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NC2 mobilizes TBP on core promoter TATA boxes

Peter Schluesche!, Gertraud Stelzer?, Elisa Piaia%, Don C Lamb!? & Michael Meisterernst?*

The general transcription factors (GTFs) of eukaryotic RNA polymerase Il, in a process facilitated by regulatory and accessory
factors, target promoters through synergistic interactions with core elements. The specific binding of the TATA box-binding
protein (TBP) to the TATA box has led to the assumption that GTFs recognize promoters directly, producing a preinitiation
complex at a defined position. Using biochemical analysis as well as biophysical single-pair Forster resonance energy transfer, we
now provide evidence that negative cofactor-2 (NC2) induces dynamic conformational changes in the TBP-DNA complex that
allow it to escape and return to TATA-binding mode. This can lead to movement of TBP along the DNA away from TATA.

The general initiation factors and RNA polymerase II target core
promoter regions after opening of the chromatin structure. A well-
studied early step in initiation of transcription is the specific binding
of TBP to core-promoter TATA boxes, which is enhanced by the
general initiation factor TFIIAL. Assembly of the preinitiation complex
on promoters that do not contain a TATA sequence more crucially
depends on synergistic interactions of GTFs and associated factors
(such as TAFs) with other core promoter elements (INR, BRE, DCE,
DPE and MTE)%>”7. When the preinitiation complex forms, it remains
in position at the core promoter until RNA polymerase II clears the
promoter; at this point, general factors, with the possible exception of
TBP, dissociate®. This widely accepted model of transcription complex
assembly is static in the sense that initiation factors such as TBP must
bind directly to the site where initiation complexes are formed, and if
they erroneously bind an unproductive region, they must first dis-
sociate before approaching the promoter from the nucleoplasm in a
new attempt.

In this study, we have used yeast and human GTFs to investigate
whether GTFs must indeed target core promoters directly at the sites
of initiation or whether GTF-DNA interactions involve dynamic
processes such that factors can move along the promoter DNA. Our
results extend the static picture of complex assembly by demonstrating
that TBP is mobilized on DNA upon binding of the transcription
cofactor NC2 (also called Dr1-DRAP)?10,

NC2 is an evolutionary conserved protein complex'"!? that binds
TBP-DNA from the bent underside on TATA. The cofactor forms a
ring-like structure with TBP!3, which sterically occludes association of
TFIIA and TFIIB'*'%. The NC2 complex facilitates interactions of
TBP with both TATA and non-TATA binding sites. It is present on a
substantial fraction of all active human genes!'” and is thus an excellent
candidate for mediating the stable binding and final positioning of

TBP. Genetic studies have revealed both negative and positive effects of
NC2 on gene expression'®82! (reviewed in ref. 22). The mechanism
underlying the positive effects of NC2 in vivo is not understood.

Here we suggest that NC2 helps to maintain TBP on promoter
regions. The cofactor markedly decreases the off-rate of TBP from
DNA. To our surprise, we also observed that NC2 induces rapid
dynamic changes in the conformation of the TBP-DNA complex.
Moreover, a fraction of TBP escapes from the TATA region upon
formation of a complex with NC2. Collectively, the data suggest that
the factor not only binds and stabilizes TBP to retain the initiation
factor in promoter regions, but also mobilizes TBP on the DNA. This
offers a molecular framework for prediction of a variety of inhibitory
and enhancing gene regulatory modes of NC2 that may broaden the
regulatory repertoire of eukaryotic cells.

RESULTS

NC2 binding alters TBP-TATA interactions

The first indications that TBP-TATA interactions loosen upon encoun-
tering NC2 came from footprinting experiments. Addition of NC2 to
a preformed TBP adenovirus major late (AdML) TATA promoter
complex caused gradual loss of the protected window at TATA with
increasing NC2 concentrations (Fig. 1a). Loss of TATA protection was
rapid (complete in less than 1 min) and was seen on both strands of
the DNA (Fig. 1b). The effect occurred with both recombinant and
native NC2 complexes (Supplementary Fig. 1a online), with both
human and yeast TBP, and in both the absence and presence of TFIIA
and TFIIB (Supplementary Fig. 1b,c). The loss of TATA protection
was also seen in copper-phenanthroline footprinting, indicating that
this phenomenon is not specific to DNase I digestion (Supplementary
Fig. 1d and ref. 23). The effect is, however, specific to the NC2
complex: it is not seen in the presence of even an excess of
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Figure 1 Loss of TBP-TATA protection against DNase | digestion mediated
by NC2. (a) AdML 217-bp promoter fragment (100 fmol, 5 nM) was
incubated with 350 fmol or 17.5 nM of yeast TBP (yTBP; for 30 min)
and incubated with human NC2 (concentrations listed above gel in fmol
per 20 ul). (b) Time course (0.5, 3, 6, 15 and 40 min, lanes 3-7) of
TATA clearance after the addition of NC2 (Comp.; 20 nM) to yTBP

