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ABSTRACT

TFIIB, the initiation factor for transcription by RNA
polymerase Il (pol Ill) is, in yeast, composed of three
subunits: TBP, TFIIIB 4¢/Brfl and TFIIIB gg. To determine
the extent to which each of these subunits is limiting

for pol Ill transcription, the effect of overexpressing
each subunit was assessed on the expression of
wild-type and promoter mutant pol Il genes both in
vivo and in vitro . In vivo , we find that the synthesis of
wild-type pol 1l genes is not limited to a significant
extent by the level of any TFIIIB subunit. There is,
however, a two-fold increase in the synthesis of the
promoter mutant gene, sup9-e A19-supS1 , in strains
overexpressing TFIIB 7o. The findings suggest that
overexpression of TFIIIB 7 has a differential effect on
the expression of pol Il genes with strong versus weak
promoters. In vitro transcription assays support this
conclusion and reveal an inverse correlation between
the transcriptional response to TFIIIB 7o overexpression
and promoter strength. The individual TFIIIB subunits
are nuclear by immunofluorescence and are calculated

to have nuclear concentrations in the low micromolar
range. In comparison, the factors are diluted 100-fold

or more in whole cell extracts. This dilution accounts

for the generally limiting nature of TFIIIB 7o in pol 1l
gene transcription in vitro.

INTRODUCTION

RNA polymerase Il (pol Ill) transcription in the ye&stccharo-

(7-9). The remaining two components, a 70 kDa polypeptide
(TFIIB70) with homology to TFIIB, and a protein termet &
TFIIB gg which has an apparent molecular mass of 90 kDa, can
then associate with this compled<{2). TFIIIB-DNA complexes
assembled in this manner or via TFIIA and/or TFIIC are
extraordinarily resistant to high salt concentrations and to polyanions
and have the ability to direct multiple rounds of initiation by the
polymerase 4,7,9). These properties have so far only been
demonstrated for yeast TFIIIB-DNA complexes. However, similar
properties are anticipated in higher eukaryotes based on recent
findings which demonstrate that human TFIIIB includes proteins
that are structurally and/or functionally homologous to the yeast
subunits {3-16).

In the absence of DNA, the subunits of yeast TFIIIB are thought
to be rather loosely associated. For example, TBP and Tg11IB
can be separated from TFIgBby chromatography on Mono S
resin (L7) while TBP and TFIlIBgare readily separated from one
another using tagged forms of the latter protiih (These results
contrast with those from another study which showed that TFIIIB
can be immunopurified using antibodies against TBB). (
Several explanations have been proposed to account for this
apparent difference in complex stability8]. However, the
central questions about the nature of TFIIIB in the cell and
whether it is recruited to the DNA in a single step or in multiple
steps have not been resolved. With the availability of all three
subunits of yeast TFIIIB in recombinant form, it has become
possible to reexamine these issues and to address other qualitative
and quantitative aspects of TFIIIB assembly and function (for
example seé1,12,20).

In a previous study we reported that multiple copies of the
wild-type gene encoding TFIIB suppressed the transcriptional

myces cerevisiagequires three factors, TFIIIA, TFIIIB and defect associated with a tRNA gene A block promoter mutation
TFIIIC (1-3). TFIIB serves as the initiation factor in this system(21). This result suggested that TFBwvas limiting for pol il

and is assembled upstream of the transcription start site by TFIItAanscription in yeast. Subsequently, multi-copy suppression of
and TFIIIC in the case of 5S genes or by TFIIIC alone in the casenditional mutations in TFIIC subunits was demonstrated by
of other pol Il genes4). In vivo, TFIIIC and TFIIIA are required  TFIIB 79 and by the other two subunits of TFIIIB suggesting that
for the efficient assembly of pol lll-specific complexgs5).  the latter polypeptides were also limiting under these conditions
However,n vitro TFIIIB can be assembled on some DNAs in thg(22). In addition, studies iDrosophilaSchneider S-2 cells and
absence of these factors. This reaction is initiated by that 1A fibroblasts have shown that pol Ill transcription is limited
sequence-specific binding of one of its three subunits, namely thg the amount of TBP23,24). In the Drosophila system, this
TATA binding protein (TBP) to templates containing a TATA boxeffect was shown to be direct since the increase could be
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prevented by pol lll-specific mutations in TBP. In light of theseof RNA was determined by excising the bands and measuring the
findings, we have examined the effect of increasing the gerecorporation of -32P]JGTP by Cerenkov counting or by image
dosage of each subunit of yeast TFIIIB on pol Ill transcriptioranalysis with ImageQuaNT software (Molecular Dynamics).
directed by both wild-type and mutant promoters. In addition, we

have determined the cellular and extract levels of the TFIlIB-galactosidase assays

components in order to correlate the results of our functional studies

with emerging biochemical data on subunit-subunit interactions. B-Galactosidase activity was measured in transformants of strain
UBG6 containing an amber suppressi@Kl-lacZ reporter gene

