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Reconstitution of Transcription
Factor SL1: Exclusive Binding of
TBP by SL1 or TFIID Subunits

Lucio Comai, Joost C. B. M. Zomerdijk, Holger Beckmann,
Sharleen Zhou, Arie Admon,* Robert Tjianf

RNA polymerase | and Il transcription factors SL1 and TFIID, respectively, are composed
of the TATA-binding protein (TBP) and a set of TBP-associated factors (TAFs) responsible
for promoter recognition. How the universal transcription factor TBP becomes committed
to a TFIID or SL1 complex has not been known. Complementary DNAs encoding each
of the three TAF,s that are integral components of SL1 have now been isolated. Analysis
of subunit interactions indicated that the three TAF,s can bind individually and specifically
to TBP. In addition, these TAFs interact with each other to form a stable TBP-TAF
complex. When TBP was bound first by either TAF,110, 63, or 48, subunits of TFIID such
as TAF,250 and 150 did not bind TBP. Conversely, if TBP first formed a complex with
TAF,250 or 150, the subunits of SL1 did not bind TBP. These results suggest that a
mutually exclusive binding specificity for TBP intrinsic to SL1 and TFIID subunits directs
the formation of promoter- and RNA polymerase—selective TBP-TAF complexes.

Although the regulation of transcription in
eukaryotes has been studied intensively for
more than 20 years, it has only recently
become possible to attempt a detailed
mechanistic analysis of the protein-DNA
and protein-protein interactions that gov-
emn this essential cellular process. The iden-
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tification and biochemical characterization
of transcription factors that assemble into
multi-subunit complexes responsible for
promoter recognition and regulation have
presented problems which are now yielding
to analysis. In the past 5 years, substantial
progress has been made in the definition of
regulatory factors that direct transcription
by each of the three RNA polymerases (I,
I, and III), which are dedicated to the
synthesis of ribosomal, messenger, and
transfer RNAs, respectively (1-3). The bas-
al complex responsible for RNA polymerase
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Il transcription is well characterized with
most components identified, purified, and
cloned (reviewed in 4). In addition, many
of the ancillary transcription factors that
govern RNA polymerase | and III have
been identified, although only a few of the
genes encoding these transcription factors
have been cloned, and little is known about
how they interact with each other in order
to assemble into functional complexes (3).

Originally thought to be exclusively an
RNA polymerase II transcription factor, the
TATA binding protein (TBP) instead
serves as a universal subunit that partici-
pates in transcription by all three RNA
polymerases (5-9). Studies of the RNA
polymerase Il basal factor TFIID revealed
that TBP is actually associated with at least
eight distinct subunits or TAFs (TBP-asso-
ciated factors), which together form a com-
plex essential for promoter recognition and
for mediating activation by enhancer bound
regulatory factors (6, 7). Subsequent studies
revealed that the RNA polymerase I tran-
scription factor SL1 also consists of TBP
and contains three TAFs of estimated mo-
lecular mass of 110, 63, and 48 kD, respec-
tively (8, 10). A similar arrangement of
TAFs and TBP has been documented for
transcription factors that are effective in
RNA polymerase IIl transcription (3).
Thus, it became of considerable interest to
dissect the nature of each of these three
apparently structurally and functionally dis-
tinct TBP-TAF complexes.

There has been rapid progress in charac-
terizing the structure and function of the
TFIID subunits which established that,
through specific TAF-TBP and TAF-TAF
contacts, a complex is formed that binds to
DNA elements of core RNA polymerase 11
promoters including the TATA box and
downstream initiator sequences (11-16).



Thus, TAFs in the TFIID complex not only
participate in specific protein-protein inter-
actions, but some subunits (that is,
TAF;;150) also exhibit sequence-specific
DNA binding activities (16). In addition,
various TAFs within the TFIID complex
have been shown to interact selectively
with different classes of transcriptional reg-
ulators, and distinct TAFs are required to
mediate transcriptional enhancement by
different activators (16—19). It is probable,
therefore, that the TBP-TAF complexes in-
volved in RNA polymerase I and III tran-
scription will also provide essential func-
tions such as promoter selectivity and tran-
scriptional regulation.

