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Although pathways for assembly of RNA polymerase (Pol) Il tran-
scription preinitiation complexes (PICs) have been well established
in vitro, relatively little is known about the dynamic behavior of Pol
Il general transcription factors in vivo. In vitro, a subset of Pol Il
factors facilitates reinitiation by remaining very stably bound to
the promoter. This behavior contrasts markedly with the highly
dynamic behavior of RNA Pol | transcription complexes in vivo,
which undergo cycles of disassembly/reassembly at the promoter
for each round of transcription. To determine whether the dynamic
behavior of the Pol Il machinery in vivo is fundamentally different
from that of Pol | and whether the static behavior of Pol Il factors
in vitro fully recapitulates their behavior in vivo, we used fluores-
cence recovery after photobleaching (FRAP). Surprisingly, we
found that all or nearly all of the TATA-binding protein (TBP)
population is highly mobile in vivo, displaying FRAP recovery rates
of <15s. These high rates require the activity of the TBP-associated
factor Mot1, suggesting that TBP/chromatin interactions are de-
stabilized by active cellular processes. Furthermore, the distin-
guishable FRAP behavior of TBP and TBP-associated factor 1 indi-
cates that there are populations of these molecules that are
independent of one another. The distinct FRAP behavior of most
Pol Il factors that we tested suggests that transcription complexes
assemble via stochastic multistep pathways. Our data indicate that
active Pol Il PICs can be much more dynamic than previously
considered.

fluorescence recovery after photobleaching | Mot1 | TFIID

Transcription preinitiation complex (PIC) formation involves
the assembly of general transcription factors (GTFs) at
appropriately remodeled chromatin templates. Regulation of
RNA polymerase (Pol) II transcription initiation can occur by
many different mechanisms involving facilitated recruitment of
PIC components or stimulation of their activities at the pro-
moter. Although the diversity of such regulatory mechanisms is
widely appreciated, comparatively little is known about the
dynamic behavior of GTFs in vivo vis a vis their interactions with
each other and with chromatin. Most nuclear proteins studied to
date, including a number of gene-specific transcription factors
and chromatin-modifying enzymes, display highly dynamic be-
havior in vivo (1-3). In many cases, this dynamic behavior is
energy-independent (4). Even chromatin structural proteins
once thought to be stably bound to DNA display dynamic
behavior in vivo (3-9). However, the dynamic behavior of GTFs
is largely unexplored. In vitro, a PIC scaffold nucleated by TATA
binding protein (TBP) is very stable, a property that facilitates
multiple rounds of transcription at an activated promoter (10).
A stable TBP association with chromatin is supported by analysis
in human cells, which yields a slow fluorescence recovery time
for TBP of 20 min (11). In striking contrast, in vivo analysis of
RNA Pol I PICs yields a much more dynamic picture, with
fluorescence recovery times in the range of seconds to minute
(12). These observations support a stochastic model for Pol I PIC
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assembly, accompanied by dissociation and reassembly for each
round of transcription (12, 13). It is not known why Pol I and Pol
IT PICS should exhibit strikingly different dynamic behaviors.
Nor is much understood in either of these systems about what
factors regulate the residence times of PIC components on
chromatin.

To further investigate Pol IT PIC stability in vivo, we used yeast
as a model system, allowing us to replace endogenous PIC
components with fluorescently tagged versions expressed at
endogenous levels. Ready availability of yeast mutants also
enabled us to investigate how different factors impact PIC
stability. Given the complexity of regulatory mechanisms that
affect different aspects of PIC assembly, we hypothesized that
PIC disassembly, as manifested in GTF dynamic behavior, is
likewise regulated in different ways at different promoters.
Relative PIC stability may contribute to promoter-specific tran-
scriptional noise, allowing optimization of transcriptional re-
sponses to meet different physiological requirements (14, 15).
Measurements of Pol II GTF mobility provide constraints on
models defining pathways of PIC assembly and disassembly in
vivo and provide general insight into the strengths of chromatin
interaction and what factors facilitate global redistribution of
GTFs within the nucleus. Identification of significant popula-
tions of long-lived, chromatin-bound GTFs, for example, would
support the widespread existence of stable PICs. Remarkably,
although TBP is rate-limiting for transcription in vivo, we find
that nearly all of the TBP is highly mobile in yeast nuclei, and that
this mobility is regulated by the cellular factor Motl. These
results suggest that TBP-containing complexes, even some of
those formed at active promoters, can undergo rapid cycles of
assembly and disassembly.

