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ABSTRACT

TIF-IB is a transcription factor which interacts with the
mouse ribosomal gene promoter and nucleates the
formation of an initiation complex containing RNA
polymerase I (Pol 1). We have purified this factor to near
homogeneity and demonstrate that TIF-IB is a large
complex (<200 kDa) which contains several
polypeptides. One of the subunits present in this
protein complex is the TATA-binding protein (TBP) as
revealed by copurification of TIF-IB activity and TBP
over different chromatographic steps including
immunoaffinity purification. In addition to TBP, three
tightly associated proteins (TAFs-l) with apparent
molecular weights of 95, 68, and 48 kDa are contained
in this multimeric complex. This subunit composition
is similar-but not identical-to the analogous human
factor SL1. Depletion of TBP from TIF-IB-containing
fractions by immunoprecipitation eliminates TIF-IB
activity. Neither TBP alone nor fractions containing
other TBP complexes are capable of substituting for
TIF-IB activity. Therefore, TIF-IB is a unique complex
with Pol I-specific TAFs distinct from other TBP-
containing complexes. The identification of TBP as an
integral part of the murine rDNA promoter-specific
transcription initiation factor extends the previously
noted similarity of transcriptional initiation by the three
nuclear RNA polymerases and underscores the
importance of TAFs in determining promoter
specificity.

INTRODUCTION

Different molecular mechanisms are involved in the process of
transcription initiation by the three classes of nuclear RNA
polymerases. Class I, II and m RNA polymerase promoters differ
not only in their DNA recognition sequences and their overall
structural organization but also interact with a distinct set of basic
traniscription factotrs that are required t'or ccuiralte transcriptiol
initiation (for review, see 1). These general factors serve in part
to precisely position the RNA polymerase at the transcription
start site. In addition to specific binding to promiioter sequences,

they interact with each other and/or the polymerase to form a
productive transcription initiation complex. To understand this
process, the function of the factors necessary for initiation by
the three classes of nuclear RNA polymerases must be
determined.

Transcription initiation of murine ribosomal RNA genes by
RNA polymerase I (Polt ) has been shown to require in addition
to Pol I four factors, designated TIF-IA, TIF-IB, TIF-IC, and
UBF (2). Two of these factors, TIF-IB and UBF, are specific
DNA binding proteins which function early in the initiation
pathway. Promoter selectivity is conferred by TIF-IB, the basal
factor which specifically interacts with the core region of the
mouse rDNA promoter and nucleates transcription complex
formation (3). Cooperative interaction between TIF-IB and the
upstream binding factor UBF has been shown to increase binding
of TIF-IB to its target sequence (4). Apparently, UBF recruits
TIF-IB to the template which, in turn, allows for higher promoter
activity. The association of TIF-IB with the rDNA promoter, in
the presence or absence of UBF, creates a primary preinitiation
complex that recruits Pol I, either alone or in association with
the two auxiliary factors TIF-IA and TIF-IC to to the template
to form a preinitiation complex (2).
Much previous work has focussed on the functional differences

which exist between the transcription apparatus of the different
classes of RNA polymerases. Initially it was assumed that each
class of polymerases would utilize a distinct set of accessory
factors to transcribe its set of genes. However, recent experi-
mental evidence suggest that the different polymerases use similar
strategies, and even the same or closely related polypeptides, to
transcribe their target genes. First, in yeast at least three subunits
are shared between the Pol I! Pol II, and Pol III enzymes (for
review, see 5). Second. at least one factor, the TATA-binding
protein (TBP). is required for transcription by all three classes
of RNA polyrnerases (6- 12). Thus, TBP is a general
transcription factor for all nuclear RNA polymerases. Presumably
the choice for a given class of promoters is accomplished by
association of TBP with othel accessory proteins, termiied TAFs
(for TBP-associated factors). Recent studies utilizing biochemical
and imnmllunoaffinity approaches have resulted in the separation
of distinct ''BP complexes and the identification of specific TAFs
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whose complexity raises the possibility that different TAFs may
be selective for different classes of promoters and for distinct
regulatory factors. In fact, TAFs that are distinct from each other
were identified in at least two chromatographically distinct
populations of TFIID which respond to different transcription
activators (13, 14). Recent data have indicated that the Pol III-
specific factor TFIIIB consists of TBP and specific associated
factors (for review, see 15). Furthermore, TBP has also been
shown to be a component of SL 1, the human factor that is most
likely homologous to the murine factor TIF-IB (9). Therefore,
it seems that utilization of TBP by all three RNA polymerases
is strongly conserved.
An unusual property of ribosomal gene transcription is the