Accordingly, we have attempted to
characterize the biochemical properties of
the TAFs associated with the RNA poly-
merase [ transcription factor SL1. We have
shown earlier that SL1 plays a critical role
during transcription of ribosomal RNA by
RNA polymerase I (20-22). First, SL1 was
shown to be required for accurate and effi-
cient initiation of transcription in vitro
from the ribosomal promoter. Second, SL1
appears to serve as the core complex for the
communication of signals between the up-
stream binding factor (UBF) and RNA
polymerase I (22-24). Third, SL1 is respon-

A
TAF,110

sible for the species specificity of transcrip-
tion by RNA polymerase I (22). Finally, the
cooperative DNA binding interactions be-
tween UBF and SL1 as well as the recogni-
tion of species-specific core promoter ele-
ments by SL1, suggest that one or more of
the subunits comprising this essential tran-
scription factor. must be responsible for pro-
moter recognition. In addition, we antici-
pate that regulation of ribosomal RNA
transcription in response to amino acid star-
vation and other physiological cues, is likely
to be mediated by way of SL1 in a manner
analogous to the function of TFIID in the
integration of regulatory signals from mul-
tiple upstream enhancer binding proteins.
Thus, it was necessary to dissect the subunit
structure and biochemical properties of
SL1. With a view to learning the mecha-
nisms governing transcriptional regulation
by the RNA polymerase I transcription
complex using a defined reconstituted in
vitro reaction with purified components, we
have recently isolated from human cells the
RNA polymerase [ promoter-specific factor
UBF and obtained complementary DNA
(cDNA) clones encoding this sequence-
specific DNA binding protein (24, 25). In
the presence of purified recombinant UBF
and partially purified SL1, RNA polymerase

B
TAF 48
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I can be programmed in vitro to accurately
initiate large amounts of transcription from
the human ribosomal RNA promoter (22,
24). However, the purification and bio-
chemical characterization of SL1 eluded us
until we realized that this transcription fac-
tor contains TBP as an integral subunit (8).
We were thus able to obtain highly purified
preparations of SL1 by immunoaffinity
chromatography. Only very small quantities
of purified SL1 were obtainable by conven-
tional purification procedures however, and
this hampered detailed functional and
structural analysis of SL1. To overcome this
obstacle, it was necessary to isolate the
genes encoding the subunits of SL1 and to
overproduce them in recombinant form. In
particular, we sought to provide evidence for
direct interactions between the TAF sub-
units of SL1 and TBP. We also wanted to
establish the network of TAF-TAF interac-
tions required to assemble SL1 and to deci-
pher the mechanisms by which TBP is di-
rected to assemble into SL1 as opposed to
TFIID complexes.

We now report the molecular cloning of
cDNAs encoding each of the three TAFs
associated with the RNA polymerase I tran-
scription factor SL1. The products ex-
pressed from the cloned cDNAs are identi-
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Fig. 1. Amino acid sequences were deduced from the (A) TAF110, (B)
TAF48, and (C) TAF63 cDNAs. Peptide sequences obtained from microse-
quencing of Lys-C or trypsin fragments are underlined. (B) The two imperfect
direct repeats [10 out of 25 (closed arrows above the sequence) and 10 out
of 26 (open arrows above the sequence) amino acid identity] in TAF48 are
indicated. (C) Numbering of TAF63 is arbitrary. Cysteine and histidine resi-
dues in the two putative Zn fingers in TAF,63 are highlighted in bold letters.
Abbreviations for the amino acid residues are in (26).
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cal to the 110-, 63-, and 48-kD subunits of
SL1. We performed various protein-protein
interaction assays to determine which TAFs
contact TBP and which subunits interact
with each other. Our results suggest that the
stable SL1 complex involves multivalent
contacts between TBP and TAFs as well as
between TAFs. We have also tested the
ability of SL1 and TFIID subunits to inter-
act simultaneously with TBP. The interac-
tion of SL1 subunits with TBP precludes
binding of this universal subunit to TFIID
subunits and vice versa, thus providing a
mechanism for directing the formation of
TBP-TAF complexes with distinct tran-
scriptional properties.