(17.5 nM) preincubated with DNA (5 nM) under standard conditions.

recombinant purified NC2a or NC2f subunits. Furthermore, it is not
seen with the structurally related histone proteins H2A-H2B, which
cover DNA nonspecifically (Supplementary Fig. le).

In the X-ray structure of the TBP-NC2-DNA complex, TATA is
completely protected by TBP and NC2 (ref. 13). DNase I cannot cleave
within the TATA motif unless the ring structure opens up (Supple-
mentary Fig. 2a online). A trivial explanation for the observed access
of DNase I to TATA would be the dissociation of TBP from the DNA
upon encountering NC2. However, analysis of footprinting fractions
using electrophoretic mobility shift assays (EMSAs) suggested that
TBP remains fully bound to DNA in a complex with NC2 (Supple-
mentary Fig. 2b—d). Furthermore, DNA competition measurements
revealed a half-life in the range of one to several hours (Fig. 2 and
Supplementary Fig. 3a,c online), approximately an order of magni-
tude longer than the half-life measured for TBP alone (Supplemen-
tary Fig. 3b). TBP was also retained on DNA when excess competitor
DNA was added shortly before the addition of NC2 to a pre-formed
TBP-TFIIA complex (data not shown). Hence, the loss of TATA
protection cannot be explained by the dissociation of TBP molecules.
Instead, the data suggest that the structure of the TBP-NC2-DNA
complex must change. Two simple explanations can be envisioned: the
ring-like protein structure formed by TBP and NC2 (Supplementary
Fig. 2a) might open up, allowing DNase I access to TATA; alterna-
tively, the TBP-DNA contacts might be weakened, allowing the
conformation of the DNA to straighten and the TBP-NC2 complexes
to move away from the TATA site.

Dynamic changes in TBP-DNA conformation upon NC2 binding
To investigate the underlying molecular mechanisms, individual
TBP-NC2-DNA complexes were studied by spFRET?* using total
internal reflection fluorescence microscopy (the experimental setup is
shown schematically in Supplementary Fig. 4 online). For spFRET
experiments, we used recombinant mutant TBP from Saccharomyces
cerevisiae that had a single cysteine at position 61 (ref. 25) labeled
with a fluorescent donor molecule (Atto532), together with a 70-base-
pair (bp) AAML DNA labeled with an acceptor fluorophore (Atto647)
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on the thymidine base 11 bp upstream of TATA (DNA-1 in
Supplementary Fig. 5a,b online). We used concentrations of TBP
and DNA that ensured only a single TBP molecule or TBP-NC2
complex was bound by each DNA.

Figure 3a shows the time dependence of a typical FRET signal from
a TBP-TFIIA-DNA complex. More than 93% of the traces with a clear
FRET signal showed a steady FRET value until photobleaching of
either the donor or the acceptor molecule occurred. A histogram of
FRET efficiencies for 631 TBP-TFIIA complexes (Fig. 3b) reveals two
well-defined populations, one with a FRET efficiency of 0.40 and a
smaller one (16% of all molecules) with a FRET efficiency of 0.21. The
0.40-FRET efficiency population corresponds to the TBP-DNA con-
formation observed in crystal structures. It is known that TBP can
bind in two possible orientations2®. However, data collected either in
the presence of TFIIA (which stabilizes the correct orientation) or with
or without preincubation with TBP alone indicate that the alternative
orientation of TBP corresponds to a population with a FRET efficiency
of 0.56 (data not shown). Therefore, the 0.21-FRET population cannot
represent another orientation on the same binding site as the
0.40-FRET population, but rather represents a second binding site.