species-specificity of promoter recognition (16). This species-
specificity has been shown to be mediated in the human system
by SL1 and in the mouse system by TIF-IB (17-20). It is not
known which of the different polypeptides is involved in promoter
recognition and is responsible for the species-specific differences
of this central Pol I transcription factor. To elucidate the
molecular mechanisms which direct promoter recognition of
murine Pol I, we have purified TIF-IB to near homogeneity. We
demonstrate that- analogous to the human factor SL 1- TIF-IB
behaves as a macromolecular complex consisting of TBP and
three associated proteins whose molecular weights are similar
but not identical to its human counterpart.

MATERIALS AND METHODS
Partial purification of transcription factors and in vitro
transcription assays
200 ml of a mixture of nuclear and cytoplasmic extracts were
chromatographed on DEAE-Sepharose CL-6B, followed by
Heparin-Ultrogel. Partial separation of individual factor activities
was obtained by step-elution with buffer AM (20 mM Tris -HCl,
pH 7.9, 0.1 mM EDTA, 20% glycerol, 5 mM MgCl2, 1 mM
DTE, 0.5 mM PMSF) containing different salt concentrations.
TIF-IA and TIF-IC eluted at 200 mM KCl, Pol I and UBF at
400 mM KCl, and TIF-IB at 600 mM KCl. The H-200 fraction
was further purified by chromatography on Q-Sepharose (300
mM). In vitro transcription reactions (25 Al) contained 10-50
ng of template DNA (pMrWT/Nde I) and a mixture of crude
Pol I (H-400 fraction), partially purified TIF-IA and TIF-IC
(Q-Sepharose fraction), and TIF-IB at different stages of
purification. The cell-free transcription system and the analysis
of the RNA has been described elsewhere (21, 22).

Purification of TIF-IB
A typical purification of TIF-IB started from about 6 x 1010
cultured Ehrlich ascites cells which were harvested in the
exponential phase of growth. 600 ml of a mixture of nuclear and
cytoplasmic extracts were purified by chromatography on DEAE-
Sepharose, Heparin-Ultrogel, CM-Sepharose, and Mono-S as
described (3). TIF-IB was eluted from the Mono-S column with
a salt gradient from 0.3 to 0.7 M KCI. Fractions containing TIF-
IB activity (eluting at 450 mM KCl) were pooled and used for
affinity purification.

Sedimentation velocity centrifugation
TIF-IB (200 tl of a Mono-S fraction) was layered onto a 3.5
ml linear (20-40%) glycerol gradient containing 3% sucrose
in buffer AM-100 and centrifuged in a SW60 rotor at 55,000
rpm for 14 h at 4°C. 200 pl fractions were collected and assayed

in the reconstituted transcription system. 100 ,tl of each fraction
were precipitated with 10% TCA and, after SDS-PAGE, TBP
was detected by immunoblotting. Molecular mass standards used
for estimation of the native molecular weight of TIF-IB were
catalase (240 kDa), lactate dehydrogenase (140 kDa), albumin
(66 kDa) and carbonic anhydrase (31 kDa) which were run on
a parallel gradient.

Western blotting
Western blotting was performed by transferring proteins separated
by SDS-PAGE to nitrocellulose filters. Nonspecific interaction
of the antibody was prevented by blocking the filters for 1 h in
phosphate-buffered saline containing 2.5% nonfat dry milk and
0.05% Tween-20. A monoclonal antibody raised against the
N-terminal region of hTBP (mAB3G3, ref. 14) was diluted 1:
2,000 into the same buffer without Tween-20. After incubation
for 1 h, the filter was washed and incubated in a 1: 2,500 dilution
of horseradish peroxidase-conjugated anti-mouse IgG antibody
(Promega). Signals were detected using the ECL system
(Amersham) according to the manufacturer's instructions. The
same procedure was also applied for immunoblots using the
monoclonal antibody ITA which was directed against a Pol II-
specific TAF (TAFII-100) with an apparent molecular mass of
about 100 kDa (manuscript in preparation).