MATERIALS AND METHODS on the_ plasmid_pU_K_C3528) and either_ pRS423 or derivative_s
containing the individual TFIIIB subunits. Cells were grown in
Plasmids synthetic complete medium lacking uracil, leucine and histidine
] which selects for the suppressor, the TFIIIB subunit overexpressing
The genes encoding the yeast factors TBP, Tidid TFIlIByo  plasmid and thiacZreporter plasmid. Assays were conducted on
were cloned into tth[)lasmld vector pRS423 which carries thetWO to four Samp|es for each strain in each experiment as
HIS3gene as a selectable marker. The gene encoding TBP Wasscribed 79). Standard deviations and standard errors were

recloned from pDE28-6 (provided by Greg Prelich) as a 2.4 khropagated according to Bevingtdit.
Sad/Sal fragment to give p423TBP. The gene encoding

TFIIBgg was recovered by PCR amplification from a wild-typea it~ ;
genomic bank using the primersGCGTAAGAGCTCCAAA- Antibodies and western analysis
CTCAAGGC-3 and 5CTCTGGACAGCTGTAGTCCAC-3  Yeast cells in log phase were lysed by glass bead breakage in a
A 3.3 kb Sad/Pvul-cleaved PCR product was cloned into mini-beadbeater (Biospec) into RIPA buffer containing protease
Sad/Sma-cleaved pRS313 and the insert was subsequentlghibitors as described{). Breakage was monitored by light
transferred into pRS423 to give p423B90. The 2.6 kb insert fromicroscopy. Antibodies to TFIIHg have been described previously
pRSM3 @1) which contains TFIIBgwas recloned into pRS423 (32). Rabbit polyclonal antibodies were raised against recombinant
to give p423B70. The multi-copy plasmid pUKC352 (obtained/east TBP purified as describe83). The specificity of this

from Mick Tuite) contains the strofsK1promoter and the first antibody was demonstrated by its recognition of a 27 kDa band
33 N-terminal amino acids from tlR&K1gene fused to a 21 bp in yeast nuclear and whole cell extracts, in rabbit reticulocyte
oligonucleotide which includes an in-frame UAG stop codorysates containingn vitro synthesized TBP and i&scherichia
followed by thdlacZ gene (amino acids 8-1021). The wild-type coli extracts induced for the expression of recombinant BBP (
sup9-egene and promoter mutants in eitremp9-eor the Rabbit polyclonal antibodies were raised against recombinant
homologoussup3-egene were all cloned in the plasmid YCp50yeast TFIlIByg purified by preparative SDS—polyacrylamide gel

(25). electrophoresis as described for TFHBL1). Similar criteria as
described above for TBP were used to demonstrate the specificity
Yeast strains and phenotype analysis of this antibody for TFIlIBo. Western analysis was performed as

described previousl\3@) using a 1:5000 dilution of all primary
The strains IW1B646) and YSB108 Z7) were used for the and secondary antibodies. Efficient detection of TYIRquired
preparation of whole cell extracts. Phenotypic analysis of TFIlIBhe presence of 0.4% SDS in the transfer buffer and a 12 h
subunit overexpression was conducted in strains UB6 and UBificubation with primary antibody. Antibody—antigen complexes
Strain UB6 was constructed by integrating a single copy of thgere detected by enhanced chemiluminescence (Amersham
dimeric sup9-e A19-supS@ene at théJRA3 locus of strain  Corp) and quantified using laser densitometry and ImageQuaNT
IW1B6 as described previousBA). Strain UB7 was constructed software (Molecular Dynamics). The amounts of each recombinant
in the same way but contains a single copy of the monomeritandard are based on measurements of intrinsic fluorescence at
supSigene. The suppressor phenotypes of strains overexpressgg) nm. Standard curves for individual TFIIB subunits were
the individual TFIIIB subunits were examined by growingnormalized using the slopes determined by linear regression. The
saturated cultures in synthetic complete media lacking uracil amggh precision of the ECL quantification is reflected by the
histidine (to select for both the plasmid and the suppressor). Theefficients of variation of the slopes of the bestfit lines generated
cells were washed, normalized for cell concentration, seriallyy an analysis of six standard curves. For TBP and Tlige
diluted and spotted onto minimal media plates containing leucingpefficients of variation are 6.1% and 3.5%, respectively.
Growth on this medium requires the expression of amber
nonsense suppressor activity and maintains selection for tR@ythern analysis
plasmid and the suppressor.