Upon addition of NC2, the steady FRET signal from the TBP-DNA
complex becomes dynamic, fluctuating rapidly between different
FRET values (Fig. 3c). Of the complexes that had a clear FRET signal,
74% showed dynamic FRET upon the addition of NC2. This compares
well with expectation that ~80% of TBP-DNA complexes interact
with NC2 under these experimental conditions. TBP-NC2-DNA
complexes continue to show dynamic FRET signals (for up to 4 h)
after removal of excess NC2. Comparable results were obtained with a
longer (110-mer) AdML-containing DNA labeled with a different
acceptor molecule (Atto647N, Supplementary Fig. 5d—f). In both
experiments, the transition from steady to dynamic FRET occurred
without loss of the FRET signal, indicating that TBP does not
dissociate from the DNA upon binding of NC2. The enhanced stability
of TBP on the DNA upon binding with NC2 was also observed in
single-molecule measurements (data not shown).

We performed extensive control experiments to investigate possible
spurious causes of the dynamic signal observed. The transformation
between steady FRET and dynamic FRET upon addition of NC2 was
also evident when we used DNA labeled at different locations with
different acceptor molecules (DNA-2 to DNA-4 in Supplementary
Fig. 5a—c). Donor quenching did not influence the calculated FRET
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Figure 2 Half-life of TBP-NC2 on DNA. (a) Quantitative results of EMSAs
showing competition of a 35-bp ML oligonucleotide preincubated with TBP-
NC2 complexes in the presence or absence of TFIIA with a 500-fold molar
excess of competitor DNA. (b) Half-life determination using a 77-bp

ML fragment. The 77-bp ML DNA (3 nM) was incubated with yeast TBP
(0.5 nM) and NC2 (1 nM) for 30 min at 28 °C and subjected to competition
with a 37-bp ML oligonucleotide (3 uM) for the indicated time periods. ‘In
pre’, competitor DNA present in preincubation.
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efficiency (Supplementary Fig. 6a online). The fluorescence intensity
of the acceptor was monitored using millisecond alternating laser
excitation (msALEX)?’ to verify that the photophysics of the fluoro-
phores did not give rise to the observed dynamical behavior (Supple-
mentary Fig. 6b,c). Anisotropy experiments confirmed that the
orientations of the donor and acceptor dipoles were not responsible
for the measured dynamics (Supplementary Table 1 online). Further
details are explained in the Supplementary Discussion online.

In a representative trace of TBP-NC2 dynamics at 30 ms per frame
(Fig. 3d), the signal fluctuates between three FRET-efficiency regions
(centered at 0.20, 0.40 and 0.80), suggesting the presence of at least
three preferred binding sites and/or conformations of TBP-NC2 on
the DNA. The histogram of FRET efficiencies per frame for 644
complexes (Fig. 3e) reveals an ~0.4 FRET population that is evident
both before and after addition of NC2, suggesting that the conforma-
tion is similar in both cases. The expected distance between donor and
acceptor attachment points for a bent TBP-TFIIA complex was
estimated from the X-ray structure!> to be ~60 A, which agrees
well with the 64 A calculated from our 0.4-FRET efficiency peak. The
0.8 peak involves a change in conformation of the DNA. DNA
straightened out into a B-form structure would correspond to a
FRET efficiency somewhere between 0.60 and 0.88. As the 0.8 peak
observed is in this range, any movement of the TBP-NC2 complex
along the DNA cannot be distinguished, by our methods, from the
conformational changes of the DNA. Experiments were also per-
formed with both the donor and acceptor molecules attached to the
DNA, but as the conformation of the DNA changes independently of
movement of the TBP-NC2 complex, no additional information

Figure 4 Investigation of TBP-NC2 dynamics on DNA containing an H2B-J
promoter. (a) Histogram of average FRET efficiencies for stable TBP-DNA
complexes. E, mean value of gaussian fit; o, s.d. of gaussian fit. (b) spFRET
trace showing shuttling of the TBP-NC2 complex between different
conformations on DNA containing the H2B-J promoter. Highlighted regions
correspond to those in Figure 3. AU, arbitrary units. (c) Histogram of

FRET efficiencies per frame from 259 TBP-NC2 complexes on H2B-J
promoter DNA.

