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TFIIA is an important positive regulator of TFIID, the primary promoter recognition factor of the basal RNA
polymerase Il transcription machinery. TFIIA antagonises negative TFIID regulators such as negative cofactor 2 (NC2),
promotes specific binding of the TBP subunit of TFIID to TATA core promoter sequence elements and stimulates the
interaction of TBP-associated factors (TAFs) in the TFIID complex with core promoter elements located downstream of
TATA, such as the initiator element (INR). Metazoan TFIIA consists of 3 subunits, TFlIAa (35 kDa), B (19 kDa) and
v (12 kDa). TFIIAx and B subunits are encoded by a single gene and result from site-specific cleavage of a 55 kDa TFIIA
(a/B) precursor protein by the protease Taspasel. Metazoan cells have been shown to contain variable amounts of
TFIIA (55/12 kDa) and Taspasel-processed TFIIA (35/19/12 kDa) depending on cell type, suggesting distinct gene-
specific roles of unprocessed and Taspasel1-processed TFIIA. How precisely Taspase1 processing affects TFIIA functions
is not understood. Here we report that Taspasel processing alters TFIIA interactions with TFIID and the conformation of
TFIID/TFIIA promoter complexes. We further show that Taspasel processing induces increased sensitivity of TFIID/TFIIA
complexes to the repressor NC2, which is counteracted by the presence of an INR core promoter element. Our results
provide first evidence that Taspasel processing affects TFIIA regulation of TFIID and suggest that Taspase1 processing

of TFIIA is required to establish INR-selective core promoter activity in the presence of NC2.

Introduction

The TFIID multi-protein complex plays a central role in the
regulation of transcription initiation by RNA polymerase 1II
(RNAP II) as the primary core promoter recognition factor that
initiates assembly of the basal transcription machinery composed
of RNAP II and general transcription factors (GTFs) TFIIA, -B,
-E, -F, -H.! TFIID consists of the TATA-binding protein TBP
and 13 TBP-associated factors (TAFs).” TBP specifically recog-
nizes the TATA element,! while TFIID TAFs have been impli-
cated in the recognition of core promoter elements (CPEs)
located downstream of the TATA box region, including the
INR element encompassing the transcription start site (TSS;
TAF1/2), and the DCE (TAF1), MTE and DPE (TAF6/9)
located downstream of the TSS."** Core promoters in metazoan
genomes are structurally highly diverse and typically contain only
a small subset of known CPEs, which determine the position of

the primary transcription start site, basal promoter strength and
the response of the promoter to transcription regulators.””
How precisely the readout of core promoter sequence informa-
tion by TFIID is integrated with regulatory input from transcrip-
tion activators and repressors to regulate overall transcription
output of individual genes is not fully understood.

TATA and INR elements are the best characterized CPEs and
are unique in that they are able to direct activator-independent
basal RNAP II transcription initiation in the absence of other
CPEs. Moreover, when separated by 25-30bp TATA and INR
can function in concert in a synergistic manner, resulting in a
dramatic increase of promoter activity compared with either
TATA or INR alone.” Consistent with the modular nature of
TFIID promoter interactions, INR-directed transcription initia-
tion and synergy between TATA and INR elements requires
TFIID TAFs,®!! whereas the TBP TATA-binding function is
largely dispensable for INR-directed transcription initiation in
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the absence of a TATA box.'> Moreover, TAF interactions with
the INR element enhance the promoter binding activity of iso-
lated TFIID at TATA-containing promoters in a TFIIA-depen-
dent manner.'? These observations clearly establish an important
role of TAFs in the functional readout of the INR element. How-
ever, TAF/promoter interactions are not sufficient to mediate the
strong functional synergy of TATA and INR elements observed
in crude nuclear extracts.'®'> A strong response of TATA-con-
taining core promoters to the presence of an INR element
requires positive and negative TAF- and INR-dependent cofac-
tors (TICs),'* some of which were recently identified.!>!® We
previously demonstrated that positive-acting TICs counteract
repression of TATA-dependent basal transcription by the ubiqui-
tous repressor NC2 in the presence of a correctly spaced INR ele-
ment in a TFIID TAF-dependent manner."> More recently, the
chromatin architectural protein HMGA1 and the Mediator coac-
tivator complex were identified as positive-acting TICs that selec-
tively stimulate basal TATA-dependent transcription in the
presence of an INR and, at the same time, antagonize NC2
repression.16

NC2 represses RNAP II transcription initiation complex
assembly by binding to TATA-bound TBP and preventing
recruitment of TFIIB." Furthermore, binding of NC2 has been
shown to affect dynamic conformational changes within the
TBP/TATA nucleoprotein complex, which lead to a loss of
TATA specificity and mobilization of the TBP/DNA complex
away from the TBP TATA-binding site.'”'®

The general RNAP II transcription factor TFIIA is a positive
regulator of TFIID function and counteracts NC2 repression by
competing with NC2 for binding to TBP." TFIIA further modu-
lates the promoter-binding activity of TFIID by stabilizing TBP/
TATA interactions' and by promoting interactions between
TFIID TAFs and DNA sequences downstream of TATA, such as
the INR element.'”'”?* Indeed, TFIIA has been shown to be
absolutely required for INR-mediated and TAF-dependent tran-
scription initiation in the absence of a TATA box as well as for
TAF-dependent INR-mediated stimulation of basal transcription
from TATA-containing promoters.'* TFIIA appears to modulate
interactions of TAFs with specific core promoter DNA sequences
by stabilizing specific TFIID complex conformations.'>?® Recent
single particle electron studies of TFIID revealed that TFIID can
exist in at least 2 structurally distinct states, a canonical state
observed predominantly in the absence of DNA and a ‘re-
arranged’ state observed in the presence of promoter DNA.>!
Interestingly, these studies suggest a dual role of TFIIA in main-
taining both the canonical state of TFIID in the absence of DNA
and in stabilizing the re-arranged state of TFIID when promoter-
bound.?!