Affinity purification of the Pol I-specific TBP-TAF complex
The monoclonal antibodies (3G3) reacting with the first 17 amino
acids of recombinant human TBP were coupled to protein A-
Sepharose CL-4B and crosslinked with dimethylpimelimidate as
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Figure 1. Assay for TIF-IB activity. A) Diagram illustrating the fractionation
scheme used to separate individual factors. The numbers refer to the molar KCI
concentrations used for elution. B) Transcription complementation assay used
for monitoring TIF-IB activity. The assays contained a crude Pol I fraction (H-400
plus H-200 fraction, lanes 1, 5, 9) and increasing amounts of TIF-IB at different
stages of purification. 0.5, 1.5 and 3 jl of fractions eluted from the Heparin column
at 600 mM KCl (H-600, lanes 2-4), 0.5, 1.5 and 3 pd of fractions eluted from
CM-Sepharose at 400 mM KCI (CM-400, lanes 6-8), and 0.1, 0.5 and 1 Al
of fractions separated on a Mono-S FPLC column (Mono-S, lanes 10- 12) were
assayed.
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described (23). All solutions used for immunoprecipitation
reactions contained the following set of protease inhibitors:
aprotinin (5 fkg/ml), pepstatin (5 Itg/rn1), leupeptin (5 ,ug/ml),
benzamidinehydrochloride (2 mM), antipain (2 /tg/ml) and
chymostatin (2 ,tg/ml). For pre-clearing, 2 ml of pooled Mono-
S fractions containing TIF-IB activity were preincubated with
100 /tl of protein A-Sepharose at 4°C for 1 h in buffer AM- 100
supplemented with 0.1 % NP-40. After centrifugation at 2,000
rpm, the supernatant was transferred to a tube containing 0. 1
ml of coupled mAB3G3 affinity resin and incubated at 4°C for
3 h with gentle agitation. The coupled antibody-protein A
complexes were pelleted by centrifugation and then washed four
times with 0.7 M KCI, 5 mM MgCl2, 20 mM Tris-HCl (pH
7.9), 0.1 mM EDTA, 20% glycerol, 0.1 % NP-40 and twice with
buffer AM-100. The immunoprecipitated TIF-IB complex was
eluted by addition of a 1,000-fold excess of the peptide PA81
(14) for 3 h at 4°C with rotation. After centrifugation, the eluate
was collected and assayed for transcriptional activity.

RESULTS
The experimental system to purify TIF-IB
To establish a convenient assay for monitoring TIF-IB activity
throughout the individual purification steps, we fractionated cell
extracts from cultured mouse cells according to the scheme
depicted in Figure IA. The first steps of the purification
procedure involved chromatography on DEAE-Sepharose and
Heparin-Ultrogel. Step-elution on the Heparin column separates
the components of the Pol I transcription system into three
fractions which are required to reconstitute transcription (3).
Under the experimental conditions applied, factors TIF-IA and
TIF-IC do not bind to the column and, therefore, are found in
the 200 mM KCI step (H-200). The H-400 fraction contains Pol
I and UBF, whereas TIF-IB is contained in the H-600 fraction.
The H-200 and H-400 fraction did not exhibit any transcriptional
activity neither on their own (data not shown) nor in combination
(Fig. lB. lanes 1, 5, 9). This fraction (a mixture of H-200 and

Figure 2. Glycerol gradient sedimentation analysis of TIF-IB. 200 Al of a Mono-S
fraction were centrifuged in a SW60 rotor at 55.000 rpm for 14 h at 4°C on
a 3.5 ml linear (20-40%) glycerol gradient. 200 !d fractions were collected.
and aliquots were assayed in the reconstituted transcription system (A) or on
immunoblots using TBP antibodies (B). The positions of molecular miiass standards
run on a parallel gradient are marked by arrows.

H-400) will be referred to as crude Pol I fraction. When the
H-600 fraction or further purified TIF-IB fractions (CM-400,
Mono-S) were added to this crude Pol I fraction, specific
transcription was restored in a concentration-dependent manner
(Fig. LB). At optimal TIF-IB concentration, a 100-fold
stimulation of transcription was observed which emphasizes the
central role of TIF-IB in transcription initiation from the mouse
rDNA promoter.