Figure 3 The fluorescence intensity and FRET-efficiency traces of single
TBP-DNA complexes, before, during and after NC2 addition. (a) A typical
measurement at 75 ms per frame before NC2 addition. Blue, total intensity
(otgonor + Iacceptorn Where o is the detection correction factor; see
Supplementary Discussion); green and red, donor and acceptor intensities,
respectively; black, FRET efficiency. The acceptor photobleaches first after
~15 s, and the donor photobleaches at ~20 s. AU, arbitrary units.

(b) Histogram of average FRET efficiencies for stable TBP-DNA complexes.
E, mean value of gaussian fit; o, s.d. of gaussian fit. (c) Scheme of the
experiment, and a 75-ms-per-frame spFRET trace taken during NC2
addition, showing a transition from steady to dynamic FRET behavior. (d) An
spFRET trace taken at 30 ms per frame showing shuttling of the TBP-NC2
complex between three conformations and/or positions on the DNA. Cyan,
0.100-0.225 FRET efficiency; magenta, 0.325-0.500; yellow, 0.700-
0.950. (e) A histogram of FRET efficiencies per frame from 644 TBP-NC2
complexes on AAML promoter DNA.

could be gained from these measurements. However, the state around
0.2 FRET efficiency cannot be explained by modeling of the DNA
conformation and may indicate movement of the TBP-NC2 complex
to a position further downstream on the AAML promoter. It is
currently unclear whether this state relates to the minor population
of 0.21 FRET efficiency seen with TBP-TFIIA alone (Fig. 3b).

To verify that the observed dynamics is not specific to the AAML
promoter, we also measured spFRET on DNA containing the H2B-]
promoter (sequence shown in Supplementary Fig. 7a online). As
before, the TBP-DNA complexes showed steady-state FRET behavior
with the main peak at a FRET efficiency of 0.35 (Fig. 4a). The absolute
FRET values diverged from those measured with the AAML promoter
because of the different labeling position of the acceptor and poten-
tially any other changes caused by the different TATA sequence at the
H2B-] promoter. The FRET behavior switched to a dynamic FRET
signal upon addition of NC2 (Fig. 4b). Again, multiple FRET states
were evident in the dynamic FRET signal. The per-frame histogram of
FRET efficiencies for 259 complexes is shown in Figure 4c. The
histogram shows a major state with a FRET efficiency around 0.33,
again suggesting that TBP-NC2-DNA adopts a similar conformation
to that of the TBP-TFIIA-DNA complex. The minor state on H2B-J
with a FRET efficiency of 0.70 is less well represented than the
corresponding population of ADML with a FRET efficiency of 0.81
(Fig. 3e), suggesting subtle promoter-specific differences in the
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Figure 5 CRIP analysis of TBP-TFIIA and TBP-NC2 complexes. (a) Scheme for the CRIP experiments.
(b) TBP-specific immunoprecipitation (IP) of reactions (in the presence or absence of physiological

salt (potassium glutamate, Kglut) concentrations) containing human TBP (T, 23 nM), TFIIA (A, 16 nM),
a 239-bp AdML fragment (predigested with Rsal, lanes 1-5; or digested after incubation with NC2

and cross-linking, lanes 6-10) and NC2 (N, 150 nM). Positions of central (99 bp, TATA), and

flanking (88 and 52 bp) fragments are indicated. (c) CRIP experiment as in b but with

NC2-specific immunoprecipitation.

tions (Fig. 5b,c, compare lanes 3 and 5 with
lanes 8 and 10). The redistribution of TBP
was efficient at NC2 concentrations closer to
physiological conditions (100-200 nM; Sup-
plementary Fig. 8 online), a result that cor-
responded well with our footprinting analysis
(Fig. 1a). Redistribution was not prevented
when a 300-fold molar excess of competitor

dynamic behavior. The change in the relative populations observed in
the dynamic FRET traces suggests subtle promoter-specific differences
in the dynamic behavior.