In metazoan cells TFIIA exists predominantly as a heterotri-
meric complex composed of TFIIAa (35 kDa), TFIIAR
(19 kDa) and TFIIAy (12 kDa) subunits."** TFIIAa and
TFIIAB originate from a single gene and are produced by site-
specific cleavage of a 55 kDa TFIIAa/f precursor protein by the
protease Taspasel.”” The relative abundance of unprocessed
TFIIA and Taspasel-processed TFIIA in mammalian cells varies
significantly between cell types,”® suggesting that Taspasel
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processing of TFIIA is regulated in a cell-type specific manner.
Unprocessed TFIIA has been shown to associate with free TBP
in the absence of DNA to form a transcriptionally active TBP-
TFIIA-containing complex (TAC) lacking TAFs.** In contrast,
TFIID complexes isolated at low stringency conditions were
found to be associated only with the processed form of TFIIA.**
Interestingly, the processed form of TFIIA was also found to
associate in human cells with constitutively expressed TBP-
related factor TRE2 ** and TFIIA processing was recently shown
to be required for TRF2-mediated transcription initiation at
spermatogenic promoters during mammalian spermatogenesis.*®
These observations suggest that TFIIA processing plays a role in
regulating association of TFIIA into functionally distinct com-
plexes with free TBP, the TFIID complex and TBP-related fac-
tors. To what extend Taspasel processing affects TFIIA
functions as regulator of TFIID activity has so far not been
investigated.

Here we report that Taspasel-processed heterotrimeric TFIIA
(35/19/12 kDa) and  unprocessed  heterodimeric ~ TFIIA
(55/12 kDa) differentially affect TFIID topology and function
and provide evidence that TFIIA processing by Taspasel is
required for optimal TFIIA activity in mediating TFIID TAF-
dependent resistance to NC2 repression and INR-selective basal
promoter activity in the presence of NC2. Our results suggest
that TFIIA regulation through Taspasel contributes to gene-spe-
cific regulation of transcription depending on core promoter
architecture.

Results

A subpopulation within purified TFIID mediates
INR-specific resistance to NC2 repression

We used a previously established two-template transcription
assay to further investigate core promoter-dependent NC2
repression of basal transcription in a purified system. We recon-
stituted iz wvitro transcription with immunoaffinity purified
FLAG:epitope-tagged human TFIID complex (£ TFIID), recom-
binant TFIIB, TFIIE and TFIIF and highly purified native
TFIIH and RNAP II (Fig. 1A). In this assay, the transcription
activity of two variants of the murine TdT model core promoter,
containing either only a consensus TATA box (mTdT-TATA) or
both TATA and INR core promoter elements (mTdT-TATA/
INR), is directly compared by primer extension analysis using
the same radiolabelled primer (Figs. 1B, 3B). As reported previ-
ously,"” and consistent with the absence of positive-acting TAF-
and INR-dependent cofactor (TIC) activities in our reconstituted
system, we observe comparable levels of basal transcription from
mTdT-TATA and mTdT-TATA/INR promoters (Fig. 1B, lanes
1-6). However, f:TFIID titration experiments in the presence of
recombinant NC2 (rNC2) gave unanticipated results. At low
£TFIID concentrations rNC2 efficiently repressed transcription
from both mTdT-TATA and mTdT-TATA/INR promoters
(Fig. 1B, compare lanes 1-3 with lanes 7-9), consistent with pre-
vious observations.'” However, with increasing concentrations of

£TFIID, mTdT-TATA/INR transcription became partially
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INR-selective basal transcription " .
activity in the presence of NC2. rNC2
This observation suggested that a "
small subpopulation of £TFIID (__’f_EE)—)"] /iITP_’_,j
complexes present in our highly
purified £TFIID preparation is 'y ¥ | —TATA
resistant to NC2 repression in the
presence of an INR core promoter
element. .
- - “ @ - TATA/INR
A subpopulation of 1 2 3 4 5 6 7 8 9 10 11 12
immunoaffinity purified £ TFIID relative [ nd 1.0 1.1 1.6 23 25 nd nd nd nd 0.4 0.6 TATA
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We noticed variable amounts TATAINR
of TFIIA within our highly puri- i nd 0.6 0.7 0.6 0.6 0.7 nd nd nd nd 6.3 7.3
fied £ TFIID preparations
(Fig 2A). £TFIID is purified by
immunoaffini chromatoeranh Figure 1. INR-selective basal promoter activity in a purified system containing f:TFIID complex and rNC2.
f h Ht{ 1 graphy (A) SDS PAGE analysis of purified human GTFs used for in vitro transcription. rTFIIA is shown in Figure 3A.
rom the ela nuclear extract (B) Two-template in vitro transcription assay with mTdT promoter variants containing only TATA (TATA) or
phosphoceﬂulose (P11) 0.85 M TATA and INR elements (TATA/INR). The mTdT-TATA promoter template contains additional 26-bp polylinker
KCl/ DE-52 0.3 M KCI TFIID sequence downstream of the mTdT core promoter region (—41/+52), which does not affect core promoter
fraction.?” Given the stringent activity and allows the analysis of transcripts originating from both TATA and TATA/INR variants in parallel by
conditions of the purification pro- primer extension using the same radioactive primer. Transcription reactions (20 wl) were carried out at 30°C
LT . pr P for 1 h and contained 50 fmol of each promoter template, 10 ng 6His:TFIIB, 10 ng rTFIIE, 10 ng rTFIIF, 0.5 .l
t9co » TFIIA in ; FIID prePara— TFIIH, 0.2 wl RNAP lI, f:TFIID corresponding to 1, 2, 5, 10, 20, 30 ng TBP (lanes 1-6 and 7-12) and 5 ng rNC2
tions must be tightly associated (lanes 7-12). *?P-labeled primer extension products originating from mTdT-TATA and mTdT-TATA/INR tran-
with the TFIID COmplex, Because scripts were resolved by 6% denaturing PAGE and visualized and quantified by Phosphorlmager analysis.