TIF-IB sediments as a 200 kDa protein complex which
contains TBP
To determine the native molecular mass, the sedimentation of
TIF-IB was analyzed by glycerol gradient centrifugation. As
shown in Figure 2A, TIF-IB activity sedimented slightly faster
than lactate dehydrogenase. Thus TIF-IB behaves like a protein
or a polypeptide complex with an apparent molecular mass of
approximately 200 kDa (Fig. 2A). Since it has been shown before
that the functionally homologous human factor SLI represents
a multisubunit complex with one of the subunits being TBP (9),
we tested for the presence of TBP in the active TIF-IB fractions
by Western blot analysis (Fig. 2B). The peak of TIF-IB activity
precisely coincided with the peak of TBP protein. Because murine
TBP is a 35 kDa monomer (24), this result indicates that TIF-IB
contains TBP which appears to be associated with additional
protein(s).
The coincidence of TIF-IB activity with the presence of TBP

in the glycerol fractions prompted us to determine whether those
two activities remained within one complex, or were separable
by chromatography in the presence of 2 M urea. Figure 3 shows
the distribution of TIF-IB activity and TBP in fractions eluted
from a Mono-S FPLC column with a linear salt gradient (from
300 to 700 mM KCI) in the presence of 2 M urea. Both on this
column and after fractionation on a Mono-Q FPLC column (data
not shown), TIF-IB activity persistently copurified with TBP.
Thus, TBP appears to be an integral component of TIF-IB.

Figure 3. Co-purification of TIF-IB activity and TBP under denaturing conditions.
TIF-IB (CM-400 fractioni) was fractionated oni a Mono-S FPLC column in the
presence of 2 M urea using a salt gradient from 0.3 to 0.7 M KCI. After dialysis.
0.2 tI of each fraction were assayed for TIF-IB activity in the reconstituted
transcription systemi (top), or f'or TBP by Western blotting using mAB3G3
(bottom). The peak of TIF-IB activity oluted at 450 mM KCI.
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Heat-inactivation of TIF-IB
It has been reported that mild heat treatment eliminates TBP
activity in HeLa cell nuclear extracts (25). Transcriptional activity
of such heat-treated extracts could be restored by recombinant
TBP (l1, 26). To investigate whether TBP inactivation will
eliminate TIF-IB activity, TIF-IB was incubated for 15 min at
various temperatures before assaying in the reconstituted
transcription system. In parallel, the heat sensitivity of
recombinant human TBP (hTBP) was monitored in a Pol II
transcription assay containing the adenovirus major late promoter
and HeLa extract which was depleted of TFIID by
chromatography on phosphocellulose. Addition of hTBP to the
depleted extract restored Pol II transcription to levels similar to

those obtained with untreated extract (data not shown). TIF-IB
directed Pol I transcription was inactivated with the same kinetics
as TFIID-dependent transcription on the adenovirus major late
promoter (Fig. 4, lanes -6). Addition of untreated TIF-IB
rescued transcriptional activity (lane 8). However, in contrast
to the Pol II system, specific Pol I transcription could not be
recovered by supplementing the assays with recombinant human
TBP (lane 7). Actually, addition of hTBP to the Pol I system
was inhibitory. A similar inhibitory effect of excess of TBP has
also been observed in other systems (27, 28). Thus, this effect
is probably specific and not attributable to a bacterial protein
contaminant. Nevertheless, the finding that TIF-IB exhibits the
same temperature sensitivity as TBP but cannot be restored by
exogenous TBP suggests that besides TBP another subunit of TIF-
IB was inactivated by the heat treatment. Altematively, the failure
to reconstitute transcription by TBP may reflect insufficient
assembly of the Pol I-specific TBP-TAF complexes after
inactivation of endogenous TBP.

hTBP antibodies deplete TIF-IB activity
In an attempt to prove more directly that TBP is part of TIF-IB
activity and to identify the murine Pol I-specific TBP-associated
proteins, we tried to immunoprecipitate TIF-IB with anti-TBP
antibodies (Fig. SA). The polyclonal antibodies were raised
against recombinant human TBP. In the experiment shown in
Figure 5A, TIF-IB was first incubated with anti-hTBP before the
antigene-antibody complexes were removed by coupling to

Figure. 4. Heat inactivation of TIF-IB. TIF-IB (CM-400 fraction) was incubated
for 15 min at the temperatures indicated above the lanes before being tested for
transcriptional activity in the reconstituted system (lanes 1 -6). In lanes 7 and
8, the assays containing heat-inactivated TIF-IB were supplemented with either
recombinant human TBP (rTBP) or with TIF-IB.