Movement of TBP-NC2 complexes along DNA
To further investigate whether TBP-NC2 complexes can move along
DNA, we developed a cross-linking restriction digest—coupled immu-
noprecipitation (CRIP) assay. The rationale of this CRIP assay (sche-
matically summarized in Fig. 5a) is to determine roughly the position
of a mobile complex on a longer DNA fragment. TBP and TFIIA were
preincubated with a randomly radioactively labeled 239-bp AdML
DNA fragment. After incubation with NC2, complexes were cross-
linked with formaldehyde. The template was then digested with suitable
enzymes, and protein-DNA complexes were immunoprecipitated and
purified. The proteins were removed from the DNA with proteinase K
and the resulting labeled DNA fragments were analyzed on nondena-
turing PAA gels, on which they could be discriminated by size.
Figure 5b,c shows parallel CRIP experiments for immunoprecipita-
tions with TBP and NC2 antibodies, respectively. In both the TBP
immunoprecipitation assay (Fig. 5b, lanes 2-5 and 7-10) and the NC2
immunoprecipitation assay (Fig. 5c, lane 3, 5, 8 and 10), positive
signals were restricted entirely to the lanes that contained the respective
antigens. As controls for nonspecific stabilization of TBP by NC2, Rsal-
predigested ML promoter DNA was processed in parallel (Fig. 5b,c,
lanes 1-5), and reactions were also conducted at physiological salt

Figure 6 RCE analysis of TBP-NC2 complexes. (a) TBP (4.25 nM) was
preincubated with TFIIA (6 nM) and a 110-bp AdML fragment (5 nM)
labeled (asterisk represents radiolabel) at the 3’ end, and then NC2

was added (2 nM in lanes 3, 7 and 11; 10 nM in lanes 4, 8 and 12).
Undigested DNA (lanes 1-4), DNA digested with Hhal after complex
formation (lanes 5-8, 20 units Hhal) and Hhal-predigested DNA (lanes
9-12, see scheme below) were used. Carrier DNA (37-bp ML oligonucleotide,
0.05 pM) was added 1 min before addition of NC2. Open arrowhead
indicates the position of TBP-NC2 bound to the labeled 3" Hhal fragment.
(b) RCE analysis of TBP-NC2 on the H2B-J core promoter region. TBP was
prebound to a synthetic 85-mer oligonucleotide or Haelll-predigested DNA.

DNA was introduced a few seconds before the
addition of NC2, which indicates that TBP can relocalize without
dissociating from the DNA template (Supplementary Fig. 8).

Movement confirmed by restriction digest-coupled EMSA

To further confirm that complexes move along the DNA, we used a
restriction digest—coupled EMSA (RCE) assay. We formed TBP-TFITA
complexes on DNA, then added carrier DNA and NC2. The sample
was then subjected to a short restriction digest and the products were
directly analyzed in EMSAs. To keep the situation simple, we used a
3’ end-labeled version of the 110-bp synthetic AAML DNA from the
experiments described above (see scheme in Fig. 6a). Undigested DNA
(Fig. 6a, lanes 1-4) was compared with Hhal-predigested DNA
(Fig. 6a, lanes 9-12) and DNA digested with Hhal after addition of
NC2 (Fig. 6a, lanes 5-8). A residual 3% of the total NC2 (relative to
the amount bound to the intact fragment in Fig. 6a, lane 4, lowest
band) was found on predigested DNA (Fig. 6a, lane 12), whereas about
11% of the total NC2 localized to 3" ends if templates were digested
after incubation of TBP-TFIIA with NC2 (Fig. 6a, lane 8). Thus, after
subtraction of the background (Fig. 6a, lane 12), approximately 8% of
the complexes were found to fully redistribute to the end of the DNA.
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We also investigated movement of the TBP-NC2 complex away from
the TATA box in spFRET experiments using DNA carrying acceptor
labels attached to both ends (Supplementary Fig. 5a,g,h). In good
accordance with the EMSA results, a statistical analysis of 1,682
complexes showed a 16% increase in complexes that had a detectable
FRET signal between the ends of the DNA after addition of NC2.
Therefore, we conclude that a fraction of the TBP-NC2 complexes
move along the DNA to flanking regions. This is not restricted to the
major late promoter, as it was also seen on the cellular H2B-]
promoter, which has previously been shown to harbor substantial
amounts of NC2 throughout the cell cycle!”. If templates were digested
after TBP-NC2 complex formation, increased amounts of TBP-NC2
complex were seen downstream of the H2B TATA box upon addition
of NC2 (Fig. 6b). DNase I footprinting results revealed changes in the
protection of the TATA region (Supplementary Fig. 7b), although the
region near TATA was not fully accessible to DNase I under the
conditions we used. This indicates that TBP bound to other promoters
is affected in a similar way upon NC2 binding; however, there could be
subtle differences that may, for example, relate to the context in which
TATA is embedded and the positions of preferred TBP-NC2-binding
sites within the promoter regions (G.S. and M.M., unpublished data).

