shown in Fig. 2, strain
NOY703 carrying the 2mm-TBP plasmids contains roughly
eight times as much TBP as the same strain carrying a control
2mm vector.

We also wanted to confirm that the TBP expressed by these
plasmids was functional. Accordingly, we transformed the
2mm-TBP plasmid, or a 2mm vector control, into strain
NOY751, which is a diploid strain carrying a deletion of the
TBP-encoding gene (spt15D::HIS3) on one chromosome.
Sporulation of the diploid transformants, followed by tetrad
dissection, resulted in a 2:2 (viable-to-inviable) segregation
pattern in the strain carrying the 2mm vector control, as ex-
pected. Strains carrying 2mm-TBP plasmids gave rise to four
viable haploid segregants, and haploids carrying the spt15D::
HIS3 allele could survive due to the presence of the 2mm-TBP
plasmid (data not shown). Thus, strains carrying 2mm-TBP
plasmids overproduce functional TBP.

TBP overexpression does not suppress UAF mutation and
does not increase frequency of N-PSW to PSW changes.
Aprikian and coworkers (1) claimed that TBP overexpression
suppressed UAF mutations and led to nearly wild-type levels
of growth by activating Pol I transcription. We tried to dupli-
cate this finding by analyzing growth phenotypes of the rrn9D
N-PSW strain NOY703 carrying either the 2mm-TBP plasmid
or a vector control (the same strains used for Western analysis
[Fig. 2]). This strain has not undergone the N-PSW to PSW
transition and is therefore mostly galactose dependent, using a
GAL7-35S rDNA helper plasmid for growth. If TBP overex-
pression suppresses UAF mutation by activating Pol I tran-
scription, we should expect to see better growth on glucose

from strains carrying the high-copy-number TBP plasmids than
from the vector control strains. Alternatively, if TBP overex-
pression increases the frequency of N-PSW to PSW changes,
then we would expect to see more colonies on glucose when
TBP is overexpressed in this strain. As shown in Fig. 3, how-
ever, the TBP-overexpressing strains do not grow better, nor
do they consistently produce more colonies on glucose. It is
clear that the frequency of PSW variants arising from a given
N-PSW strain differs depending on the particular colony
picked from the transformation plate, probably depending on
how early the rDNA repeats became expanded during forma-
tion of that colony. This clonal variation could lead to misin-
terpretation of the effects of TBP overexpression. By compar-
ing the median values for the frequency of PSW variants
produced by nine different colonies, we found no significant
difference between strains carrying 2mm-TBP plasmids or the
vector control; both showed median frequencies of approxi-
mately 1022 to 1023 in this experiment. We conclude that TBP
overexpression does not suppress UAF mutation by activating
Pol I transcription and, in addition, does not significantly in-
crease the frequency of N-PSW to PSW changes.

PSW strains carrying high-copy-number TBP plasmids do
not use Pol I for rRNA transcription. We demonstrated pre-
viously that Pol I-mediated transcription of rRNA can be dis-
tinguished from Pol II-mediated transcription of rRNA by
primer extension, since Pol I and Pol II use different start sites
(20). PSW strains grow well by switching completely to Pol II
transcription of rRNA and undergoing reversible rDNA repeat
expansion, but they still grow slower than wild-type strains.
Reversibility of switching from the PSW state to the N-PSW
state has been demonstrated previously, for example, after
complementation of the UAF defect in the PSW state with a
plasmid-borne wild-type UAF subunit gene, resulting in resto-
ration of Pol I-mediated transcription of rRNA (17, 20). Sim-
ilarly, if TBP overexpression could suppress the UAF defect
and allow Pol I transcription to occur, then we would expect to
detect Pol I-specific rRNA transcripts in UAF mutant strains
carrying overexpressed TBP.

We transformed an rrn9D PSW strain with either a 2mm-

FIG. 2. Overexpression of TBP in an rrn9D strain carrying a 2mm
(2m)-TBP plasmid (pNOY419). Protein extracts prepared from rrn9D
N-PSW strains carrying the vector control (NOY1001) or carrying
2mm-TBP (NOY1000) were analyzed by Western blotting using affin-
ity-purified TBP antibody. Ten micrograms of total protein from both
strains and 5, 2.5, and 1.25 mg of protein from the strain carrying
2mm-TBP were run in parallel, demonstrating that 2mm-TBP elevates
the levels of TBP approximately eightfold over levels produced by the
vector control.