Results and Discussion

Fluorescence recovery after photobleaching (FRAP) was used
to measure the mobilities of GTFs in congenic, homozygous
diploid WT or motl yeast cells. This approach is technically
challenging in yeast (1), but allowed us to express tagged proteins
at WT levels, score cell growth phenotypically for the function-
ality of the tagged proteins, and mutate other regulatory factors
to assess their effects on FRAP rates. YFP-tagged GTFs were
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expressed on chromosomal copies of the genes under the control
of their normal promoters. Growth of cells harboring the
YFP-tagged alleles was indistinguishable from the untagged
parents (data not shown), indicating that the YFP-tagged alleles
were fully functional in vivo. The relatively small size of the yeast
cell nucleus necessitated measurement of FRAP in a compar-
atively small bleach spot [see supporting information (SI) Fig. S1
for representative images]. Signal noise resulting from the small
size of the bleach spot combined with the relatively faint
intranuclear YFP signals was overcome by collection of FRAP
data from ~30-100 individual cells. FR AP normalized intensity
was then calculated as the average value = standard error at each
time point after photobleaching. Representative data for TBP-
YFP in WT cells are shown in Fig. 14; for simplicity, subsequent
graphs only show the lines derived from the average data.

The results in Fig. 14 show that TBP is highly mobile in yeast
nuclei, with ~90% of the TBP-YFP fluorescence signal recov-
ered in just over 7 s and complete recovery in ~15 s. The
recovery data were biphasic (Fig. S2), indicating that TBP is
composed of at least two populations of distinguishable mole-
cules. We cannot rule out the possibility that there is an immobile
fraction of TBP, but it is such a tiny proportion of the total that
we cannot detect it. For comparison, and in agreement with
previously published results (1), mobility of freely diffusible YFP
alone was much faster, whereas mobility of the Acel transcrip-
tion factor was slower than YFP but faster than TBP (Fig. 1 B
and C). Movbilities of TFIIB, the RNA Pol II subunit Rpb1, and
the TFIID component TBP-associated factor 1 (TAF1) were also
measured by FRAP (Fig. 1C). FRAP curves for all of these
factors were distinct from one another and from the TBP curve.
Therefore, at least some populations of these factors are inde-
pendent of one another in vivo. As TAF1 is a central component
required for TFIID complex assembly (16), the differences in the
TAF1 and TBP FRAP curves indicate that most TBP is not
stably incorporated into the TFIID complex in vivo.