DISCUSSION

Previous spFRET studies of the transcription machinery have investi-
gated static complexes?®3%. Our investigation represents the first
spFRET analysis of the dynamics of a sequence-specific GTE Our
data suggest that the TBP-DNA complex undergoes dynamic changes
upon encountering NC2 that occur in discrete steps. At least a fraction
of complexes can leave TATA and relocalize to flanking regions.
Physical prerequisites for transport from TATA to flanking binding
sites are the ring-like structure seen in the X-ray analysis
(Supplementary Fig. 5a) and the high affinity of TBP-NC2 for
nonspecific DNA!®. Contrary to previous reports’!, TBP moves
along DNA only after forming a complex with NC2.

The long half-life of TBP-NC2 complexes is not consistent with free
diffusion of the complexes along the DNA. Instead, TATA and perhaps
other sequences (compare Supplementary Fig. 1e to Supplementary
Fig. 7b) remain preferred recognition sites. Consistent with this
hypothesis, mutations of TATA in short oligonucleotides abolished
binding of TBP-NC2 in solution (C. Goebel and M.M., unpublished
data), whereas such mutations had no detectable effect in the context
of a 240-bp DNA fragment!®, This is also suggested by the X-ray
structure, which shows TBP-NC2 in a complex with a TATA oligo-
nucleotide. We propose that the short 19-mer oligonucleotide prevents
both conversion into a non-bent mode and lateral movements.

At the present stage of our investigations, we can only speculate
about the mechanism(s) leading to complex opening and movement
along DNA. Our favored model involves changes in the DNA con-
formation during this process. The two major populations observed in
FRET may be explained by a bent and a non-bent DNA conformation
in the complex. An increase in DNA flexibility would also explain why
TBP-NC2-DNA is more mobile than TBP-TFIIA-DNA in non-
denaturing gels. The latter factors force TATA into a roughly 80°
bending angle in solution (Fig. 5d,g and G.S. and M.M., unpublished
data), which is consistent with the X-ray structure. Changes in the
DNA conformation of TBP-NC2-DNA complexes are also likely from
an energetic point of view, because the minor groove is highly
distorted in the complex.

Our data has revealed a novel molecular function of NC2. We
hypothesize that changing the conformation of TBP-DNA complexes
inhibits the association of TFIIB and, therefore, leads to enhanced
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Figure 7 Model for TBP-NC2 complex dynamics and its consequences

for preinitiation complex formation at TATA or altered preferred promoter
recognition sites. NC2 competes with transcription factors such as TFIIA
and TFIIB for binding to TBP, leading to repression of gene expression and
in parallel with maintenance of TBP at promoters. Upon binding of NC2, the
TBP-DNA complex opens, allowing the TBP-NC2 complex to relocate on the
DNA. Movement of the TBP—-NC2 complex could theoretically enhance gene
expression by clearing TATA for other factors or by relocating the TBP to
another promoter site where transcription can occur. Alternatively, or in
addition, NC2 may also be involved in preinitiation complex recycling and/or
licensing of transcription.

repression by NC2. Relocalization of the complex could result in even
more efficient repression. Alternatively, or in addition, the NC2-
mediated dynamic conformational changes in TBP-TATA and TBP
clearance of TATA may pave the way for alternative constructive
mechanisms in gene control (Fig. 7). For example, we hypothesize
that the capacity to dynamically rearrange the structure and move TBP
over short distances could help in assembling the complex at the
optimal position for initiation (Fig. 7). This is conceptually distinct
from the widely accepted assumption of direct assembly and disas-
sembly of GTFs at core promoters of class II genes. Last but not least,
the extremely low off-rate of TBP-NC2 is noteworthy. It will be of
interest to evaluate the effects of the stability of this complex in keeping
promoters accessible and occupied with TBP for long time periods.