FIG. 3. TBP overexpression does not suppress UAF mutation and
does not increase the frequency of PSW variants. Leu1 colonies were
picked directly from transformation plates containing strain NOY703
(rrn9D N-PSW) transformed with either the vector control (NOY1001)
or 2mm-TBP (NOY1000). Colonies were suspended in water, and
aliquots of 10-fold serial dilutions were then spotted on YEP-galactose
(Gal) and YEPD (Glu). A total of nine independent colonies of each
strain were analyzed, and three representative colonies of each trans-
formation are shown here. The top three rows contain the control
vector (pRS425), and the bottom three contain the 2mm-TBP plasmid
(pNOY419). Plates were incubated for 8 days at 30°C.
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TBP plasmid, a CEN-TBP plasmid, or an empty vector as a
control. The three resultant strains showed equivalent growth
rates (data not shown). We then isolated total RNA from these
strains and analyzed the rRNA precursor start sites by primer
extension. As is evident in Fig. 4, all three strains showed Pol
II-specific start sites; no Pol I-specific sites were detectable.
Thus, TBP overexpression does not lead to any transcription by
Pol I in UAF mutant strains.

TBP overexpression in N-PSW/N-PSW diploid strains. The
discrepancies between our results and those of Aprikian and
coworkers (1) are based in part on different interpretations of
the growth on glucose seen with UAF mutants carrying GAL7-
rDNA plasmids. They concluded that growth on glucose of
these strains with TBP overexpression was due to suppression
of the UAF defect and a return to high levels of Pol I tran-
scription. In our hands, however, TBP overexpression did not
lead to wild-type levels of growth; only a minor fraction of cells
showed growth on glucose, and the frequency of these colonies
varied among different independent isolates, supporting the
conclusion that it was due to polymerase switching.

To demonstrate more convincingly that TBP cannot sup-
press UAF defects, we relied on a discovery we made while
examining the phenotypes of diploids and haploid segregants
obtained in various crosses among PSW and N-PSW strains.

An rrn9D N-PSW strain produces some colonies on glucose
after extended incubation, due to expansion of the number of
rDNA repeats and a shift to the PSW state (Fig. 5A, top three
rows). The frequency of switching for the haploid strain was
estimated to be 1023 to 1024. Crossing two such N-PSW strains
results in diploids that do not produce any PSW variants at all
on glucose (Fig. 5A, bottom three rows). The frequency of
switching for the N-PSW diploid was less than 1025.

Primer extension analysis of these strains confirmed that
there is less Pol II-mediated rRNA transcription in diploid
N-PSW strains than in haploid N-PSW strains. Growth rates of
these haploid and diploid strains on YEP-galactose medium
are about the same, and their growth is dependent on the
synthesis of rRNA from the GAL7-35S rDNA fusion gene. As
shown in Fig. 5B, transcription of chromosomal rDNA repeats
by Pol II, normalized to transcription from the GAL7 pro-
moter, was significantly lower in the diploid rrn9D/rrn9D strain
(lanes 2 and 29) than in a haploid rrn9D N-PSW strain (lanes 1
and 19). (By PhosphorImager analysis, we found an ;3-fold
decrease in the amount of Pol II-derived rRNA transcripts in
the diploid strain relative to the haploid strain per equal
amounts of total RNA, whereas levels of transcription from the
GAL7 promoter were approximately equal for both strains.)
Although we have not studied the reason for the decreased Pol
II transcription of chromosomal rDNA in diploid N-PSW
strains, this decrease may be responsible for the lower fre-
quency of switching to the PSW state in the diploid strain (see
Discussion).

If TBP overexpression can suppress UAF defects and allow
Pol I transcription to occur, then we should be able to see
growth of the N-PSW diploid on glucose when it carries high-
copy-number TBP plasmids. We transformed the rrn9D/rrn9D
diploid strain with the 2mm-TBP plasmid. Western blot anal-
ysis of this strain confirmed that TBP was overproduced (data
not shown). Several transformant colonies were picked and
spotted on either galactose or glucose plates. As shown in Fig.
5C, the presence of 2mm-TBP plasmids does not cause any
growth of this strain on glucose, nor does it increase the fre-
quency of PSW variants (compare to Fig. 5A); this indicates
that TBP cannot activate Pol I transcription of rDNA in this
strain, nor does it increase the frequency of switching to the
PSW state.