Fluorescence recovery rate depends on the size of the diffus-
ing complex (i.e., the diffusion coefficient) and the extent to
which the mobility of the diffusing complex is retarded by
association with immobile nuclear constituents (9, 17). Polypep-
tide size cannot explain these results because the much larger
TAF1 and Mot proteins display markedly faster recovery rates
than the rather small TBP (Fig. 1C). Additionally, TFIIB and
Mot1 have very different native molecular weights but were the
most highly mobile transcription factors tested. The dependence
of diffusion rate on molecular volume means that an 8-fold
increase in mass would be required for a modest 2-fold decrease
in the rate of free diffusion. Appreciable effects on diffusion-
limited recovery rates based on size alone would require all of
these proteins to be constituents of much larger complexes than
are physiologically plausible (4). Thus, a significant effect on
GTF mobility is likely association with chromatin, which is
essentially immobile over the time course of these experiments.
Consistent with this idea, Rpbl displayed slow recovery, as
expected, if it were assembled into Pol II molecules that were
engaged in transcription. The highly mobile behavior of TFIIB
is consistent with previous results (11) and suggests that rather
than being stably associated with chromatin its binding is rate
limiting and/or it is rapidly released after the onset of initiation
(10, 18-20). To determine the extent to which chromatin binding
retards TBP mobility, FR AP was performed in a strain express-
ing the DNA binding-defective TBP mutant V71R (21). As
shown in Fig. 2B, the V71R mutation increased TBP mobility,
supporting the suggestion that most TBP molecules are chro-
matin-associated in vivo, and that most chromatin binding by
TBP is short-lived. The level of TBP V71R was a small fraction
of the WT TBP level (Fig. S3), indicating that the faster mobility
of the mutant TBP was not attributable to being overexpressed.
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Fig. 1. FRAP of TBP and other GTFs. (A) Normalized intensity of FRAP of
TBP-YFP in a WT cell. Individual data points correspond to the average
intensity at the time point shown, with error bars indicating the SEM between
independent measurements. (B) FRAP of YFP-NLS and Acel-GFP in WT and
mot1 cells. Cells were imaged and fluorescent signal was calculated before
and after photobleaching a portion of the nucleus. Graphs show the recovery
kinetics after correcting for background and loss of fluorescence caused by
imaging. Level of prebleach fluorescence is normalized to 1; bleach depth is
not normalized. Because the same photobleaching conditions were always
used, different bleach depths in the FRAP curves reflect the different rates of
fluorescent recovery occurring between the end of the photobleach and the
first image. For these and all remaining FRAPs, graphs show the average
intensity of the bleached spot for the indicated time point. (C) FRAP of PIC
components and Mot 1-YFP. Relative recovery is shown for components of the
Pol Il PIC, including TBP-YFP, TAF1-YFP, TFIIB-YFP, and Rbp1-GFP. Rpb1-GFP
FRAP was very similar to FRAP of two other Pol Il subunits (Fig. S4). Data are
represented as described in B.

The interpretation of rapid redistribution of TBP among
chromatin sites in vivo is at odds with the longevity of the
TBP-DNA complex measured in vitro, but could be explained by
the actions of transcriptional regulatory factors that directly
interact with TBP and thereby regulate transcription on a global
scale. An alternative, not mutually exclusive, possibility is that
most TBP in vivo is nonspecifically bound to low-affinity DNA
sites. The NC2 complex, a heterodimer of Bur6 and Ydr1 (22),
promotes relocation of TBP along the DNA contour, allowing
TBP to move toward or away from a TATA box (23). Mobility
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Fig.2. FRAP of GTFsin WT and mutant cells. (A) FRAP of TBP in mutant cells.
TBP-YFP recovery was visualized in mot1, bur6, and taf1 cells to determine the
effects on mobility when essential regulators of TBP binding are disrupted.
The TBP-YFP curve in WT cells is replotted from Fig. 1C for comparison. (B)
FRAP of TBP that is defective for DNA binding. TBP V71R-YFP was visualized in
WT and mot1 cells to determine the effect of chromatin binding on TBP
dynamics. WT TBP-YFP curves are replotted from A for comparison. (C) FRAP
of GTFs in mot1 cells. TFIIB-YFP and TAF1-YFP were visualized in mot7 cells to
determine the specificity of Mot1’s function on TBP. Curves of TFIIB-YFP and
Taf1-YFP in WT cells are replotted from Fig. 1C for comparison.

of TBP was not much different in bur6 cells compared with WT
cells (Fig. 24), indicating that Bur6 does not contribute to the
TBP recovery rate. In contrast, TBP mobility was substantially
increased in tafl cells compared with WT (Fig. 24), consistent
with a role for the Tafl-containing TFIID complex in stabilizing
TBP binding to promoters. In striking contrast, TBP mobility was
drastically decreased in motI cells compared with WT cells (Fig.
2A). Motl-mediated regulation of TBP’s dynamic behavior was
specific for TBP, as mobilities of YFP alone, Acel, and TFIIB
were indistinguishable in WT and mot! cells (Figs. 1B and 2C).
These results are fully consistent with Mot1’s biochemical ac-
tivity as a TBP-DNA dissociating enzyme (24, 25), and indicate
that Motl plays a unique and critical role in establishing the
large-scale dynamic behavior of TBP in vivo. Although other
factors such as proteasomes, chromatin remodelers, and chap-
erones have also been implicated in destabilizing nuclear protein
interactions with chromatin (1, 26-28), the Mot1 in vitro and in
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vivo data combine to provide perhaps the clearest mechanistic
explanation for how dynamic behavior is generated in vivo for a
protein with high intrinsic affinity for chromatin.