METHODS
Proteins. Purified recombinant yeast and human TBP, yeast TFIIA (Toal and
Toa2) and His-tagged NC2 subunits were expressed and purified as described!®.
Active concentrations, as determined in gel-shift experiments, are given in the
figure legends.

DNase footprinting and electrophoretic mobility shift assays. Standard
procedures were applied as described!4!%, with variations detailed in Supple-

mentary Methods online.

Cross-linking restriction digest—coupled immunoprecipitation assay. DNA
fragments were internally labeled using 3?P-dCTP in PCR reactions, purified
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and incubated with purified recombinant proteins under standard in vitro
transcription conditions for 30-60 min at 28 °C. Details are given in
Supplementary Methods. In brief, reactions were cross-linked using 1%
(w/v) CH,O and stopped with 1 volume of 300 mM glycine (pH 7.0). The
volume was expanded and samples were digested with restriction enzyme for
1 h at 37 °C. Blocked protein G beads were loaded with antibodies, washed and
incubated with the samples for 4-14 h at 6 °C in immunoprecipitation buffer.
Beads were washed several times with excess TBST (10 mM Tris (pH 8.0),
150 mM NaCl, 0.05% (v/v) Tween 20) at 0 °C, incubated in elution buffer for
10 min at 65 °C and subjected to cross-link reversal at 65 °C overnight, and
proteins were digested with proteinase K for 2 h at 56 °C. The samples were
loaded on nondenaturing 6% (w/v) PAA gels without further purification and
subjected to standard electrophoresis conditions.

Restriction digest—coupled electrophoretic mobility shift assay. TBP
(2-5 nM) was incubated with synthetic (ML or H2B) promoter DNA
fragments (5-10 nM), radioactively labeled on one end and carrying a single
restriction site between TATA and the labeled end of the DNA. A 30-fold molar
excess of carrier oligonucleotide containing ML TATA was added, followed by
NC2 (2-10 nM); the mixture was incubated for 30 min at 28 °C and then
combined with 2 volumes restriction buffer and digested with the enzymes
indicated in the figure legends for 15 min at 37 °C. Samples were loaded on
native 6% (w/v) 37.5:1 acrylamide/bisacrylamide TBE gels, and the amount of
TBP-NC2 bound to the labeled DNA fragment lacking TATA was measured.
Experiments performed with predigested DNA served as a control for complex
formation independent of movement along the DNA.

Single-pair Forster resonance energy transfer. The single-cysteine mutant of
yeast TBP was specifically labeled with maleimide-functionalized Atto532
(Atto-Tec) as FRET donor. The DNA strands were ordered from IBA BioTAG-
nology and were already labeled with the FRET acceptor Atto647, Atto647N or
Alexa647 at various positions and with a biotin tag at one end of the DNA
strand (exact positions are given in Supplementary Figs. 5 and 7). A mixture of
10 nM DNA, 5-10 nM TBP and 20 mM TFIIA was allowed to preincubate for
15 min at 28 °C in working buffer (for details, see Supplementary Methods).
Before addition of the sample to the flow chamber (probe volume ~ 6 pl), the
sample was diluted to a concentration of 30 pM of complex. To prevent
nonspecific adsorption of the probe to the quartz surface, the sample chamber
was silanized and covered with poly(ethylene glycol). The TBP-DNA-TFIIA
complexes were bound to the surface by a PEG-biotin-streptavidin-biotin—
DNA linkage. Excess complex was removed after 5 min by rinsing with working
buffer. SpFRET experiments were performed with a home-built prism-type
total internal reflection fluorescence microscope (modified TE2000-U, Nikon)
with dual-color detection by an EM-CCD camera (iXon DV 887-ECS, Andor
Technology). The experimental setup is shown schematically in Supplementary
Figure 4. The sample was excited with a Nd:YAG laser (532 nm, CrystaLaser)
and a HeNe laser (633 nm, Laser 2000) was used in addition for the msALEX
experiments?’. Data were typically recorded with a temporal resolution of 30 or
75 ms per frame. A home-built microflow system was used to automatically
control the addition of NC2 during measurements. Excess NC2 was removed
after 5 min by rinsing with working buffer. More detailed information
regarding protein labeling, surface modification, flow-chamber preparation,
microscope setup, data analysis and control experiments can be found in
Supplementary Methods.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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