DISCUSSION

Our inability to reproduce the results recently shown by
Aprikian and coworkers (1) suggests that the growth on glu-
cose they observed in UAF mutants carrying overexpressed
TBP was perhaps due to polymerase switching. In fact, in some
of their experiments, UAF mutants overexpressing TBP
showed colony sizes on glucose that were quite heterogeneous,
suggesting selection of PSW variants, as we observe in our
UAF mutants, rather than the homogeneous colony size ex-
pected with genetic suppression. Aprikian and coworkers dis-
missed this possibility by claiming that temperature-sensitive
mutations in Pol I (rpa190ts) led to a loss of the stimulating
effect of TBP overexpression in UAF mutant strains specifi-
cally at the nonpermissive temperature. They concluded that
TBP overexpression stimulates Pol I transcription, and not Pol
II transcription, in UAF mutant strains (1). However, we were

FIG. 4. Primer extension analysis of rRNA precursors in UAF mu-
tant strains overexpressing TBP. RNA was isolated from a wild-type
(WT) strain (NOY388) and from rrn9D PSW strains (NOY902) car-
rying the vector control (pRS415), a CEN-TBP plasmid (pNOY347),
or a 2mm (2m)-TBP plasmid (pNOY419). Primer extension was then
carried out on 3 mg of total RNA from the wild-type strain or 7 mg of
total RNA from the other strains by using a 32P-labeled rDNA primer,
as described previously (20). The Pol II-derived rRNA precursors
(with multiple start sites from upstream of the Pol I start site, 11; see
reference 20) are present in all three rrn9D strains, and a Pol I-specific
start site (11) is not detectable.
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unable to reproduce the published results, even when using
their rrn5D, rrn9D, and rrn5D rpa190ts strains and the TBP
overexpression plasmid used in their experiments (experimen-
tal data not shown), thus ruling out the possibility of strain
variations. Introduction of the TBP overexpression plasmid
into these strains by transformation did not suppress the UAF
defects; the transformants remained galactose dependent.
Thus, we cannot satisfactorily explain how Aprikian and co-
workers obtained the results published in their paper.

Aprikian and coworkers also published results of in vitro
experiments using unfractionated crude extracts showing that
TBP stimulates basal transcription from template DNA con-
taining only the core promoter. The results supported their
conclusion that rDNA transcription by Pol I can take place in
the absence of UAF, if the TBP concentration is increased, but
are in conflict with the results and conclusions of in vitro
experiments using both crude extracts (19) and purified com-
ponents (10) obtained in our laboratory. Their published data
are difficult for us to explain. However, even if they obtained
such stimulation of basal transcription by TBP under their
experimental conditions, we believe that their results are prob-
ably not relevant to the transcription of rDNA in vivo, because
there is no reliable evidence to support stimulation of rDNA
transcription by TBP in UAF mutants in vivo.

In the vertebrate Pol I transcription system, transcription
from the core promoter requires transcription factor SL1,
which contains TBP and three TBP-associated proteins. Thus,

it has often been stated that TBP is required for transcription
from the core promoter (e.g., reference 1). However, it should
be noted that there has not been any experimental evidence for
this statement. Data published by Tjian and coworkers have
not demonstrated a TBP requirement for transcription from
the core promoter. In their reconstitution experiments (5, 21),
there were always weak but definitive transcripts visible in the
absence of TBP, and TBP simply stimulated transcription. Im-
portantly, these experiments were done with an intact pro-
moter and in the presence of the upstream binding factor
(UBF); the assay was therefore a measurement of activated
Pol I transcription. An interaction of UBF with TBP has been
reported by several investigators (2, 13), and it was suggested
that this interaction might be a basis for recruitment of SL1 by
UBF to the promoter. Thus, the previous results reported for
vertebrate systems do not contradict our conclusion for the
yeast system, i.e., that TBP is essential for activated rDNA
transcription and that, in the absence of the activator UAF,
TBP does not stimulate basal or core transcription. The ques-
tion of whether TBP is required for core transcription in ver-
tebrates has not been answered. In fact, transfection experi-
ments carried out by Smale and Tjian (18) using cultured COS
cells showed that, for mutant human rDNA promoters con-
taining a partial deletion of the upstream control element,
transcription was mostly carried out by Pol II from two initia-
tion sites (215 and 220) different from the Pol I start site
(11), even though the core promoter defined by in vitro ex-