We found that Mot1 also had some effect on the recovery rate
of TAF1 (Fig. 2C), which could be evidence that TAF1 is
sequestered by transcriptionally inactive TBP-containing com-
plexes more stably bound to chromatin in mot1 cells. The altered
mobility of TAF1 in motl cells is also consistent with the
observation that many Motl-activated genes are TAFI1-
dependent, and although TFIID and Motl are not apparently
physically associated, ChIP experiments suggest that a defective
form of TFIID is assembled at promoters when Motl function
is impaired (25).

Fig. 3 summarizes all of the FRAP results by displaying the
mobility of each factor on the basis of its recovery rate with
associated error, calculated as described in Materials and Meth-
ods. This analysis provides quantitative support for the differ-
ences in factor mobility described above. We also performed
pairwise comparisons by using an extra sum-of-squares F test to
determine which curves were significantly different from one
another with >99% confidence (P < 0.01). Notably, TBP,
TFIIB, TAF1, and Rpbl have significantly different recovery
rates (Fig. 34), indicating that they are not stably associated with
one another. The recovery of TBP is drastically faster when
DNA-binding activity is lost (Fig. 3B), consistent with the
suggestion that association with chromatin limits TBP mobility.
Quantitative analysis showed that the TBP recovery rate is
markedly reduced in mot! cells. The TAF1 recovery rate is also
significantly reduced in mot1 cells, but to a much smaller extent
(Fig. 3B). These effects are specific, because recovery rates for
the other proteins are not distinguishably different in WT versus
motl cells (Fig. 3C), nor was there a significant effect on TBP
mobility in bur6 cells (Fig. 3B), despite the fact that MOTI and
BURG6 have overlapping functions (29-31). These comparisons
were performed by using single-component models to fit the
complete FRAP curves. However, in some cases, notably TBP
and Pol II, two-component models yielded much better fits.
These better fits did not alter the conclusions shown in Fig. 3 (see
Fig. S2 and Fig. S4).

With a TBP FRAP rate of 15 s, these results demonstrate
extraordinarily dynamic behavior for TBP in vivo. Estimates for
the abundance of TBP in vivo vary somewhat, but there appear
to be ~20,000 molecules of TBP per haploid yeast cell (32).
About a third of these molecules would be required for expres-
sion of all of the annotated genes, but transcription is much more
complex than this, with close to 90% of the entire yeast genome
transcribed (33). If all active PICs were long-lived (i.e., with
lifetimes longer than a few seconds), we would expect to see a
significant immobile fraction in the FRAP of TBP. The absence
of a measurable immobile fraction suggests that the PICs of at
least some, and perhaps many, active promoters are rapidly
assembled and disassembled rather than stable. There may be
very stable TBP-containing complexes at some active promoters,
but the proportion of these in comparison to the total TBP pool
is too small to be detectable. The rate of PIC disassembly may
vary greatly from promoter to promoter, just as the kinetic and
thermodynamic parameters of the assembly reaction vary from
promoter to promoter. Active PIC disassembly by Motl (and
probably other factors) may be facilitated by, or contribute to,
the inefficiency of Pol II initiation observed in vivo (34). PIC
instability at active promoters may also be critical for integration
of transcriptional responses with other regulatory events and
may provide a mechanism for ensuring the timely termination of
transcription at deactivated genes. In contrast to most DNA
binding proteins, TBP binds ir vitro with high stability to a variety
of DNA sequences (35-37); similarly stable and promiscuous
binding in vivo could affect start site utilization on a global scale
and deplete the pool of free TBP. We propose that Motl-
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Fig.3. Dot plotsto quantify FRAP comparisons. The recovery rate and standard error for each FRAP curve were plotted to highlight key differences. Significant
differences in pairwise comparisons are indicated by brackets with closed diamonds; open diamonds denote no significant difference. The x axis is a logarithmic
scale showing the values of the recovery rate for each curve, calculated as described in Materials and Methods.

mediated rapid recycling of TBP from chromatin is essential to
limit spurious PIC assembly and to provide an adequate pool of
free TBP for timely transcriptional regulation. Hence an active
process limits the residency times, thereby reducing them from
what is expected based on in vitro binding constants. Consistent
with this notion, results indicate that TBP is limiting for tran-
scription in both yeast (38) and mammalian cells (39, 40).