Cloning and expression of TAF48, 63,
and 110. In order to isolate cDNAs that
encode the three TAF;s, we purified the
human SL1 complex from approximately
500 liters of HeLa cells by heparin-agarose
and S-Sepharose chromatography followed
by TBP affinity chromatography with an
antibody to TBP. The three TAF;s were
eluted by treating the antibody affinity resin
with 1 M guanidine-HCI. The eluted poly-
peptides were subjected to SDS—polyacryl-
amide gel electrophoresis (SDS-PAGE) and
the separated fractions were transferred to
polyvinylidene difluoride (PVDF) mem-
brane. The membranes were stained with
Ponceau S, and the regions of the mem-
brane containing each of the three TAF;s
were excised and digested with either the
protease Lys-C or trypsin. Proteolytic pep-
tides were separated by reversed-phase
high-pressure  liquid  chromatography
(HPLC) and subjected to microsequenc-
ing. Amino acid sequences derived from
peptides corresponding to each of the
TAF;s were then used to design either
degenerate oligonucleotide primers for
polymerase chain reactions with first-
strand cDNAs or guessmer probes for
cDNA library screening.

For the cloning of TAF48, two unique
guessmer probes were used to screen a hu-
man cDNA library, from which four inde-
pendent isolates were obtained (26). The
longest cDNA insert contained a 1.5-kb
open reading frame flanked by an in-frame
stop codon and a poly(A)™ (polyadenyl-
ated) tail at the 3’ end. The open reading
frame encodes a polypeptide of 450 amino
acid residues with a predicted molecular
mass of 53 kD (Fig. 1). All of the peptides
obtained from the microsequence analysis
of the smallest subunit (TAF48) were
found within this open reading frame con-
firming that this clone encodes the 48-kD
protein.

For the cloning of TAF,63, we designed
degenerate oligonucleotide primers derived
from one peptide of 15 amino acid residues
in order to amplify the internal DNA frag-
ment by PCR on first-strand HeLa cDNA

1968

(26). A 45-residue oligonucleotide corre-
sponding to the nucleotides located within
the amplified sequence was subsequently
used to screen a human teratocarcinoma
cDNA library, and 14 positive phages were
isolated. The longest cDNA clone was 2.5
kb and contained a poly(A)™ tail at the 3’
end. The coding region for TAF,63 contin-
ued uninterrupted to the 5 end of the
cDNA clone and did not start with a me-
thionine, an indication that this clone
lacked 5" end sequences. The sequence pre-
dicts an open reading frame of 556 amino
acids and specifies a polypeptide with a
molecular mass of 64 kD, which contains all
of the peptides obtained by microsequenc-
ing (Fig. 1). Because the deduced size of the
recombinant protein is close to the estimat-
ed molecular mass of the endogenous
TAF,63, the cDNA may be missing codons
for only a few amino acids at the NH,-
terminus.

The cDNA for the third component of
the SL1 complex, TAF,110, was cloned by a
PCR-based strategy similar to that used for
the cloning of TAF,63, which involves the
peptide indicated in (26). A teratocarcino-
ma cDNA library was screened with an
oligonucleotide derived from the amplified
probe. Partial cDNAs were then used as
probes to identify in a HeLa cDNA library
a full-length cDNA clone containing a 3.9-
kb open reading frame preceded by an in-
frame stop codon and a 3’ end poly(A)*
tail. All of the amino acid sequences for
peptides derived from TAF,110 were found
within this open reading frame. A protein
of 869 amino acids with a predicted molec-
ular mass of 95 kD was deduced from the
cDNA sequence (Fig. 1).

None of the TAF, proteins showed any
sequence similarity to the recently charac-
terized TAF,, polypeptides. The deduced
amino acid sequences of TAF48, 63, and
110 (Fig. 1) did not reveal significant sim-
ilarities to any proteins in the database,
which suggests that these TAFs represent
previously undescribed proteins. Inspection
of the deduced amino acid sequence of
TAF48 revealed two stretches near the
NH,-terminus that were imperfectly repeat-
ed at the COOH-terminus of the protein.
In addition, TAF,63 contains two putative
Zn fingers (C-X,-C-X,,-C-X,-C and C-X,-
H-X,4-H-X;-C; C is cysteine and H is his-
tidine).