Total RNA was extracted from transformants of strain UB6

containing either pRS423 or p423B70 by glass bead disruption in
the presence of hot phendb]. The RNA (5—4Qug per lane) was
Whole cell extracts were prepared in parallel as previously describessolved on 10% polyacrylamide, 8.3 M urea gels in TBE buffer.
(26) from 8-10 g of cells grown to an absorbance at 600 AB.0f  After electrophoresis, gels were soaked for 10 min in TBE
Transcription reactions were carried out in @0reactions prior to electrophoretic transfer (& 3BE and 100 V for 2 h at
containing Jug of template DNA as describe?d). Assays were  4°C) of the RNA to Zetaprobe nylon membrane (BioRad) using
performed under multiple round conditions at@%or 60 min. The  a BioRad Transfer apparatus. After transfer, the membranes were
RNA products were analyzed on denaturing 8% polyacrylamidéried for 10 min and the RNA was crosslinked by UV irradiation
gels and visualized by autoradiography or with phosphor stora¢@2 J/cm). For northern analysis of RBRIRNA, electrophoresis
plates and a phosphorimager (Molecular Dynamics). The amounas performed on a 1.2% agarose formaldehyde gel. In this case,

In vitro transcription
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capillary transfer of the RNA to a nitrocellulose membrane was B90 B70 TBP WT
performed using 20SSC. Pre-hybridizations and hybridizations
were carried out overnight ik@SPE, 0.1% SDSxDenhardt’s
and 125pg/ml denatured salmon sperm DNA at°@7 The
oligonucleotide probes ''&CAAACAACCACTTATTTGTT-
GA-3 and 3>GTGCCATTTCGATTTGAAA-3 were used to
detect 5 leader-containing pre-tRNAY (CAA, 132 nt) and
pre-tRNASE" (CGA, 123 nt), respectively and were provided by
Craig Peebles. The oligonucleotidésTEGGACATAGTGACT-
TCTT-3 and 5CAGCCGCGAGCACCACAGCGT-3were used

to detect the 'Beader-containing precursorssoip9-e A19200 and
108 nt precursors correspond to the dimgm9-e A19-supBINA
precursor and the monomesigp9-e Al%recursor lackingupS})
an.d RPR1(486 nt), respectivelyJ4 RNA (160 nf) was detected Figure 1. Amber suppressor phenotypeSaferevisiastrain UB6 overexpressin
using the probe "S&ECATGAGGAGACGGTCTGG-3 The ingividual TFIIB ssgunits. Sptrain 3@6 which contains an integrat?ed copg)]/ of
oligonucleotides (20 pmol) were end-labeled indl@eactions  thesup9-e A19-supSfene was transformed with the plasmid pRS423 (WT) or
using B/.32P]ATP 300 uCi, 3000 Ci/mmol (Amersham Life derivatives bearing the genes encoding TBP, TR§I@B70) or TFlliByg

Science) and T4 polynucleotide kinase. Unincorporated nucleotidégg(?)- Transformants were grown to saturation in synthetic complete medium
cking uracil and histidine and were normalized for cell concentration before

were fevaed using Sephade>_< G-25 spin columns. The ﬂn%?eing serially diluted and spotted onto a minimal medium plate. Growth on this
posthybridization washes were iR 6SPE 0.1% SDS at 3C. medium selects for the suppressor locus (Ura+), the plasmid (His+) and

Hybridization was detected using phosphor storage plates andegpression oupSlamber suppressor activity (Trp+, Met+). The cells were
phosphorimager (Molecular Dynamics). RNA levels werephotographed after 72 h of incubation atG0
normalized using the signal for U4 RNA. Relative RNA levels

were determined by linear regression of data obtained from two ) ) o
or more independent blots. The above suppression assay provides only a qualitative

measure ofup9-e A19-supSiinction. We therefore employed

a quantitative termination codon readthrough assay to determine
supSlsuppressor activity?@). Strains containing each TFIIIB

In situ hybridization was performed as described previouslgubunit on a multicopy plasmid (Figj) were transformed with
(36,37) except that the spheroplast buffer (1.2 M sorbitol, 100 mMhe plasmid pUKC352 which carries an amber-suppredaitiie
potassium phosphate pH 7.5) did not contain RNase inhibitors.r&porter construct. The resultsfBbalactosidase assays conducted
1:250 dilution of the antibodies in blocking buffer (10 mg/ml BSAover four separate experiments are shown in Tabla good

in phosphate-buffered saline, 0.1% NaMWas incubated with the agreement with the phenotypic assay, the TBP overexpressing
spheroplasts overnight &t@. The cells were subsequently washedstrain showed only a slight increase (1.2-fold}-alactosidase