protein G-Sepharose beads. Then the supernatant from the
immunoprecipitation reaction was assayed for TIF-IB activity.
Incubation of TIF-IB with the TBP-antibodies resulted in an
almost complete loss of transcriptional activity (compare lanes
1 and 2). Again, this inhibition could be overcome by
supplementing the reactions with additional TIF-IB (lane 3), but
not with recombinant TBP (lane 4). Control depletions with
unrelated antibodies had essentially no effect on TIF-IB activity
(lane 5).
To investigate whether the observed effects on Pol I

transcription correlate with the specific removal of TBP, the
relevant fractions were analyzed for the presence of TBP by
immunoblotting. In agreement with the data shown above, TBP
was present in the TIF-IB fraction used for immunoprecipitation
(lane 1). After incubation with the anti-TBP antibodies, this signal
was not detected any more indicating that the antibodies have
effectively removed TBP (lane 2). Depletion of TIF-IB with
control serum caused a slight drop in the TBP signal, presumably
due to dilution effects (lane 3). The quantitative correspondence
between TIF-IB-mediated transcriptional activity and the amount
of TBP suggests that TBP is not copurifying with TIF-IB by
coincidence but is a bona fide component of this factor.

Precipitation of TIF-IB polypeptides by TBP antibodies
The following immunoprecipitation experiments were performed
with a monoclonal antibody (3G3) which recognized the first 17
amino acids of TBP. Thus, by using an excess of a synthetic
peptide (PA81) encompassing these 17 amino acids, TBP and
its associated proteins can be efficiently eluted in its native state
from immunoprecipitates (14). To identify the subunit
composition of TIF-IB, partially purified TIF-IB (Mono-S
fraction) was affinity purified with TBP antibodies covalently
linked to protein A-Sepharose. After extensive washing, bound
proteins were eluted with the PA8 1 peptide, and analyzed by gel
electrophoresis (Fig. 6A) and by Western blotting (Fig. 6B). The

Fig. 5. Immunoprecipitation of TIF-IB with anti-TBP antibodies. A) Pol I
transcription is inhibited by TBP depletion. 30 Al of partially purified TIF-IB
(CM-400) were incubated with 1 pl of polyclonal anti-TBP serum (lanes 2-4)
or with control serum (lanes 5 and 6). After incubation for 1.5 h at 4'C, the
reactions were transferred to microtubes containing 10 pl of hydrated protein G-
Sepharose and incubated for I h at 4°C. The supernatants of the
immunoprecipitation reaction were tested in the standard transcription assay in
the absence of additional factors (lanes 2 and 5), or in the presence of TIF-IB
(lanes 3 and 6) and recombinant TBP (lane 4). Lane 1 shows the activity of the
undepleted TIF-IB fraction. B) Western blot. The TIF-IB fraction used for
immnunoprecipitation (lane 1) and the supernatants of the reactions treated with
the anti-TBP serum (lane 2) or the control serum (lane 3) were analyzed by
immunoblotting using mAB3G3.
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silver-stained protein gel shows that besides contaminatinc BSA
and keratin bands migrating around 65 kDa, there are three
prominent polypeptides with approximate mnolecular masses of
95, 68, and 48 kDa which were eluted together with TBP from
the immunoprecipitate (Fig. 6A, lane 8). The molar ratio of these
individual polypeptides was identical in several TIF-IB
preparations indicating that they are integral parts of TIF-IB.
None of these three polypeptides was observed when the
immunoprecipitates were eluted with a non-specific peptide (data
not shown). Thus these three polypeptides represent murine Pol
I-specific TBP associated factors, i.e. TAFs-I.
To determine the transcriptional activity of affinityv-purified

TIF-IB, increasing amounts of the immunoeluate were tested in
the reconstituted transcription system. Both in the crude Pol I
system (Fig. 6C) or in the presence of highly purified factors
(Fig. 6D), the TBP - TAF complex stimulated Pol I transcription
similar to the activity observed with conventionally purified TIF-