TFIIA is required for synergistic

binding of TFIID to TATA and INR core promoter elements'”
and for INR-dependent basal transcription iz vitro,"* we specu-
lated that the subpopulation of TFIID complexes in our £ TFIID
preparations that is resistant to NC2 repression in the presence
of an INR element is stably associated with TFIIA. To further
investigate this possibility, we carried out immunoblot analyses
and identified two independent £ TFIID preparations (A) and
(B), that differ significantly in TFIIA content. As shown in
Figure 2A, £ TFIID preparation (A) contains significantly lower
amounts of TFIIA compared to £ TFIID preparation (B). Based
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on titration of rTFIIA in immunoblot experiments and comparison
with TFIIA signals in £ TFIID we estimate that less than 10% of
TFIID complexes are stably associated with TFIIA in the £TFIID
(B) preparation. Thus, while TFIIA content can vary considerably
between individual £TFIID preparations, the majority of TFIID
complexes in £TFIID is not associated with TFIIA. Of note is fur-
ther, that we could only detect Taspasel-processed 35 kDa
TFIIAa, but not unprocessed 55 kDa TFIIAa/B, in our £TFIID
preparations. Thus, TFIID in Hela nuclear extracts appears to be
exclusively associated with Taspasel-processed TFIIA.
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TATA-dependent promoter binding of £ TFIID in Mg**
agarose EMSA assays requires TFIIA

Next we used Mg®" agarose EMSA assays®® to compare the
binding of £ TFIID preparations containing lower (A) or higher
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construct was  almost
completely abolished in the
absence of TATA (A; Fig. 2C,
compare lane 2 with lane 4 and lane 5 with lane 6). Thus, bind-
ing of 6His:TBP and binding of f:TFIID preparation B to
the mTDT were dependent on the

moter

core promoter
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TATA-box. Weak binding of 6His:TBP and £:TFIID to mTdT
lacking a consensus TATA box (A; Fig. 2C, lanes 4 and 6) likely
reflects the presence of an additional low-affinity TATA sequence
in our 260 bp mTdT promoter DNA template.

Importantly, £TFIID (B) showed significantly higher core
promoter binding activity than £TFIID (A) (Fig. 2F, compare
lanes 3 and 4 with lanes 7 and 8, respectively), consistent with a
higher TFIIA content in £TFIID (B) (Fig. 2A). Indeed, pre-
formed £:TFIID/promoter complexes were quantitatively super-
shifted with and-TFIIA antibody (Fig. 2D). Taken together,
these findings suggest that only TFIID complexes stably associ-
ated with TFIIA within our £ TFIID preparations are capable of
forming stable complexes with the TATA-containing promoter
DNA probe in Mg2Jr agarose EMSAs.

Increased resistance of TFIIA-associated TFIID/promoter
complexes to disruption by NC2 in the presence of an
INR element

We next investigated whether the subpopulation of £TFIID
associated with TFIIA could mediate INR-dependent resistance
to NC2 repression, observed in in vitro transcription assays
(Fig. 1B), at the level of stable TFIID/promoter complex forma-
tion. NC2 has been shown to bind to the concave underside of
the TBP/TATA complex, thereby forming a ring-like protein
structure with TBP %’ that prevents recruitment of TFIIA or
TFIIB.”*?! Furthermore, NC2 binding induces dynamic confor-
mational changes into the TBP/DNA nucleo-complex, which
lead to a loss of TBP-induced DNA bending and to mobilization
of the TBP/DNA/NC2 complex away from the TATA site.'®

Consistent with the results of previous studies that examined
the effect of NC2 on isolated TBP, IINC2 completely disrupted
TATA-dependent f: TFIID/TFIIA promoter complexes (Fig. 2E,
compare lanes 1 and 2). At the same time, INC2 stimulated
quantitative binding of free DNA template into a different, fast
migrating £ TFIID/DNA complex (complex II, Fig. 2E, lane 2).
This INC2-induced binding of £TFIID to DNA was indepen-
dent of a TATA box element (Fig. 2E, compare lanes 2 and 5).
Anti-TBP antibody supershifts confirmed the presence of TBP in
fast-migrating f:TFIID/NC2/DNA complexes (Fig. 2E, lanes 3,
6). No DNA binding was observed in the presence of rNC2
alone (Fig. 2E, lanes 7, 8).

We interpret these results as follows. First, the strong reduc-
tion in the mobility of DNA complexes formed with TFIID in
EMSAs compared to free DNA is primarily caused by TBP
DNA bending.>*** Second, in the presence of Mg*" ions, the
retention of (unbend) protein/DNA complexes is greatly reduced
in agarose EMSA gels compared to classical acrylamide
EMSAs.?® Slow migrating £ TFIID EMSA complexes formed in
the absence of INC2 are therefore likely to contain the cognate
bend TFIIA/TBP/TATA complex (Fig. 2E, complex (1)),
whereas fast migrating TATA-independent £TFIID EMSA com-
plexes formed in the presence of rNC2 represent an unbend/
mobile conformational state (Fig. 2E, complex (II)). Taken
together, these results suggest that NC2 is able to compete with
TFIID-associated TFIIA and to efficiently bind to TFIID lacking
TFIIA to form TFIID/DNA/NC2 complexes. As previously
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reported for NC2 interactions with isolated TBP, NC2-induced
conformational changes alter TBP/DNA interactions within
TFIID, resulting in a stabilization of TATA-independent DNA
interactions.!” This results in a loss of TBP-induced DNA bend-
ing and presumably in mobilization of the TFIID/NC2 nucleo-
protein complex (Fig. 2E,'8).