with blocking buffer and incubated for 2 h with Cy3-conjugatedactivity while the TFIlIByg overproducer showed no significant
anti-rabbit antibody at a 1:2000 dilution. Fluorescentimages wemhange in activity relative to the wild-type strain. In contrast,
acquired with a Photometrics PXL cooled CCD camera (Tusconyerexpression of TFIllf resulted in a 2-fold increase in
AZ) on an Olympus IX-70 microscope with8.A. 1.4 planapo  B-galactosidase activity. This result establishes that T bBt
optics. Fluorescent filter sets were narrow band pass to eliminatet TBP or TFllIByg, is the principal limiting component of
spillover from one channel to any other. Images were prepared foFIlIB in the expression dup9-e A19-supS1 in vivo

publication using NIH-Image and Adobe Photoshop.

Immunofluoresence

Table 1.Quantitation osSupSIsuppressor activity in strains overexpressing

RESULTS individual TFIIIB subunits

Identification of the limiting TFIIIB subunit in vivo Overexpressed TFIIIB subunit TBP TFllIB7o  TFIIIBgo
. . . . Expt 22 1.1+0.13 1.9+0.13 0.8+0.07

To examine the extent to which the different subunits of TFIIB "

are limiting for pol Il transcriptiofn vivo, multi-copy plasmids ~ Expt# 11£005 2.0:0.24 0.9+0.06

containing TBP, TFIlIBg and TFIlIBgg were transformed into a  Expt 2 1.3+0.20 1.9+0.12 0.9+0.17

strain hz_irboring the reporter constrgap9-e A19-sqp$]l’_.he Expt # 134023 22:046  1.2+026
expression aupSlamber nonsense suppressor activity in these
cells serves to report on transcription directed by the mutanfverage 12+004 20£006 1.0+004
(A19) promoter of thesup9-egene 26 and Fig.1). TFIIIB7q
appears to be the only TFIIIB .sgbunit thgt can, vyhen_ overexpressgl, iq-type strain.

increase the suppr_essor _actlvmsupS]m this dimeric cor_1text. bAverage fold difference and standard erroB-igalactosidase activity relative
The growth of strains which overexpress (see below) either TBB the wild-type strain.

or TFIlIBgg is comparable to the control strain. Western analysis

of whgle cell lysates prepared under denatunng conditions (sﬁequantitative difference betweenin vivo and in vitro assays
Materials and Methods) showed that strains OVerexpressitg Tr B -n overexoression

TFIIB7o, TBP or TFIlIByg contained respectively, 22-fold, 70 P
10-fold or 7-fold more of the corresponding protein than th@revious studies have indicated that elevated levels of TigllIB
control (data not shown). can increase transcription vitro to a greater extent than the

%F](gld difference and standard deviatiorf3igalactosidase activity relative to
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Figure 3. Localization of TFllIBg by immunofluoresence. Fixed and
B IWI1B6 YSBI08 permeabilized wild-type (WT) and TFIIB overexpressing cells (mc7B
r 1 1 were incubated with or without antibodies to TF{§1:250 dilution) or with
DAPI stain. Anti-rabbit secondary antibodies were conjugated with CY3.

magnitude more limiting than the next most limiting factor in the
extract.

Figure 2. Overexpression of TFIllf increases transcription vitro. (A) The TFIIIB 7 is localized to the nucleus

protein concentration dependence of transcription in whole cell extracts L . . L.
prepared from wild-type (IW1B6) and TFIigoverexpressing (YSB108) | he quantitative difference betweenitieivoandin vitro assays

strains. The inset shows the primary dimeric transcript synthesized undeeoncerning the effect of TFIIH overexpression may be

multiple-round conditions using theup9-e A19-supSgiene (1ug) as a  explained in several ways. It is possible thativo TFIIIB7q is
template. Reactions in lanes 1-5 and lanes 6-10 contained 0, 20, 40, 6pgnd SOnot confined to the nucleus. TFIHB localized in cellular

of extract protein, respectively. The plot presents the data obtained by
phosphorimage analysis of the inset. A 17-fold difference in transcription Wascompartments other than the nucleus would not affect p0| 1l