Figure 6. The immunopurified TBP-TAF complex is TIF-IB. A) Polypeptide
composition of affinity-purified TIF-IB. 200 itg of a partially puritied TIF-IB
fraction (Mono-S fraction) were immunoprecipitatcd with mAB3G3 coupled to
protein A-Sepharosc. Precipitated TBP and associated protcils wVerc JLtItcd with
an epitope-specific peptide. To prevent unspecitic hindine, of TIF-IB to Sepharose.
the immunoprecipitation was performied in the presence ot BSA. The polypeptides
present in the load (L), the supematant (S). the first fouIr wa!sh steps (W1'),
and the eluate (E) were separated by 10% SDS-PAGE and VisuLalizcd by silver
staining. The position ot the molecular weight standards (M) and ot BSA are
indicated. B) Western blot. The TIF-IB-containing Mono-S fractionl (L), the
supernatant of the immunoprecipitation (S), different wash steps (WI 4), and
the eluate of the immunoprecipitate (E) were separated by 10% SDS-PAGE and
analyzed on Western blots using 3G3 anti-TBP antibodies. C) Trranscriptional
activity of affinity-purified TIF-IB in a partially purified reconstituted system.
1.5 i1 oft TIF-IB (CM-4(N) traiction, lane 2) and incrcasing almlOLulItS (0.08, 0.2.
and 1 yd) of the IP-eluate (lancs 3-5) were assayed for transcriptional activity
in the presence of a crude Pol I fraction (H-200 aiid H-400 tractions). D)
Transcriptional activity of affinitv-purified TIF-IB in a highly puLr-ilicd re-constituted
transcription system. The same fractions as those shown in (C) were compar-ed
in a reconstituted assay containing highly purified Pol 1. TIF-IA, TIF-IC and
UBF each of which was purified on at least five chromatoriaph ic columniiis (2).

JIB. Thus the TBP-TAF complex functionally substitutes for TIF-
IB, a findine which suecests that TBP together with three TAFs
represent the polypeptide composition of the murine Pol I
transcription factor TIF-IB.

The Pol I-specific TBP-TAF complex is distinct from Pol II-
specific complexes
The size of the larnest TIF-IB subunit is very similar to the
95-100 kDa TAF-II (TAF- 100) present in mammalian TFIID
complexes (29. 30). Pol I-specific TBP-TAF complexes
constitute only a miiinor fraction (less than 5%) of cellular TBP
containing proteiin comiiplexes. and therefore even small
contaminations by Pol II or ILl-specific TBP-TAF complexes
could distort the protein composition of TIF-IB fractions.
Although the employed fractionation scheme separated TIF-IB
activity fromii the vast majority of TFIID (data not shown), we
had to prove that the polypeptides present in the TIF-IB
immunoeluate were different from those found in immunoeluates
derived fronm a TFIID-containing fraction. For this, fractions
containing TIF-IB or TFIID. respectively, were precipitated with
the o-TBP antibodies and eluted with the epitope peptide. The
eluted proteins were analyzed for transcriptional activity as well
as by immunoblottintg and silver-staining (Fig. 7). The Western
blot was piobed both with nionoclonal antibodies directed against
TBP and with antibodies which recognize the Pol I-specific
TAFI-100 (L.Tora. unpublished). As expected, the antibody
directed against TAF-v 100 labelled a 95-100 kDa protein in
the TFIID fraction which was absent in TIF-IB (Fig. 7A).
Although in this experiment the TIF-IB-containing fraction
contained only half the amount of TBP, TAFII-100 was not
detected at higher eluate concentrations or at longer exposures