Finally, we tested whether the presence of an INR element
would influence the stability of TFIID/TFIIA complexes when
challenged with INC2. We therefore titrated INC2 into binding
reactions containing £TFIID (B) (Fig. 2A) and a mTdT pro-
moter derivative containing only a TATA box (T) or both a
TATA box and an INR element (TT). As shown in Fig. 2F, addi-
tion of rNC2 disrupted £ TFIID complexes formed both with
mTdT-T and mTdT-TI promoter constructs. However,
ETFIID/TFIIA complexes formed on mTdT-TI promoter were
more resilient to NC2 disruption than f:TFIID/TFIIA complexes
formed on the mTdT-T promoter lacking an INR element
(Fig. 2F, lanes 7-14). These data support the idea that INR-
mediated resistance to NC2 repression is established, at least to a
certain degree, at the level of TFIID/TFIIA promoter complex

formation.

Taspasel-processed TFIIA counteracts NC2 repression of
basal transcription in an INR-dependent manner

The results presented above suggested that TFIID-associated
TFIIA plays a role in INR-mediated resistance to NC2 repres-
sion. This was interesting, since previously we did not observe
INR-dependent resistance to NC2 repression using our reconsti-
tuted in witro transcription system containing bacterially
expressed recombinant human TFIIA, reconstituted from unpro-
cessed recombinant 55 kDa TFIIAa/B and 6His:epitope-tagged
12 kDa TFIIAY."” Because £TFIID associated exclusively with
Taspasel-processed TFIIA composed of 35 kDa TFIIAq,
19 kDa TFIIAB and 12 kDa TFIIA7y subunits, we hypothesized
that Taspasel cleavage of TFIIAa/f might be important for
TFIIA to mediate INR-dependent resistance of TFIID/promoter
complexes to NC2.

To investigate this possibility we digested our rTFIIA
(p55/p12) preparation with highly purified recombinant Tas-
pase1”®> and re-purified processed rTFIIA (p35/p19/p12;
Fig. 3A) by ion exchange chromatography on RESOURCE Q
and phosphocellulose (P11) resins. In addition, we purified natu-
ral Taspasel-processed human TFIIA (p35/p19/p12) from the
classical 0.1 M KCI phosphocellulose (P11) HeLa nuclear extract
fraction (Fig. 3A).

Next, we used two-template 7z vitro transcription assays to
compare the ability of unprocessed recombinant TFIIA(p55/p12),
Taspasel-processed recombinant TFIIA (p35/p19/p12) and nat-
ural Taspasel-processed TFIIA (p35/p19/p12) to antagonize
NC2 repression at mTdT-T and mTdT-TATA/INR promoters
in our purified system containing high amounts of £TFIID
preparation (A), that contains less TFIIA (Fig. 2A). In the
absence of INC2, we observed slightly preferential transcription
from mTdT-TATA compared to the mTdT-TATA/INR pro-
moter (T1/T ratio: 0.6, Fig. 3B, lane 1; see also Fig. 1B). We
then added sufficient amounts of INC2 to completely repress
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10 ng and 20 ng of rTFIIA, rTFIIAXTASP1 or nTFIIA as indicated (lanes 2-11).

Figure 3. Reconstitution of INR-selective basal promoter activity in the presence of NC2 requires Taspase1 processing of TFIIA. (A) SDS PAGE analysis of
purified recombinant and natural TFIIA preparations. rTFIIA was reconstituted from bacterially expressed unprocessed TFlIIAa/B (p55) and 6His:TFIlAy
(6His:p12); rTFIIA was processed with recombinant Taspase1 (XTASP1) to yield rTFIIA (p35/p19/6His:p12); natural TFIIA (p35/p19/p12) was purified from
the TFIIA (0.1 M KCl) HelLa nuclear extract fraction. (B) Two-template in vitro transcription assays with mTdT promoter variants containing only TATA
(TATA) or TATA and INR elements (TATA/INR) were carried out and analyzed as described in the legend to Figure 1 and contained 20 ng rNC2, 5 ng,

transcription from both mTdT-TATA and mTdT-TATA/INR
promoters (Fig. 3B, lane 2) and titrated increasing amounts of
TFIIA in order to counteract NC2 repression and to recover
transcription activity (Fig. 3B, lanes 3-11).

Recombinant unprocessed rTFIIA (p55/6His:p12; Fig. 3B;
lanes 3-5) reversed NC2 repression at the mTdT-TATA/INR
promoter with slightly higher efficiency than at mTdT-TATA
(TI/T ratio 1.6 — 2.6; Fig. 3B, compare lanes 1 with lanes 3-5).
This relatively modest preference of rTFIIA for stimulating NC2
repressed basal transcription in the presence of an INR decreases
with increasing rTFIIA concentrations, suggesting that the pres-
ence of an INR element enhances the affinity of rTFIIA for
£ TFIID.

Taspasel processing had no detectable effect on rTFIIA-medi-
ated reversal of NC2 repression at the mTdT-TATA/INR pro-
moter but severely reduced the ability of rTFIIA to counteract
NC2 repression in the absence of an INR element (Fig. 3B, lanes
6-8). As shown in Figure 3B, addition of 10 ng rTFIIA or
rTFIIA processed with Taspasel (rTFIIAXTASP) fully restored
mTdT-TATA/INR transcription to levels observed in the
absence of NC2 (Fig. 3B, compare lane 1 with lanes 4 and 7). At
the same time, unprocessed rTFIIA stimulated mTdT-TATA
transcription to about 1/2 of mTdT-TATA/INR transcription
levels (TI/T ratio: 2; Fig. 3B, lane 4), whereas the same amount
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of rTFIIAXTASP1 stimulated mTdT-TATA transcription only
to about 1/16 of mTdT-TATA/INR transcription levels (TI/T
ratio: 16; Fig. 3B, lane 7). Importantly, the presence of an INR
element enhanced the activity of natural Taspasel-processed
TFIIA purified from human nuclear extracts in a very similar
manner to Taspasel-processed rTFIIA (T1/T ratio: 16; Fig. 3B,
lane 11).