To establish that these three cDNAs are
integral components of SL1, we produced
recombinant proteins using Escherichia coli
and baculovirus expression vectors. Proteins
for TAF,63 and 110, expressed in E. coli,
and TAF48 produced with recombinant
baculovirus in insect cells, were used to
generate polyclonal antibodies in rabbits
(27). These antibodies recognized the en-
dogenous TAF;s present in the SL1 com-
plex (Fig. 2A). Moreover, the electro-
phoretic mobilities of the recombinant pro-
teins appeared indistinguishable from those
of the endogenous TAF;s, which confirms
that rTAF 48 and 110 are full-length pro-
teins, and that rTAF,63 is most likely near-
ly full-length. To provide further evidence
that each of the expressed recombinant pro-
teins was a bona fide TAF,;, we used anti-
bodies to TAF48, 63, and 110 (anti-
TAF48, anti-TAF,63, and anti-TAF;110)
which immunoprecipitated the endogenous
native SL1 complex from a partially puri-
fied fraction and confirmed the presence of
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Fig. 2. (A) Recombinant TAF48, 63, and 110 are indistinguishable from the endogenous subunits
associated with TBP in the SL1 complex. TAFs eluted with guanidine hydrochloride from TBP antibody
immunopurified SL1 (lanes 2, 4, 6, and 7), and whole extracts from Sf9 insect cells infected with
recombinant untagged TAF48, 63, and 110 baculoviruses were resolved by SDS-PAGE and analyzed by
immunoblotting with polyclonal anti-TAF 48 (lanes 1 and 2), anti-TAF,63 (lanes 3 and 4), and anti-TAF,110
(lanes 5 and 6). Lane 7 shows the eluted TAFs by silver staining. Preimmune sera did not react with any
of the proteins on the blots (28). (B) Antibodies against TAF48, 63, and 110 immunoprecipitate the
endogenous SL1 complex. Partially purified SL1 (Heparin-agarose; SP-Sepharose fraction) was immu-
noprecipitated with polyclonal an tibodies to TAF 48 (lane 1) or TAF63 (lanes 2 and 3) (data for anti-
TAF,110 are not shown). The immunoprecipitatedproteins were resolved by SDS-PAGE and analyzed by
immunoblotting with polyclonal antisera as indicated. The positions of each TAF, are indicated by arrows;
asterisks denote cross reactivity with immunoglobulin heavy chain.
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each TAF, and TBP by immunoprotein blot
analysis (Fig. 2B) (28). These results taken
together confirmed that we have isolated
cDNAs encoding each of the three TAFs
in the SL1 complex.

Protein-protein interactions between
TAF;s and TBP. The role of TAF;s and
TBP within the SL1 complex, was elucidat-
ed by identification of the specific protein-
protein interactions involved in the assem-
bly of SL1. Our studies of TAFs in the
TFIID complex indicated that only some of
the subunits directly contact TBP, whereas
other subunits are brought into the complex
by way of TAF-TAF interactions. To begin
the investigation of subunit interactions
within the SL1 complex we performed a
series of experiments to define which TAFs

Fig. 3. TBP can bind TAF 48, A
TAF 63, and TAF,110 individu- s B8
ally. (A) (Lanes 1 to 6) FLAG RPN

IR e

contacts TBP. First we tested the ability of
TBP to bind to epitope-tagged TAF;48, 63,
or 110 immobilized on antibody beads (29).
In vitro—translated [**S]Met-labeled TBP
can bind independently to each of the three
TAFs that form SL1 (Fig. 3). Furthermore,
we show that under these conditions, TBP
also stably associates with a TFIID subunit,
TAF;;150, but not with TAF;110, as had
been shown previously (16, 17). To further
establish the specificity of these interac-
tions, we performed reciprocal assays in
which glutathione-S-transferase (GST)-
TBP fusion proteins were immobilized on
glutathione beads and incubated with ra-
diolabeled in vitro—translated TAF48, 63,
and 110 (30). Again, each of the TAFs
bound efficiently to GST-TBP but not to