calculated from the linear portion of the curved \Western analysis of IW1B6  transcriptiorin viva. However, the disruption of cellular barriers
and YSB108 whole cell extracts detected for TRiB.anes 1-3 contain 5.0,  with the preparation of whole cell extracts would enable this
10.0 and 15.Qg of protein from the IW1B6 extract and lanes 4-6 contain 0.8, material to participate in the assembly of transcription complexes.
1.6 and 3.24g of protein from the YSB108 extract, respectively. We therefore examined the localization of TFHih control and
overexpressing cells by immunofluoresence. Figdirghows
representative fields of these cells after treatment with or without
) . an anti-TFIlIB;g polyclonal antibody or DAPI stain. A specific,
2-fold_effect observedn vivo (21,32,38). However, a direct \ye|l-defined signal for TFIlIBy can be seen in both strains
guantitative comparison of TFIIig overexpression and its effect on treated with the primary antibody. As expected, the signal was
transcriptiorin Vivoandin V|tr0 has not been describ-ed. We therefor%ignificantly more intense in the Overexpression Strain' More
prepared whole cell extracts from a control strain (IW1B6) and gnportantly however, DAPI staining of the chromosomes confirmed
strain (YSB108) whose viability required the maintenance of ghe nuclear localization of TFIIHg in both cases. There was no
multicopy plasmid containing TFllg. Figure 2A shows the  getectable cytoplasmic staining for TFHEBin either strain. In
protein concentration dependence of transcription in theggyrallel experiments, the nuclear localization of TBP and T4gliB
extracts. In the linear portion of the curves, the YSB108 extrag wild-type and overexpressing strains was also confirmed (data not
is 17-foldmore active in transcription of tseip9-e A19-supS1 shown). These results show that (i) overexpression of the TFIIIB
gene than the control extract. This is significantly greater than tgihynits, up to 20-fold in the case of TFi§Bdoes not affect their
2-fold increase in the expression of this genévo(Tablel). To  gybcellular localization and (ii) the amount of each TFIIIB subunit
examine the possibility that the langevitro effect results from i 4 cell closely approximates the nuclear level of the protein.
differential extraction of TFIlIBg, the relative amount of the
protein in these extracts was determined by quantitative weste : P
blot analysis (see Materials and Methods and?Bjj.Densitometry ér\‘/c;rsrtzl? Ell-l.érl]l lee7t2)/veen promoter strength and limiting
of the western blot revealed that the YSB108 extract contained
[R0 times the amount of TFIIH that was present in the control Another possible explanation for the quantitative difference
extract. This is in good agreement with the previously determinezbservedh vivoandin vitro upon TFIIIB;goverexpression is that
22-fold increase observed in whole cell lysates prepared undée increased synthesis sfip9-e A19-supS1 in vivoay be
denaturing conditions (cited above). The close correspondencfiset, to a large extent, by an increase in RNA turnover. In this
between the level of TFIIi) overexpression and the increase inway, the steady state level of matsgpS1tRNA could be
transcriptionin vitro indicates that this factor is at least an order ofnaintained at close to wild-type levels, effectively limiting the
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extracted from wild-type and TFIIg overexpressing strains and
subjected to northern analysis. The blots were hybridized with a
series of 5pre-tRNA-specific oligonucleotides and other probes
including one for the pol lI-transcribed U4 snRNA which served
as an internal control. Figud& shows a representative northern
blot indicating the levels of '5presup9-e A19RNA. The
guantitation of this blot together with that from a second
independent experiment revealed a 2-fold increase in the level of
the B flanked tRNA precursor (FigB). This result is in precise
agreement with the quantitative nonsense suppression assay
(Tablel). Accordingly, the 2-fold increase in the synthesis'of 5
presup9-e A19RNA most likely underlies the corresponding
increase irsupSlamber suppressor activity. Together with the
other experiments presented thus far, this result also indicates that
the 2-fold in vivo effect and the 17-foldn vitro effect of
overexpressing TFIlIE represent true quantitative differences

in the synthesis afup9-e A19-supRNA.

Surprisingly, overexpression of TFIFBdid not increase the
level of other pol llI-transcribed precursor RNAs (Fif),
specifically pre-tRNA€Y; (CAA), pre-tRNASET (CGA) and
pre-RPR1 (the RNA component of yeast RNase P). Similarly,
several mature pol lll transcripts showed no difference in amount
between the two strains (data not shown). The fact that the mutant
sup9-e Al®romoter showed an effect of TFIjioverexpression
in vivo (Fig. 4A and B) but various wild-type promoters showed
no response (FigdC) suggests that TFIIB is present at
saturating levels for the transcription of many, if not most pol Ill
genes. However, the factor apparently becomes limiitingvo
when promoter strength drops below a critical level.