These observations suggest that TFIIA needs to be processed
by Taspasel in order to support TFIID TAF-dependent resis-
tance of an INR-containing promoter to NC2. Furthermore, our
results suggest that, in the context of our reconstituted in vitro
transcription system, (i) Taspasel processing weakens TFIIA
interactions with TATA-bound TFIID that are competitive with
NC2 binding and (ii) that the interaction between TFIID and
Taspasel processed TFIIA on promoters is stabilized by the pres-
ence of an INR core promoter element.

Taspasel processing increases stimulation of TFIID
promoter binding by rTFIIA and changes TFIIA/TFIID/
promoter complex properties

To further investigate the effect of Taspasel processing of
TFIA on functional TFIIA interactions with TFIID we exam-
ined TFIA/TFIID/promoter complex assembly with unpro-
cessed and Taspasel-cleaved TFIIA in Mg*" agarose EMSA
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assays.  Titration

revealed both quantitative and

experiments

qualitative effects of Taspasel
processing on TFIIA activity. First,
Taspasel processing  significantly
increased the ability of rTFIIA to
stimulate TFIID promoter bind-
ing (Fig. 4A). Second, Taspasel-
processed rTFIIA as well as puri-
fied natural processed TFIIA
(Figs. 4A and C) formed TFIID/
TFIIA/promoter complexes with
electrophoretic mobility indistin-
guishable from promoter com-
plexes formed by TFIIA-associated
£TFIID (Fig. 4A, compare lane 5
with lanes 1-4; Fig. 4B, compare
lanes 1,7 to lanes 5, 6, 11, 12;
Fig. 4C, compare lanes 1,2 to lanes
3,4). In contrast, association of
unprocessed rTFIIA resulted in 2
differenc TFIID promoter com-
plexes, with increased and with
reduced electrophoretic mobility
compared to complexes formed
with  natural  TFIIA-associated
TFIID (Figs. 4A—C). These obser-
vations suggest that Taspasel proc-
essing affects both the abilicy of
TFIIA to interact with TFIID and
the structure of resuldng TFIIA/
TFIID promoter complexes.

The presence of an INR ele-
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promoter binding both in the

presence of unprocessed and Tas-
pasel-processed TFIIA (Figs. 4B—
C). Thus, Taspasel processing
appears not to specifically affect
the ability of TFIIA to stimulate
TFIID promoter binding in an
INR-dependent manner. Finally,
we asked whether NC2 differen-

indicated.

Figure 4. Taspase1 processing increases rTFIIA activity in stimulating TFIID promoter binding and changes
TFIIA/TFIID/promoter complex properties. Mg®" agarose EMSA assays. Binding reactions (10 wl) contained
5 fmol DNA template and 2.5 ng TBP equivalent of f:TFIID (preparation A, see Fig. 2A). (A) Stimulation of
f:TFIID promoter binding by rTFIIA and rTFIIA processed by Taspasel (rTFIIAXTASP1). (B) TFIIA stimulation of
f:TFIID binding to mTdT promoter derivatives containing only a TATA box or TATA and INR elements. Binding
reactions contained 2 ng rTFIIAXTASP1 or natural TFIIA (nTFIIA) or 2, 5, 10 ng unprocessed rTFIIA. (C) INR-
mediated resistance to disruption of f:TFIID promoter complexes by NC2 is mediated by processed natural
TFIIA but not by unprocessed rTFIIA. Binding reactions contained 2 ng nTFIIA or rTFIIA and 2 ng rNC2 as

tally affects TFIID  promoter

complexes formed with either

processed, natural TFIIA or with unprocessed recombinant
TFIIA formed on promoters lacking or containing an INR ele-
ment. For this purpose we challenged TFIID complexes with an
amount of rNC2 that was sufficient to disrupt TFIID/TFIIA/
promoter complexes and to promote quantitative assembly of the
free promoter DNA probe into fast migrating TFIID/NC2 com-
plexes (Fig. 2E). Under these conditions, INC2 completely dis-
rupted TFIID complexes formed with unprocessed rTFIIA,
regardless of the presence of an INR element (Fig. 4C lanes 7—
10). In contrast, INC2 only partially disrupted TFIID complexes
formed with an equivalent amount of natural processed TFIIA

www.tandfonline.com
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complex (Fig. 4C, lanes 3-6). Moreover, TFIID complexes
formed with processed TFIIA were more resilient to disruption
by rNC2 when formed on promoter DNA containing an INR
element in addition to a TATA box (Fig. 4C; compare lanes 3,
4 with lanes 5, 6). These results closely resemble those observed
with the subpopulation of TFIID tightly associated with
processed TFIIA present in £ TFIID preparations (Fig. 2F, lanes
7-14).

Taken together, these findings demonstrate that processed and
unprocessed TFIIA form TFIID/TFIIA promoter complexes
with distinct properties. Firstly, the different electrophoretic
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Figure 5. Role of TFIIA processing by Taspase1 in INR-specific transcrip-
tion. (i) Unprocessed heterodimeric TFIIA is composed of 55 kDa
TFIIAa/B and 12 kDa TFIIAy subunits. Taspasel cleavage results in heter-
otrimeric TFIIA complex composed of 35 kDa TFllAa, 19 kDa TFIIAB and
12 kDa TFIlAy. (ii) TFIID promoter complexes formed with unprocessed
TFIIA or Taspasel-processed TFIIA have distinct properties. Different
mobilities of TFIID complexes formed with unprocessed and processed
TFIIA in Mg®" EMSASs (Fig. 4) indicate differences in nucleoprotein com-
plex topology. Both unprocessed and Taspase1-processed TFIIA compete
with NC2 for binding to TBP in TFIID. In vitro transcription experiments
(Fig. 3) suggest that processing of TFIIA by Taspasel weakens TFIIA
interactions with TATA-bound TFIID that are competitive with NC2 bind-
ing in a manner that is compensated by the presence of an INR element.
As a result, stabilization of TFIID promoter complexes by the INR core
promoter element to counteract binding by NC2 is only observed with
Taspasel-processed TFIIA (35/19/12; Fig. 3C, 4). (iii) NC2 binding dis-
rupts TFIID/DNA interactions, eliminates DNA bending and results in
mobilization of TFIID away from TATA box (Fig. 2, 4).

mobilities of TFIID complexes formed with unprocessed and
processed TFIIA indicate differences in TFIID/TFIIA nucleopro-
tein complex topology, presumably a different degree of overall
DNA bending. Secondly, a stabilization of TFIID promoter
complexes by the INR core promoter element, when challenged
with NC2, could only be observed in the presence of Taspasel
processed TFIIA, but not with unprocessed TFIIA. Thus Tas-
pasel processing of TFIIA is required to establish INR-depen-
dent stabilization of TFIID/promoter complexes in the presence
of NC2 (see also Fig. 5).