B
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epitope-tagged TAF,150,
TAF,110, TAF110, TAF83,
and TAF48 and (lanes 1 to 6)
were immobilized on protein
A-Sepharose beads conju-
gated covalently with mono-
clonal antibodies directed
against the FLAG-epitope.
Approximately equal amounts
of TAFs were immobilized on
the affinity resins as judged by
SDS-PAGE and Coomassie
blue staining. Drosophila
TAF,150 and TAF,110 were
used in these and the follow-
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ing experiments. The resins were then incubated with [35S]Met-labeled TBP. After extensive washing, the
bound TBP was analyzed by SDS-PAGE and autoradiography. Ten percent of the input TBP is shown in
lane 1. (B) (Lanes 7 to 15) GST and GST-TBP were expressed in E. coli and purified on glutathione beads.
In vitro-translated [3®S]Met-labeled TAF48 (lanes 7 to 9), TAF,63 (lanes 10 to 12), and TAF,110 (lanes 13
to 15) were incubated with GST and GST-TBP beads. After washing the beads extensively, the resulting
protein complexes were resolved by SDS-PAGE and analyzed by autoradiography. Lanes 7, 10, and 13

show 10 percent of input protein.

Fig. 4. Interaction of the

three TAFs of SL1 with each
other. FLAG epitope-tagged
TAF48, TAF 63,
TAF,110 were immobilized
on protein A-Sepharose
beads coated with antibod- o
ies to the FLAG epitope. .
These resins and control

FLAG antibody resins that

have been preincubated

with uninfected Sf9 extracts, *
were incubated with Sf9 cell

extracts infected with re-

combinant  baculoviruses
expressing either TAF 48

(lanes 1 to 3), 63 (lanes 4 to

6), or 110 (lanes 7 to 9). The

beads were washed exten-

sively and the resulting com- o
plexes were analyzed by
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indicate cross-reactivity with the immunoglobulin heavy chain. Arrows indicate the position of each TAF,.
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control GST beads (Fig. 3B). These inter-
actions have been confirmed with the use of
purified recombinant TAFs expressed in E.
coli (31). Thus, in contrast to what is seen
for the subunits of the TFIID complex, all of
the subunits of SL1 appear to make contact
with TBP.

TAF,-TAF, interactions. To further
identify potential protein-protein contacts
that stabilize the SL1 complex, we investi-
gated TAF-TAF, interactions. Each sub-
unit of SL1 was tested for the ability to
selectively bind to either of the other two
TAF;s by affinity resin assays. Individual
FLAG epitope-tagged TAFs were immobi-
lized on M2-antibody beads and incubated
with insect cell extracts containing one of
the other nontagged baculovirus-expressed
TAFs. The formation of TAF-TAF hetero-
meric complexes was analyzed by SDS-
PAGE and subsequent immunoblotting
with antibodies to the captured TAF,.
These experiments revealed that TAF48
can bind directly to both TAF,63 and 110
(Fig. 4, lanes 1 to 3). In a similar manner,
TAF63 can stably associate with TAF48
and 110 (Fig. 4, lanes 4 to 6), and TAF110
can bind to TAF48 and TAF,63 (Fig. 4,
lanes 7 to 9). In contrast none of the TAFs
interact with TAF;s [(16) and below].
Identical results have been obtained with
the use of purified recombinant proteins
expressed in E. coli (31). In summary, our
data indicate that each TAF can contact all
other components of the SL1 complex.
Thus, multivalent TAF-TAF and TBP-
TAF interactions are involved in the as-
sembly of a stable SL1 complex.

Mutually exclusive binding of SL1 and
TFIID subunits to TBP. Biochemical
characterization of the TFIID complex re-
sponsible for RNA pol II transcription sug-
gested that the binding of TAF;250 and
150 to TBP plays a crucial role in the
assembly process. Here we show that each of
the TAF;s in the SL1 complex interact with
TBP. This multiplicity of interactions with
one single protein, TBP, raised the question
of whether the binding of TAF;s to form SL1
would prevent the binding of TAFs to as-
semble TFIID. To test this possibility, we
expressed all of the relevant TAFs either as
FLAG, hemagglutinin antigen (HA), or
polyoma-myc (PM) (32) epitope-tagged
molecules with the baculovirus expression
system (33). First, TBP was bound to immo-
bilized FLAG-tagged TAF48, 63, 110, or
TAF;;150. Unbound TBP was washed away
and captured TBP was then tested for its
ability to bind TAF;;250. The resulting com-
plexes were analyzed by SDS-PAGE and
immunoblotting with antibodies to TBP
and TAF;250. As has been shown (16),
TAF,;250 can bind to TBP alone, or to
TBP in complex with TAF,;;150 (Fig. 5A,