Wild-type levels of TFIIIB 7o are not limiting for expression
of the monomericsupSZ1suppressor

20 20 g RNA To further examine the hypothesis that pol Il genes bearing
o iy b normal promoters are not limited in their expression by the
- * pre-RERLENY wild-type level of TFIIIB;o, we examined the effect of TFIl{g

overexpression on the activity of the moderately strong monomeric
supSamber suppressor. A strain containing an integrated copy of
thesupSIgene was transformed with TFIHBand with the other

two subunits of TFIIIB, each on a multicopy plasmid. Figbire
shows the effect of overexpressing these subunits on the
(108 nt precursor) or U4 RNA as indicateB) Phosphorimage analysis 6f 5 monomericsupS1suppressor. There appears to be no growth
presup9-e AIRNA from wild-type @) and TFIIIBrg overexpressing() advantage for any of the TFIIIB subunit-overexpressing strains.

strains. RNA values were normalized to those for U4 RNA. The slopes At R
determined by linear regression were used to normalize the data from tvv(yve conclude that transcription from the wild-tyseipS1

independent blots and to derive the standard deviatiohJofal RNA from promoterin vivo is not "mit_ed to a signific_ant extent by the
a wild-type (pRS423) and a TFIG overexpression (p423B70) strain was  amount of any TFIIIB subunit. For TFIIIB, this result contrasts
detected for pre-tRN#&Y; (CAG), pre-tRNA®'(CGA), U4 RNA and pre-RPR1 with that observed using tiseip9-e A19-supSfromoter mutant
RNA (the precursor of yeast RNase P RNA). The data were analyzed agrig. 1) indicating that the increased transcription exhibited upon
described above and in Materials and Methods. . : ]
TFIIB 7o overexpression may be restricted to genes with weak or
defective promoters.

Figure 4. Northern analysis of precursor RNAs transcribed by pol)ITotal
RNA (5, 10, 20 and 3Qug) from a wild-type (pRS423) and a TFIHB
overexpression (p423B70) strain was analyzedbf@resup9-e AIRRNA

increase in nonsense suppressor activity. In support of this id o
other studies have observed that tRNA steady state levels rem?ﬁe{-?mgtfon of the cellular levels of TFllBzo, TBP

constant despite changing levels of tRNA synthekiz9). In

order to measure the relative levels of synthesis of pol ITFIIIB7qg is clearly limiting in transcription assays conducted
transcriptsn vivo, northern analysis was performed using probesising whole cell or partially purified (BR extracts (Fig2A and

for short-lived precursor RNAs. Previous studies have shown thatfs32,34) yet the quantitativin vivoassays show that TFII{3

an intron-specific pre-tRNA probe provides a reliable measure @f functionally in excess for all but a defective pol Il gene. To
RNA synthesis by pol I1140,41). Since the preferred order of explore the basis of this difference, we determined the cellular and
processing for pre-tRNAs proceeds witheBd trimming, 3end  extract concentrations of TFIIf§ by quantitative western
trimming and then intron splicing%), we chose to useé pre-tRNA  analysis. We also determined the cellular levels of TBP and
probes to detect the shortest-lived tRNA precursors. Total RNA was-111B gg in order to compare the amounts of these factors with
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Figure 5. Amber suppressor phenotypeSoferevisiastrain UB7 overexpressing &
individual TFIIIB Subunits. Strain UB7 which contains an integrated copy of ;
the monomerisupSIgene was transformed with the plasmid pRS423 (WT) or ooo
derivatives bearing the genes encoding TBP, TE{I@8B70) or TFllIByg
(B90). Transformants were grown and plated as described in Figure 1 to monitor 0

supSlamber suppressor activity. The cells were photographed after 72 h of 6 100 300 300 400 500

incubation at 30C. ) ;
Recombinant protein (fmoles)

TFIIB7o. Figure 6A and B shows a representative western C
titration of pure recombinant TBP and TFIlfi$and a global 20 B
analysis of multiple standard curves for these proteins. The 2000 o/ 8 &
standard curves (FigB) reveal that the assay is linear over at " g ©
least a 10-fold range in the amount of loaded protein and that the - 1500 ¢
data are highly reproducible (the error bars are from six individual & 1000] a
experiments). Representative blots of TFHjBnd TBP in a wild- &
type whole cell lysate are presented in Figieand D together s00 ——
with a quantitation of four independent experiments for each 0 :
protein. These data and similar experiments for THI@ot a 2 Vorume (ﬁl} B
shown) allowed the calculation of absolute numbers of molecules '
on a per cell basis (Tab®. All three subunits of TFIIIB are D 1400
present in approximately equal numbers and at levels typical of .
moderately expressed proteins in yea&#).( The numbers 1200 (
indicate that there is d®5-fold excess of TFIIIB subunits in 1000 . *
each yeast cell relative to the number of pol 11l gedds ( o 800 -
5 s00
Table 2.Quantitation of individual TFIIIB subunits in cells and in extracts a 400
A
TFIIIB subunit TBP TFIIB7g TFIIIBgg 20 i
molecules per céll 0.9x 10* 1.3x 104 1.0x 104 ¢ o 2 4 & 8
Valume (pl}
nuclear concentratién  6.3uM 8.6 uM 6.6 uM
extract concentratién 68 nM 25nM nd Figure 6. Quantitative western analysis of TFH@and TBP in whole cell lysates.