Discussion

Previous work showed that strong stimulation of TATA-
dependent basal promoter activity by the INR core promoter
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element seen in crude nuclear extracts involves simultaneous
action of negative and positive cofactors in addition to GTFs,
RNAP II and TFIID TAFs.'*"> Positive cofactors for INR func-
tion include the Mediator complex and the architectural tran-
scription factor HMGA1, which stimulate the activity of the
basal transcription machinery in the presence of an INR element
in a TFIID TAF-dependent manner and, at the same time, coun-
teract repression of TATA-dependent transcription initiation by
NC2.15:16

Starting point of the work presented here was the surprising
observation that our reconstituted i vitro transcription system
composed of highly purified human GTFs and RNAP II can sup-
port significant levels of INR-selective core promoter activity in
the presence of NC2 when supplied with excess amounts of
highly purified £TFIID (Fig. 1). Importantly, excess amounts of
£TFIID did not support INR-specific basal transcription in the
absence of NC2 (Fig. 1), confirming that our reconstituted sys-
tem, including £TFIID, is free of TAF-and INR-dependent
cofactors that mediate INR-dependent stimulation of transcrip-
tion independent of the presence of NC2.'® Rather, our results
suggested that a subpopulation of TFIID in f:TFIID is associated
with an activity distinct from HMGA1 or Mediator that can
mediate INR-dependent resistance to NC2 repression. Further
investigations revealed variable amounts of TFIIA stably associ-
ated with a small proportion (< 10%) of TFIID in our £:TFIID
preparations. TFIIA acts as an important positive cofactor for
TFIID function." TFIIA stabilizes TBP/TATA complexes
through interactions with TBP opposite of the binding site for
TFIIB, and with promoter DNA upstream of TATA?*%39 and
counteracts NC2 repression by competing for binding to TBP.'
Importantly, TFIIA also promotes interactions between TFIID
TAFs and core promoter DNA sequences downstream of the
TATA 1regior113 1920 3nd has been shown to be an essential cofac-
tor for TAF-dependent INR function both in the absence and
presence of a TATA element.'

Consistent with these observations, results of site-specific
DNA crosslinking studies provided first evidence that TFIIA
affects the positioning of individual TFIID TAFs relative to
downstream promoter DNA within TFIID nucleoprotein com-
plexes.”® Recent high-resolution single particle electron micros-
copy studies revealed 2 distinct TFIID conformations.”' Free
TFIID exists predominantly in a ‘canonical’ state whereas TFIID
bound to DNA adopts a ‘re-arranged’ state. Interestingly, TFIIA
was found to stabilize both the canonical TFIID conformation in
the absence of DNA as well as the re-arranged state of promoter-
bound TFIID.*!

Whether and to what extent processing by Taspasel affects
TFIIA functions, in particular the ability of TFIIA to modulate
TFIID (TBP) activity has been a longstanding unresolved ques-
tion. Original studies reported that recombinant human TFIIA
reconstituted from purified bacterially expressed TFIIAa/f3 pre-
cursor and TFITA<y subunits can substitute for natural processed
TFIIA isolated from human cells in promoter binding experi-
ments with recombinant TBP and iz vitro transcription experi-

40-43

ments and unprocessed bacterially expressed recombinant

human TFIIA has since be widely used in biochemical studies
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designed to investigate the function of TFIIA in early RNAP II
transcription pre-initiation complex (PIC) assembly and in the
regulation of both free TBP and the TFIID complex.

The key findings in this study are (i) that Taspasel processing
of TFIIA affects the conformation of TFIID/TFIIA promoter
complexes and (ii) that Taspasel processed TFIIA (35/19/
12 kDa), but not unprocessed TFIIA (55/12 kDa), supports sig-
nificant levels of INR-mediated resistance to NC2, and hence
INR-selective core promoter activity in a highly purified in vitro
transcription system lacking TAF- and INR-dependent cofactors
Mediator and HMGAL.

We detect only the Taspasel-processed form of TFIIA in our
highly purified £TFIID preparations, in agreement with earlier
studies.”* We show further that Taspasel processing increases
binding of recombinant TFIIA to form stable TFIID/TFIIA pro-
moter complexes in Mg2+ agarose EMSAs (Fig. 4), suggesting
that Taspasel processing enhances TFIIA interactions with
TFIID. We observe clearly distinct electrophoretic mobilities of
TATA-dependent TFIID/TFIIA/promoter complexes formed
with unprocessed and Taspasel-processed TFIIA, indicative of
significant differences in overall TFIID/DNA complex topology
(Fig. 4). Importantly, the functional properties of recombinant
TFIIA processed with Taspasel in vitro and natural Taspasel-
processed TFIIA isolated from HeLa nuclear extracts were indis-
tinguishable both in DNA binding and in iz vitro transcription
assays (Figs. 2—4), confirming that in vitro Taspasel-processed
recombinant TFIIA reconstituted with unprocessed TFIIAa/3
and natural processed TFIIA (35, 19, 12 kDa) complex have
comparable functional properties.