lanes 7 to 9). However, when TBP was
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associated with any one of the SL1 TAFs,
we did not detect any binding of TAF,;250
to TBP (Fig. 5A, lanes 1 to 6). The addition
of TAF48 to the same TBP-TAF,63 or
TBP-TAF,110 complexes resulted in the
efficient formation of triple complexes (Fig.
5A, lanes 10 to 13). To further establish
this apparent mutually exclusive binding
specificity of SL1 and TFIID subunits for
TBP, we performed reciprocal interaction
assays by first forming a TBP-TAF,; (150 or
250) complex and then adding the TAFs.
Consistent with the interpretation of the
results presented in Fig. 5A, when either
TAF;;150 or 250 is first bound to TBP,
TAFA48, 63, and 110 did not associate with
TBP (Fig. 5B, lanes 1 to 3 and 5 to 7).
Triple complexes of TBP-TAF250-
TAF;150 are efficiently assembled under
these conditions (Fig. 5B, lanes 4 and 8).

We also tested whether TAF, and TAF;,
would compete for binding to TBP free in
solution. First, [>’S]Met-labeled TBP was
mixed with FLAG-tagged TAF48 in the
presence of increasing concentrations of
TAF,;;250. After several hours of incuba-
tion, TBP bound to TAF48 was co-immu-
noprecipitated with antibodies to FLAG
and analyzed by SDS-PAGE and followed
by autoradiography. Progressively less TBP
was bound to TAF48 as increasing amounts
of TAF;;250 were added to the reaction
mixtures (Fig. 6A). By contrast, TAF;110
had little effect on the amount of TBP
bound to TAF48 (Fig. 6A). These data
suggest that TAF;;250 and TAF48 compete
for binding to TBP in a concentration-
dependent manner. In a similar manner,
increasing amounts of TAF|110 led to a
decrease in the amount of TBP bound to

TAF,;150 (Fig. 6B). These results establish
that at least in vitro, there is a mutually
exclusive binding specificity for TBP of SL1
versus TFIID subunits. Thus, the initial
binding of a TAF, or TAF; to TBP may
determine the specificity of the subsequent
assembly process leading to functional SL1
or TFIID complexes.

Central to understanding the mecha-
nisms controlling transcription initiation in
eukaryotic cells is the identification and
biochemical characterization of factors me-
diating recognition and regulation at the
various promoters (34). Human ribosomal
RNA gene transcription is used for for such
studies because of its relative simplicity.
Biochemical studies indicated that RNA
polymerase I and two additional factors, the
UBEF and the selectivity factor SL1 are min-
imally required for accurate initiation of
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Fig. 5. Mutually exclusive binding of TAF, & & & _‘
or TAF, to TBP. (A) Formation of TBP- 110 ("53'
TAF48, 63, or 110 double complexes pre- = N’
cludes the binding of TBP to TFIID subunit ) S
TAF,250. FLAG-tagged TAF,110 (lanes 1 . = TAF48 & 4 X & &8 & & & .\\3%
and 2 and 10 and 11), TAF63 (lanes 3 and ¢ & ¥ & ¢ & ¢ &
4and 12 and 13), TAF48 (anes 5and 6), 107~ &= - = : : TAF.250_ m
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bilized on protein A-Sepharose beads ; G
Cof'ited with antipodies to the FLAG 10 @ @ 63\>— i —_
epitope. These resins (and the control res- < T \ B o
ins containing only the antibodies) were R i TBP— mp - S -
first incubated for several hours with an
excess of purified recombinant TBP (8), washed extensively, and then mixed :
with baculovirus-infected insect cell extracts containing either TAF, 250 (lanes 5 6 7 8