o ] A) Representative western titration of rTFHiB(top band) and rTBP (lower
@Absolute levels per cell represent minimum values since they assume 100¥and). Lane 1 contains no recombinant proteins, while lanes 210 contain 50, 100,
cell breakage and recovery into extract. 150, 200, 250, 300, 350, 400 and 500 fmol rTFgi&nd 500, 400, 300, 250, 200,

b2 46 um3 was used as the average nuclear volume for an asynchronous célb0, 100, 50 and O fmol rTBP, respectiveB). Global linear regression analysis
population(44). The calculation assumes an equal distribution of the protein®f TFlliB7g (M) and TBP [J) standard curves. Standard deviations are
throughout the nucleus. determined for points represented in six independent standard curves. The data
CThe concentrations are those in acBiRaction (1.6 mg/ml). This fraction contains oM (A), TFIIIB7o () and TBP (), are also shownC) Detection of TFlIIEyg

(8% of the TBP, 71% of the TFIIKg and 10% of the total protein present in in wild-type whole cell lysates. Four independent wild-type whole cell lysates were

) ) ; analyzed to determine the level of TFi{BYeast cells (2.6% 1) in mid lo
the starting crude extract. Thus, the concentrations approximate those found Hﬂasye were broken as described in Ma?elﬁals and Metrgods intgg)l ml of RIPgA buffer.

‘(’thOIe cell extracts at 16 mg/ml. The inset shows the signal for TFIf@on one blot. [§) Detection of TBP in
not determined. wild-type whole cell lysates. The whole cell lysates analyzed in (C) were
simultaneously detected with antibodies to TBP. The inset shows the signal for

The preceding quantitation of the TFIIIB subunits togetherTBP on one blot. The westemn blots shown in the inset to (C) and (D) were detected

with their nuclear localization (Fig and data not shown) and in parallel with the standards shown in (A).

recent measurements of yeast nuclear volufdg gllows an

estimate of their nuclear concentration (TaBje All three  TFIlIB7g in a partially purified wild-type extract (and in the

subunits were determined to have concentrations in the logorresponding crude extract) were 68 and 25 nM, respectively

micromolar range. In contrast, the concentrations of TBP andable?2). TBP and TFIlIBg are thereforé1.00-fold or more
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dilute in the extract than they are in the nuclduas.vitro 25
transcription assays involve dilutions of these factors from 200 |
to [3000-fold relative to their nuclear concentrations. Despite thig
large dilution, neither TBP nor TFIIE is limiting for TFIIC-
dependent gene transcription in whole cell extr&&2s3¢). On
the other hand, the limiting nature of TFH{Hn vitro indicates
that its concentration is well below the equilibrium constant fo
its interaction with the TFIIIC-DNA complex (Figand ref32).

We conclude that the quantitative difference betweemthieo
andin vitro assays regarding the effect of TFji§B®verexpression
(for example, the 2-fold versus the 17-fold effect on the synthesi

| AL B B B S B S S H S e

Fold Increasé in Transcrip!

(7]

of sup9-e A19-supSEigs2 anddA) is likely to resultin large part e -

from the dilution of TFIlIB in the extract. A Block Mutations B Block Mutations

) ) o ) Decreasing Promoter Strength
A differential response to TFIIIB 7o overexpressionin vitro

Since TFIIIByg overexpression increases transcription of theFigure 7. Differential effect of TFIIIBg overexpression oin vitro transcription
of the dimeric gp9-egene and promoter mutants. The plot shows the effect of