Figure 7. TIF-IB suLbuLnIits are distinct from TFIID-specific TAFs. A) Western
blot of inmmiunoprecipitated TIF-IB and TFIID fractions. TIF-IB and TFIID were
partially puritied by chromnatography on DEAE-Sepharosc, Heparin-Ultrogel and
S-Sepharose. TFIID eldLted at 30() imiM KC1 from the S-Sepharose column, whereas
TIF-IB eluted at 700 imiM KCI. Concentrated fractions were precipitated with
purified i-nAB3G3 coupled to protein A-Sepharose. Lane I shows the eluate of
an inimunoprecipitation carried out with 200 ,ug of a partially pulified TIF-IB
fraction. Lane 2 shows the eluate of an immiiiiunoprecipitated TFIID fraction. The
filtei- was prohed hoth with the anti-TBP antibody mArB3G3 and wvith mIlABITA
which recoenizcs the huimnan Pol fl-specitic TAF11-lf(0f. B) Polypeptide
composition of affinity-purified TIF-IB and TFIID. The samce frlactions used for
the Western blot were electr-ophoresed on an 8%(- SDS-polyacrylamnide gel and
Visualized b! silver stainiine. TIhemlcolecular- weiehts of indiVidUal TAFs specific
tor TIF-IB (lance ) land TFIID (lane 2) are indicated at both sides (in kDa). The
positions ot BSA prt'St'Il in tbc TIF-IB eluate and ot the IgG hecavy chain (HC)
arc itiarkedi by arr-osss.
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of the autoradiogram. In addition, this fraction did not stimulate
Pol II basal transcription indicating that the TIF-IB used for
immunoprecipitation was not contaminated with free TBP or Pol
Il-specific TBP -TAF complexes. A comparison of the
immunoeluates on a silver-stained SDS gel revealed TBP and
the three murine proteins TAFI-95, TAFI-68, and TAFI-48 in
the TIF-IB fraction (Fig. 7B, lane 1), and the characteristic Pol
1I-specific TAFs with apparent molecular masses of 250, 125,
95, 78, 70, and 52 kDa in the TFIID fraction (Fig. 7B, lane 2).
Clearly, the TAFs present in TIF-IB are different in number and
size than those in TFIID. The only exception is a 95- 100 kDa
protein which is found in inmmunoeluates both from TIF-IB and
TFIID. Since, however, the 95 kDa protein present in TIF-IB
is not recognized by the TAF,,- 100 antibody (Fig. 7A, compare

lanes 1 and 2), it very likely represents a different protein. Thus
all the Pol I-specific TAFs contained in TIF-IB are different from
those found in TFIID.

DISCUSSION

In this communication we report on the purification of TIF-IB,
the murine factor that confers promoter selectivity to Pol l. We
show that-similar to the analogous human factor SL1-this
selectivity factor is a large multimeric protein complex, one of
the subunits being TBP. The presence of TBP as an integral part

of TIF-IB enabled us to purify this factor to near homogeneity
by immunoaffinity techniques using antibodies directed against
TBP. Previous attempts to identify the polypeptide composition
of TIF-IB failed because of the low cellular abundance of this
factor. After five chromatographic columns neither TBP nor any

of the TAFs were visible among the different polypeptides (3).
This finding corresponds to early results from Tjian's laboratory
concerning the purification of SLI by conventional methods (31).
Despite a large gain in the specific activity of SL1 by a series
of chromatographic steps, they have been unable to identify the
SLl polypeptide(s) and to carry out a biochemical characterization
of this factor due to the lack of sufficient material. In retro-

spective, the previous failures to purify TIF-IB or SLI by
conventional procedures is not surprising taken into account the
low amount of this factor in the cell and the losses during each
fractionation step. The recent discovery that SLI is a complex
containing TBP tightly associated with three distinct polypeptides
(9), together with the ability to track TBP by antibodies, facilitated
the purification of this Pol I promoter-selective transcription
factor. However, although the method of immunoaffinity
chromatography reduces the number of chromatographic steps

and thus increases the yield of TIF-IB, the biochemical
characterization and the cloning of the individual subunits will
be a formidable task considering the large amounts of cells
required to yield sufficient amounts of TIF-IB. According to our

estimation, the total amount of TBP complexes involved in Pol
I transcription is at least one order of magnitude lower than the
TBP-TAF complexes required for Pol II and Pol III gene

transcription. Note that we have obtained approximately 200 ng

of native TIF-IB from about 5 x 101 ascites cells. Assuming a

final yield of 10% of TIF-IB, this amount corresponds to about
500 molecules of TIF-IB per cell, a number which corresponds
to the number of ribosomal transcription units per diploid cell.
Therefore, the cloning of the murine Pol I-specific TAFs will
require about 1013 cells. Another drawback in the purification
is the need to completely separate TIF-IB from TFIID which in
mouse appears to be more difficult to achieve than in humans.