FIG. 5. Decreased frequency of polymerase switching in rrn9D/rrn9D diploids and effects of TBP overexpression. (A) Aliquots of 10-fold serial
dilutions of an rrn9D N-PSW strain (NOY703) and an rrn9D/rrn9D diploid strain (NOY1002) were spotted on YEP-galactose (Gal) and YEPD
(Glu). The plates were incubated for 10 days at 30°C. (B) Primer extension analysis of rrn9D haploid and rrn9D/rrn9D diploid strains for measuring
amounts of Pol II-derived rRNA transcripts. RNA was isolated from an rrn9D fob1D strain stably carrying ;80 copies of rDNA (strain 1, NOY921)
and from an rrn9D/rrn9D diploid strain (strain 2, NOY1002) grown on galactose medium (note that a fob1D derivative of the haploid rrn9D strain
was used to stabilize ;80 rDNA copy numbers because the fob1 deletion is known to prevent rDNA copy number expansion and contraction; see
reference 17). Five micrograms of total RNA was subjected to primer extension analysis, as described previously (20). The rRNA transcripts
derived from the GAL7-rDNA plasmid (GAL7) and from Pol II transcription of the chromosomal repeats (rDNA) are indicated. It should be
noted that no Pol I-specific start site is detectable. The left panel (lanes 1 and 2) is from a 3-h exposure, and the right panel (lanes 19 and 29) is
the same gel after a 16-h exposure. PhosphorImager quantitation of the Pol II-transcribed chromosomally derived bands showed an ;3-fold
decrease in the diploid strain relative to the haploid strain, per total amount of RNA (and per GAL7-35S rDNA-derived rRNA bands, which were
approximately the same in both lanes). (C) TBP overexpression does not activate Pol I (or Pol II) transcription in rrn9D/rrn9D diploids. The
rrn9D/rrn9D diploid strain (NOY1002) was transformed with the 2mm-TBP plasmid (pNOY419). Two independent transformants were then picked
and aliquots of 10-fold serial dilutions were spotted on YEP-galactose and YEPD media. The plates were incubated for 11 days at 30°C.
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periments was intact. These results resemble the switching to
Pol II transcription observed in yeast UAF mutant strains. In
the yeast system, it was initially surprising to find the absence
of basal transcription by Pol I in vivo (for example, in UAF
mutants), which corresponds to that from the core promoter
observed in vitro. However, the results obtained by Smale and
Tjian (18) suggest that this might also be the case for higher
eukaryotic cells. Further experiments may settle this question
in a more definitive way.

We have observed that transcription of chromosomal rDNA
repeats by Pol II in the absence of the UAF subunit Rrn9p is
much lower in diploid cells than in haploid cells and that this
is correlated with our inability to detect switching to the PSW
state in diploid cells. In addition to the reduction in Pol II
transcription, the rate of repeat expansion that is required for
switching to the PSW state might also be affected in diploid
cells, but we have not studied this possibility. Interactions be-
tween homologous chromosomes in diploid cells are known to
take place in a variety of organisms, including yeast (3), and
trans-sensing phenomena related to epigenetic alterations of
gene expression have been documented (6, 7). Our observation
of increased silencing of Pol II transcription in rrn9 diploids
relative to haploids may be related to the pairing-dependent
silencing of certain Drosophila genes (for reviews, see refer-
ences 6 and 7) and may provide a system which could be used
to study molecular mechanisms involved in this interesting
phenomenon.

In summary, the results described here show that transcrip-
tion factor UAF plays a unique role in silencing Pol II tran-
scription of rDNA and activating Pol I transcription. Impor-
tantly, TBP overexpression cannot suppress defects in either of
these functions of UAF. These results support our previously
proposed model for the role of TBP as an activator of Pol I
transcription that is completely dependent on the presence of
UAF and the upstream element of the rDNA promoter (10, 19).
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