§up9-e Aj@romOter mutant templat_e but not Wild-type templatesoverexpressing TFIIE onin vitro transcription of the wild-typsup9-egene and
in vivo (Figs 1, 4 and5), we examined the effect of elevated eight promoter mutants. The mutant templates are grouped by promoter element
TFIlIB 7 levels on the transcription of wild-type and promoter with transcription activity decreasing from left to right within each element.
mutant genesn vitro to determine if a similar differential CijanSCriptign %Cti\g%inG?thg 3W£;yg626e>%a%tlrgelggleoi’asﬂzpi-ses(l(-)O:)Mvaagl 029
g etermined to be 0. , 0. , 0. , 0. , 0. , 0. , 0.
re_sponse could be Obser\{ed (FiQ. Transcrlptlon of the T58 and 0.09 A53. The fold increase in transcription represents the ratio of the
wild-type sup9—egene was increased 11-fold in the YSB108 apsolute transcription levels in the YSB108 (TFifjBverexpressing) and wild-
extract compared with the B6 extract. In contrast, eight promoteype extracts. All transcription assays were conducted under multiple round
mutants including representatives from both the A and B blockonditions (60 min incubations at“(5) with 60ug of extract and fig of template.
control elements showed effects ranging from 12- to 23_f0|dThe results represent the averages from two or three experiments in which the
Interestingly when the B-block mutant templates were Ordere'atandard deviation from the average fold increase in transcription was <12%.
according to their relative transcriptional efficiency in the
wild-type extract, an inverse correlation was observed between . o o )
the fold increase in transcription and promoter strength. THgonditional mutation in the B block-binding subunit of TFIIIC to
strongest promoter, the wild-typgup9-e gene, showed the @ much greater extent than either TBP or TFIE2).
smallest fold stimulation whereas the weakest promoter, theAlthough the effect of overexpressing TFHBwas more
sup9-e A53ene, showed the largest effect. A similar correlatioRronounced than for the other TFIIIB subunits, overexpression of
was observed for the A block mutant templates. In addition, wheBP (10-fold) resulted in a small (1.2-fold) effect sup9-e
comparing A and B block mutants of similar promoter strength19-supShuppressor activity (Tablg. This result is consistent
(e.g. compare A19 and T58 or G7 and A55, Figthe A block ~ With the observation that pol Il-specific temperature-sensitive
mutants showed a larger response to TFYlBverexpression. Mutations in TBP effect small increases in the levels of pol
Thesein vitro results correlate with thi vivo observations !lI-specific transcripts41). Considering that there are somewhat
insofar as there is a differential in the transcriptional response {gwer molecules of TBP per cell than either TF{Br TFIlIBgo

the wild-type and mutant templates to elevated levels dffable2) and that TBP is engaged in transcription by all three
TFIIB 70. nuclear RNA polymerase$ ) whereas TFIIIBg and TFIIIByg

are pol lll-specific factors3(12,22,45), it seems surprising that

TBP is not the predominant limiting subunit of TFIIIB. However,
DISCUSSION the nature of the limiting component is determined by numerous

parameters including the cellular concentrations of the factors and
The amount of TFIIIBg in yeast has been shown previously tothe relative affinities of their interactions. In this regard, the
be limiting for the expression of the promoter mutsum9-e  genetic data are consistent with biochemical indications that the
A19-supSenein vivo (21). However, this initial study did not weakest thermodynamic link in the assembly of the TFIIIB—
address whether TFIIEBwas more or less limiting than the other TFIIC-DNA complex is the interaction between TFH{Eand
TFIIB subunits and did not quantify the extent to which thes@FIIIC (11,34).
factors are limiting in the cell. In the present work we have In light of the results obtained witup9-e A19-sup$ive were
investigated these questions using qualitative and quantitatigerprised to find that the expression or synthesis of various
assays to measure the vivo effect of overexpressing the wild-type pol Ill gene productin vivo was not limited to a
individual TFIIB subunits. The results demonstrate that wittsignificant extent by the amount of any TFIIIB subunit (Bigsand
respect tesup9-e A19-supSTFIIB g is the principal limiting 5, and data not shown). Given the generally close correspondence
subunit of TFIIB. Overexpression of this factor increasgab-e  between tRNA gene promoters and the consensus A and B block
A19-supSiprecursor RNA synthesis and suppressor activitglements46) and correlations indicating that tRNA gene copy
2-fold over control cells whereas TBP and TF4{dBhad a numberinyeastis the principal determinant of intracellular tRNA
marginal effect or no effect, respectively (FigTablel and data levels @7), it seems likely that TFIIIB subunit levels in
not shown). This unique ability of TFIIIgis in good agreement logarithmically-growing yeast cells are not limiting for the
with the finding that multiple copies of TFII{3 suppress a expression of most tRNA genes. This situation appears to change
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however as yeast cells exit logarithmic growth and approaaomplexes may also be affected by the large dilution that occurs with
stationary phase3p,48). At a relatively early stage in this the preparation of extracts. For example, differences concerning the
transition, the amount of TFIIIB in the cells declines3p).  composition of the RNA polymerase Il holoenzyme may simply
Moreover, the reduction in the cellular level of TFHBat this  reflect the concentration-dependent stability of some of its
stage in the growth cycle has been shown to contribute to tkemponents56). More importantly, the knowledge that nuclear
reduced transcription observed in extracts from such &iljs ( factors are likely to be more concentrated in the cell than in an extract
We conclude that TFIlIR becomes limiting for the transcription favors their inclusion as subunits of macromolecular complexes.
of many pol Il genes as cell growth rate decreases.

Our results in yeast differ from those obtainedimsophila
and rat cell lines where the amount of TBP significantly limits théA‘CKNOWLEDGEMENTS
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