The recent findings that one general factor, the TATA box
binding protein, is required for transcription by all three classes
of RNA polymerases and that specific arrays of associated
polypeptides (TAFs) direct promoter specificity of a given class
of RNA polymerase underscores the importance of TAFs in
determining promoter specificity by different RNA polymerases.
Apparently TIF-IB/SLI is functionally analogous to TFIID and
TFIIIB, the TBP-containing factors which nucleate transcription
complex formation on Pol II and III promoters (for review, see
15, 32). Thus TBP is a common component of transcription
complexes for all three classes of polymerases and the basic
mechanisms of initiation complex assembly appear to be strongly
conserved. This finding suggests that TBP is a primordial
eukaryotic transcription factor that evolved to function with
distinct gene promoters.
The TAFs, on the other hand, appear to play an important role

in selecting the appropriate RNA polymerase. Although some
of the Pol H-specific TAFs have been cloned, and their properties
have been analyzed (33 -37), the function of most TFHD subunits
is unknown. The presence of multiple subunits indicates that there
is an intrinsic assembly process where one or more of the TAFs
interact directly with TBP, and subsequently recruit the RNA
polymerase-specific TAFs via protein -protein interactions into
TBP-containing multiprotein complexes specific for a given class
of genes. The role of TBP in rDNA promoter recognition is
unknown. It may be involved in DNA binding or in the interaction
with some other compound of the transcription apparatus. In fact,
TBP appears to be capable of specifically recognizing sequences
that are quite dissimilar to a conventional TATA box (38) and
evidence has also been presented that TBP can be anchored to
TATA-less promoters by means of protein-protein interactions
with an undefined tethering activity (39, 40). Probably both
possibilities are realized at the rDNA promoter. Binding-
competition studies have demonstrated that TBP has a low but
significant affinity to the core region of the murine rDNA
promoter (J. Heix, unpublished results). The binding affinity
compares to that of the SV40 major late promoter, i.e. ca. 10%
of consensus TATA boxes. It has been concluded that many, if
not all, TATA-less promoters differ from TATA-containing
promoters simply in the affinity of their - 30 regions for binding
of TFIID, with functional binding supported in part by other
nearby promoter elements (41). Quite likely, the association of
TBP with different combinations of TAFs modifies both its
binding specificity and its ability to communicate with different
transcription activators and thus determines promoter specificity.
The composition of TAFs in various TBP complexes involved

in transcription by the three classes of RNA polymerases is very
different, and no common subunit appears to be shared by the
polymerase-specific TBP complexes. This structural complexity
reflects the different functions and the diversity of transcriptional
regulation exhibited by SL 1 /TIF-IB, TFIID and TFIIIB,
respectively. The relatively more simple TAF composition of Pol
I- and Pol III-specific TBP complexes may reflect (a) more
restricted role(s) in interactions with promoter-specific regulators,
RNA polymerases and their accessory factors. On the other hand,
the more elaborate assembly of TFIID as compared to SLL/TIF-
IB and TFIIIB may reflect the diversity of genes transcribed by
Pol II as well as the fact that thousands of mRNA coding genes
have to be expressed in a temporally regulated and spatially
restricted manner. Indeed, a large number of polypeptides that
interact with TBP have been described (42 -46). To
accommodate all these interactions, the assortment of proteins
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that exist in complex with TBP in 'io Imlust constantly be in flux.
Considering that the only function of Pol I is to transcribe

ribosomal RNA genes, it is surprising that TIF-IB/SLI is a large
multimeric protein containing TBP and several polypeptides.
These Pol I-specific TAFs are different from TAFs present in
Pol II- or Pol III-specific TBP complexes and apparently serve
distinct functions. We envision that the Pol I-specific TAFs most
likely interact with the upstream binding factor UBF and with
RNA polymerase I. Moreover, one or more of the TAFs very
likely contact the species-specific element of the rDNA promoter.
In this context it should be recalled that a characteristic feature
of rRNA transcription by Pol I is species specificity. Earlier work
has established that the TIF-IB/SLI fraction is responsible for
this phenomenon. SLl was required to transcribe the human
rDNA template, whereas the murine factor TIF-IB was required
to transcribe mouse rDNA (19, 20). Interestingly, the murine
Pol I-specific TAFs identified in this study are similar but not
identical to those of SLI (9). The most obvious difference resides
in the largest polypeptide which has a molecular mass of 110
kDa in SLI and 95 kDa in TIF-IB. This finding suggests that
this subunit may play an important role in species-specific
promoter recognition. However, the final elucidation of the
molecular mechanisms that govern specific transcription of Pol
I genes, will require the purification, cloning as well as structural
and functional comparison of the individual TAFs in the TIF-IB
and SLI complex.
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