Altered electrophoretic mobility of TFIID/DNA complexes in
Mg” EMSAs could reflect differences in TBP DNA bending,
which contributes significantly to the reduced mobility of TBP
or TFIID complexes in EMSAs.?®3% Indeed, results of DNA-
binding studies using quantitative fluorescence energy transfer
(FRET) suggest that TFIIA binding reduces DNA bending of
TATA DNA by TBP.* Thus altered TBP/TFIIA interactions
caused by TFIIA processing, could directly affect the trajectory of
the DNA within TFIID/promoter complexes, and thus alter
interactions of individual TFIID TAFs (and of the remaining
GTFs and RNAP II) with promoter DNA downstream of the
TATA box region.

Previous studies demonstrated that TFIIA-induced TAF inter-
actions with the INR core promoter element stabilize TFIID/
promoter complexes in Mg2+ agarose EMSAs."? Consistent with
these results, we observe enhanced resilience of promoter com-
plexes formed with £TFIID containing stably associated TFIIA
to NC2 in the presence of an INR element. Importantly, this
INR-dependent stabilization of TFIID promoter complexes in
the presence of NC2 could only be observed with Taspasel-proc-
essed TFIIA but not with unprocessed TFIIA (Figs. 2 and 4).
Disruption of TFIID/TFIIA complexes with increasing concen-
trations of NC2 resulted in a loss of TBP-induced DNA bend-
ing, indicated by a dramatic increase in electrophoretic mobility
of TFIID/DNA complexes, and the formation of stable NC2/
TFIID/DNA  complexes lacking TATA-specificity (Fig. 2).
These observations extend the results of earlier studies that
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investigated NC2 interaction with isolated TBP'”'® and first
demonstrated a loss of TATA-specificity and mobilisation of
TBP complexes away from the TATA box upon NC2 binding.

Finally, we observed significant levels of INR-selective tran-
scription initiation in the presence of NC2 when we supple-
mented our purified transcription system with either natural
Taspasel-processed TFIIA isolated from HeLa nuclear extract or
with Taspasel-processed recombinant TFIIA, but not with
unprocessed recombinant TFIIA reconstituted with the 55 kDa
TFITAa/B precursor and TFIIAy (Fig. 3). However, in the con-
text of our in vitro transcription system, Taspasel processing
does not enhance TFIIA reversal of NC2 repression in the pres-
ence of an INR but instead diminishes the ability of TFIIA to
counteract NC2 repression in the absence of an INR element
(Fig. 3). Thus Taspasel processing appears on one hand to
weaken specific TFIIA interactions with TBP that are competi-
tive with NC2 and, on the other hand, to stabilize conforma-
tional changes within the TFIID nucleoprotein complex that
promote TAF/INR interactions and, in turn, assembly of a func-
tional RNAP II transcription initiation complex.

Taken together, our results extend earlier studies suggesting a
role of Taspasel processing in regulating TFIIA association
with TFIID, isolated TBP, and TBP-related factors***° and
provide first evidence that Taspasel-processed heterotrimeric
TFIIA (35/19/12 kDa) and unprocessed heterodimeric TFIIA
(55/12 kDa) differendially affect TFIID topology and core pro-
moter-specific TFIID functions. Thus regulation of TFIIA activ-
ity by Taspasel processing adds yet another layer of complexity
to the intricate functional interplay between positive and negative
factors involved in the functional readout of core promoter
sequence elements and the gene-specific regulation of transcrip-
tion by cis-acting transcription activators and repressors.®!>!¢%>

How might Taspasel cleavage of the TFIIAa/B precursor
protein affect TFIIA interactions with TFIID? The Taspasel
cleavage site (269—LVLQVD|GTGDT)23 is located in a func-
tionally poorly defined non-conserved linker region in the
TFIIAa/B precursor protein, that connects evolutionary con-
served N- and C-termini, which are absolutely required for
TFIIA function®® 1. X-ray structure analysis of ternary TBP/
TFITA/TATA complexes, containing a minimal TFIIA complex
composed only of the conserved TFIIAa/f3 N- and C-termini,
revealed a boot-shaped TFIIA structure composed of 2 distinct
domains orientated approximately 120°C from each other, in
which all 3 TFIIA subunits are in intimate contact.***”*° The
top of the boot interacts with TBP and DNA upstream TATA
and is a 12 strand B-barrel structure formed by interaction
between the C-terminus of TFIIAa/B (TFIIAB) with the C-ter-
minal half of TFIIA. The foot of the boot is located away from
TBP and TATA and consists of a 4-helix bundle composed of
the N-terminus of TFIIAa/B (TFIIAa) and the N-terminal half
of TFIIAv. It is important to note that the non-conserved linker
region of TFIIA is missing in these structures. It seems obvious
that this region could have a significantly impact on the relative
orientation of the 2 conserved TFIIA domains and, at the same
time, greatly contribute to TFIIA/TAF interactions in the context
of TFIID. Cleavage by Taspasel within this region might affect
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the conformational flexibility of the entire TFIIA structure and,
consequently, TFIIA/TBP and/or TFIIA/TAF interactions, the
relative orientation of TBP and TAF subunits within TFIID,
and the ability of TFIID to interact with specific core promoter
elements downstream of TATA. Further work is needed to
address these important questions.

Materials & Methods

Promoter templates

The TATA/INR model promoter template pPGTdT(TATA/
+59) is a pGEM7Zf (Promega) derivative containing within an
Apall BamHI insert mTdT core promoter sequences from —41
to +59 with a consensus TATA box at position +-30'>" in front
of 5 GAL4 binding sites. The corresponding TATA-only model
promoter template pPGTdT(TATAAINR/—59)-L is a derivative
of pPGTdT(TATA/—59) containing 6 point mutations which
eliminate INR function without affecting start site selection and
a 26-bp polylinker sequence downstream of the mTdT core pro-
moter region (—41/452), which does not affect core promoter
activity.''> EMSA probes TI, T, A were generated by PCR
using plasmids pTOGS5TdT(—41TATA/+33), pVC5GTdT-
TATAAINR and pVC5GTdTAINR, respectively. pTOG5TdT
(—41TATA/+33) is a pGEM7Zf (Promega) derivative contain-
ing, within a Psfl/ BamHI insert, mTdT core promoter sequences
from —41 to +33 with a consensus TATA box at position +30'°
in front of 5 GAL4 binding sites and serves as TATA/INR model
promoter (TT; Fig. 2B). pVC5GTdT-TATAAINR derives from
pTOGS5TdT(—41TATA/433) and contains 6 point mutations
identical to pPGTdT(TATAAINR/—59)-L, which eliminate the
INR, and serves as TATA-only (TI; Fig. 2B) promoter template.
pVC5GTdTAINR derives from pVC5GTdT-TATAAINR and
contains the natural TATA-less mTdT promoter from —41 to
+33 with the same 6 point mutations to eliminate the INR and
serves as ‘null’ promoter template lacking any known core pro-
moter elements (A; Fig. 2B).