1 to 6) or TAF,48 (lanes 10 to 13). After three hours at 4°C, unbound proteins
were removed by extensive washings, and the bound complexes were eluted
under native conditions with an excess of FLAG peptide. Finally, the eluted
proteins were analyzed by SDS-PAGE and immunoblotting with either anti-
TBP (lanes 1, 3, 5, 7, 8, 10, and 12), anti-TAF,250 (lanes 2, 4, 6, 7, and 9) or
anti-TAF48 polyclonal. Similarly, HA-tagged TBP was added to HA antibody-
coated beads, and after several washings the beads were mixed with
TAF,250 containing Sf9 extracts. After incubation at 4°C, the resulting pro-
teins complexes were washed extensively, and bound material was eluted
under native conditions with an excess of HA peptide. Products were ana-
lyzed by SDS-PAGE and immunobilotting with anti-TBP and anti-TAF,250
(lane 7). Asterisks indicate a cross reactive band present also in the control
beads with antibody only (28). (B) Binding of TBP to either TAF,250 or
TAF,150 prevents the subsequent association of any of the TAFs. First,
HA-tagged TAF,250 (lanes 1 to 4) and FLAG-tagged TAF, 150 (lanes 5 to 8)
were immobilized on HA antibodies and FLAG antibodies covalently linked to
protein A—agarose beads, respectively. Then, molar excess of recombinant
1970
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TBP was added and after incubation at 4°C, the unbound TBP was removed
by extensive washing. Finally, the beads were incubated with Sf9 cell extracts
containing either TAF,110 (lanes 1 and 5), 63 (lanes 2 and 6), 48 (lanes 3 and
7). TAF,150 (lane 4), or TAF,250 (lane 8). After the unbound material was
washed off, complexes were eluted with excess HA or FLAG peptides and
analyzed by SDS-PAGE with subsequent immunoblotting and detection with
antibodies to TBP (lanes 1 to 8) and either TAF,110 (lanes 1 and 5), TAF63
(lanes 2 and 6), TAF,48 (lanes 3 and 7), TAF,150 (lane 4) or TAF,250 (lane 8).
Arrows indicate the position of TBP and TAF,s. Asterisks indicate a cross-
reactive band present also in the control beads with antibody only (28).
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transcription from the human ribosomal
RNA promoter (20, 21). UBF recognizes
and binds DNA in a sequence-specific man-
ner with the use of HMG-box DNA bind-
ing motifs, which make contact with both
the upstream and core elements of the ri-
bosomal DNA promoter (21, 22, 24, 25).
The binding of UBF to the template is
thought to help recruit the selectivity factor
SL1 to the template. However, direct inter-
actions between UBF and the subunits of
SL1 have yet to be defined. With the clon-
ing of the SL1 subunits reported here, we
can address specific questions concerning
mechanisms governing pol I transcription.

We previously showed that there is a
cooperative DNA binding interaction be-
tween UBF and SL1 that results in an ex-
tended deoxyribonuclease I (DNase I) foot-
print at the ribosomal DNA promoter (21,
23, 24). Moreover, ultraviolet (UV)
crosslinking experiments with endogenous
SL1 suggested that TAF48 and TAF,63
may be in close proximity to the DNA at
the promoter (35, 36). Consistent with this
observation is the finding reported here
that TAF;63 contains two putative Zn fin-
gers which may be involved in binding the
ribosomal DNA promoter and that may
contribute to the species-specific properties
of SL1. Indeed, the interaction of SL1 with
a DNA element (SSE) within the ribosom-
al RNA promoter appears to play a major
role in dictating species-specificity of ribo-
somal DNA transcription (23).

Our TBP-TAF, and TAF-TAF, interac-
tions studies indicate that each TAF in the
SL1 complex is potentially competent to

bind to each of the other TAF;s (but not

Competitor:
I TAF,250

B Tar 110

%I[SSSITBP bound to TAF 48

None 1X 5X
Fold excess competitor

TAF;s) and TBP. However, we do not
know how the complex is assembled in vivo
and whether each subunit enters the com-
plex following an ordered process. For ex-
ample, the results (Fig. 6) suggest that al-
though TAF48 and TAF 110 can each in-
dependently bind TBP, they appear to par-
tially compete for binding when mixed
together. Thus, it is possible that some of
the interactions that occur in vitro may not
be physiologically relevant in the endoge-
nous SL1 complex.