In vitro RNA polymerase II transcription system

All proteins were stored at —70°C in BC-buffer (20 mM
Tris-Cl pH7.9 @4°C, 20% glycerol, 0.2 mM EDTA pH 8.0,
10 mM B-mercaptoethnanol) containing 100 mM KCI (BC-
100) unless indicated otherwise. The preparation of recombi-
nant RNA polymerase II general transcription factors (RNAP
II GTFs; fTBP, rTFIIA, -1IB, -IIE, -IIF) and FLAG:epitope-
tagged TFIID (£TFID) was described previously.]5’20‘27
TFIIH was purified from the Hela nuclear extract phospho-
cellulose (P11, Whatman) 0.85 M KCl fraction®” as follows.
The eluate was dialised in BC-100 and passed through DEAE
FF (GE Healthcare Life Sciences). The flow-through was then
loaded onto a Resource S (GE Healthcare Life Sciences) col-
umn and eluted with a 20 column volumes linear gradient
from 0.1 to 0.3 M KCl in BC buffer. TFIIH-containing frac-
tions (170-240 mM KCl) were identified by immunoblotting,
pooled and precipitated with (NH4),SO4 at 46% saturation.
After ultracentrifugation, the protein pellet was resuspended in
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BC buffer. The sample was adjusted to 1.4 M (NH4),SO4
and, after ultracentrifugation to remove any insoluble material,
further purified on a Source 15 ISO (isopropyl; GE Healthcare
Life Sciences) column developed with a linear gradient from
1.4 to 0 M (NH,4),SOy4 in BC buffer. Finally, TFIIH-contain-
ing fractions (1.2 to 1 M (NH,4),SO4) were pooled, concen-
trated on NanoSep spin columns (Pall; cut-off 10 kDa) and
further purified by size exclusion chromatography on Superdex
200 (GE Healthcare Life Sciences) in BC-buffer containing
400 mM KCI.

RNA polymerase II (RNAP II) was purified from HeLla
nuclear pellet as previously described®® with the following mod-
ifications. All chromatography steps were carried out in
TGEED buffer (50 mM Tris-Cl pH 7.2 @ 21°C, 20% glycerol,
1 mM EDTA, 1 mM EGTA, 2 mM DTT, 1 mM NaF,
10 mM NaPPi) in the presence of protease inhibitors (Sigma
P8430). After precipitation with (NH4),SO4 samples were
adjusted to 70 mM (NH,),SO4 by dialysis and further purified
on DEAE FF (GE Healthcare Life Sciences) developed with a
10 column volume linear gradient from 80 to 600 mM
(NH4),SO4 followed by chromatography on a Heparin
POROS column (Life Technologies) developed with a
5 column volumes linear gradient from 80 to 600 mM
(NH4),SOj and finally by chromatography on a TSKgel DEAE
5PW column (Tosoh Bioscience) developed with a 20 column
volumes linear gradient from 80 to 600 mM (NH4)2SO4.
Fractions containing highly purified RNAP II were identified
by immunoblot analysis and SDS PAGE and silver staining.
Purified RNAP II was dialyzed in BC-100, snap-frozen in lig-
uid N, and stored at —70°C.

Natural TFIIA (nTFIIA 35/19/12 kDa, see Fig. 3) was puri-
fied from the Hela nuclear extract 0.1 M KCI phosphocellulose
(P11, Whatman) fraction®’ by ion exchange chromatography on
Mono Q resin (GE Healthcare Life Sciences) followed by affinity
chromatography on Ni** NTA resin (Qiagen) and, finally, TBP-
affinity chromatography using G6His:epitope-tagged TBP from
Saccaromyces cerevisae (6His:scTBP) coupled to Affi-Gel 10 resin
BioRad). TFIIA was eluted from the 6His:scTBP affinity column
with BC buffer containing 700 mM KCI (BC-700), snap-frozen
in liquid N, and stored at —70°C.

Taspasel processing of recombinant bacterially expressed
TFIIA (55/12 kDa) was carried out as follows: 50 pg rTFIIA
(Fig. 3;'%) was cleaved with 50 wg recombinant GHis:epitope-
tagged Taspasel enzyme®>”” for 1 h at 37°C in 1.4 ml BC
buffer containing 100 mM KCl, 1.5 mM MgCl,, 0.1 mg/ml
insulin and 2 mM dithiothreitol (DTT). Following protease
cleavage, Taspasel-processed rTFIIA (35/19/12 kDa) was sepa-
rated from Taspasel by ion exchange chromatography on
Resource Q (GE Healthcare Life Sciences) and phosphocellulose
(P11; Whatman) resins.

Antibodies

Polyclonal antibodies for human TBP, TAFs 4, 5, 6,7, 9, 12
and human TFIIA, raised against recombinant TFIIAa/ precur-
sor, (Figs. 2A, D) were a kind gift from Robert G Roeder.
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In vitro transcription

Two-template in vitro transcription assays and primer exten-
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sion to analyze in parallel basal transcription from mTdT pro-
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Mg agarose electrophoretic mobility shift assays
Mg** EMSAs were carried out as described.”® Briefly, 5fmol
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