Recently, a set of genes has been iden-
tified with a genetic approach that are es-
sential for pol I transcription in Saccharo-
myces cerevisiae (37). It was suggested that
two of these cloned genes, RRN6 and
RRN7, might be putative TAF;s although
their association with TBP is relatively
weak and is lost after several chromato-
graphic steps. Sequence comparison be-
tween the human TAFs and RRN6/7 do
not show any significant similarities. In
spite of the lack of structural similarities,
there could be functional homologies be-
tween human TAF;s and RRN6/7 which
could be demonstrated by the ability to
complement the RRN yeast mutants with
the human TAF, clones. However, such an
approach may not work even if the TAFs
and the RRN proteins carry out analogous
functions because of the evolutionary dis-
tance between these two species. For exam-
ple, even though there is a high degree of
structural  similarity between Drosophila
TAF;150 and the Saccharomyces cerevisiae
gene TSM-1, dTAF,;150 cannot substitute
for TSM-1 in a yeast complementation as-

say (16). Similarly, human and Drosophila
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Fig. 6. TAF, and TAF, compete for TBP in solution. (A) [**S]Met-labeled TBP was incubated, in a constant
reaction volume, with an Sf9 cell extract containing FLAG-tagged TAF48 and increasing amounts of an
extract containing the competitors either TAF,250 or TAF,110. Each reaction mixture had the same final
protein concentration. After several hours of incubation at 4°C, TAF 48 was immunoprecipitated from the
reaction mixture by antibodies to FLAG covalently linked to protein A-Sepharose, and bound material
was eluted under native conditions with FLAG peptide. Eluted TBP was analyzed by SDS-PAGE and
quantified with a Phosphoimager (Molecular Dynamics). (B) [3°S]Met-labeled TBP was incubated with
FLAG-tagged TAF, 150 and increasing amounts of TAF,110. After several hours of incubation, TBP bound
to TAF,160 was analyzed by immunoprecipitation with anti-FLAG, elution with FLAG peptide, SDS-
PAGE, and subsequently quantified with a Phosphorimager. Amount of #5S-labeled TBP bound, was
expressed in percent bound protein relative to binding of TBP to TAF,48 or TAF,150 in the absence of
competitor. Concentrations of TAFs in the extracts were estimated by Coomassie staining.
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TBP do not complement yeast TBP mu-
tants in vivo (38). Alternatively RRN 6
and 7 proteins may be auxiliary factors that
have not yet been characterized in the hu-
man system. Indeed, UBF and SL1 most
likely represent the minimal set of factors
needed in addition to RNA pol I to direct
ribosomal RNA transcription in human
cells.

Because a subset of the TAFs in TFIID
(TAF;150 and TAF;250), and all three
TAFs in the SL1 complex bind strongly to
TBP, we expected to find some common
structural motifs between them. We were
surprised that there were no obvious simi-
larities between the subunits of SL1 and any
of the TAFs in the TFIID complex. Our
results suggest that RNA pol I and pol 11
specific TAFs either bind to different do-
mains of TBP or that the binding specificity
resides in some subtle structural features of
TAFs that cannot be readily discerned by
merely inspecting primary amino acid se-
quences. Studies from several laboratories
indicate that various point mutations in
TBP differentially affect transcription by
RNA pol I and II, suggesting that TAF;
and TAF, interact with distinct sites on the
surface of TBP (3, 39). Our results indicate
that the association of TAF}, and TAF, to
TBP is mutually exclusive. Taken together,
these two sets of results imply that some
kind of steric hindrance or conformational
change may prevent TAFs integral to dis-
tinct complexes (that is, SL1 and TFIID)
from binding simultaneously to TBP, even
though these subunits may contact different
surfaces on TBP. Consistent with this idea
are the observations that TBP in the SL1
complex does not bind to the TATA box
and is incompetent to direct basal or acti-
vated transcription by RNA polymerase 11
(40). Furthermore, in the cell other factors,
like nuclear or nucleolar localization and
compartmentalization events, may contrib-
ute to the formation of distinct TBP-TAF
complexes. The availability of recombinant
TAFs should help address some of these
questions and allow a more detailed func-
tional dissection of the transcription reac-
tion in eukaryotes.
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For co-immunoprecipitations, protein A-Sepharose
beads coated with antibody to FLAG protein (Kodak)
(about 20 pl of a 50 percent slurry) were incubated
with Sf9 insect extracts expressing FLAG-tagged
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