At first glance a surprising feature of our results is that TBP
FRAP dynamics in live yeast cells (Fig. 1C) are much faster than
in mammalian cells (11). However, what appears to be conserved
between yeast and mammals are the relative mobilities of PIC
components. TFIIB in both systems exhibited the fastest recov-
eries followed by TBP and then Pol II (Fig. 1C) (11, 41).
Furthermore, within each system, TBP and Pol II recoveries
operated on comparable time scales: at least 20 min in mam-
malian cells and <1 min in yeast cells. This may reflect, at least
in part, the high number of promoter-proximal stalled Pol II
complexes in mammalian cells (42). Another possibility is that
this dramatic shift in timing reflects the fact that the average
yeast gene is at least an order of magnitude shorter than its
mammalian counterpart. If rates of Pol elongation are roughly
comparable, then the time to transcribe a typical yeast gene
should be significantly less than for a typical mammalian gene.
This elongation time is thought to be associated with recovery of
the slower second component of mammalian Pol II FRAP
curves (41, 43). We found that yeast Pol Il FRAPs were also well
fit by a model containing a slower second component (Fig. S4).
However, this slower component recovered much faster in yeast
than in mammalian cells, a result explicable in terms of the time
to transcribe the average gene in the two organisms. Another
interesting difference in the Pol II FRAPs was the fraction of
molecules in the slower second component. This was much larger
in yeast (60-80%; Fig. S4) than in mammalian cells (25%),
raising the possibility that a higher fraction of nuclear Pol II may
be engaged in transcription in yeast.

Combining the available yeast and mammalian in vivo data, we
are led to the conclusion that the time to transcribe a gene may
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influence the residence times of other PIC components. Exactly
how such coordination might be achieved is unknown, but
increasing evidence for physical communication between the 5’
and 3’ ends of genes (44, 45) provides a plausible framework.
Regardless of the explicit mechanism of coordination, the in vivo
data suggest that TBP association with chromatin could be
variable and gene-dependent, rather than consistently “stable”
or “unstable.” Viewed in this context, it becomes apparent that
the in vitro measurements of TBP that have spawned the stable
TBP scaffold model are not likely to capture all of the relevant
features present in vivo. These include not only a role for Motl,
but also potentially other factors involved in the possible coor-
dination of TBP residency and Pol II elongation times.

Materials and Methods

Yeast Strains and Growth Conditions. Homozygous diploid strains expressing
C-terminal YFP fusions were constructed by homologous recombination of
PCR-generated DNA fragments using standard yeast genetic approaches as
described (46). Tagging vectors were obtained from EUROSCARF. Diploid
strains were better suited than haploids for FRAP experiments because their
nucleiare larger. TAF1-YFP and TBP-V71R-YFP experiments were conducted in
adeb5A strains to reduce autofluorescence. TBP-V71R-YFP was expressed in
haploid cells from a low-copy plasmid under control of the GPD promoter
derived from pTSK274 (47). For a complete list of strains used in this study, see
Table S1. To prepare cells for FRAP, strains were grown overnight in 3 ml of
complete synthetic medium-histidine at 28°C. Cultures were diluted 1:30 into
3 ml of prewarmed synthetic media and grown for 3-4 h before imaging.
Five-hundred-microliter aliquots were centrifuged briefly in glass tubes, and
2 ul of concentrated cell suspension was dropped onto Lab-Tek Il chambers.
Agarose slabs were used as cover slips to extend the life of the sample.

Cell Imaging and FRAP. FRAP experiments were carried out on a Zeiss 510
confocal microscope with a 100 X 1.3 NA oil immersion objective. Cells were
imaged with a 488-nm laser line at low laser intensity (0.60-0.75%) to reduce
bleaching caused by imaging. Bleaching was performed with the 488-nm line
from a 40-mW argon laser operation at 60-75% laser power. A 7-ms bleach
pulse was used, producing an incomplete photobleach in an approximately
circular area of 0.7 um in diameter. Fluorescence recovery was monitored
every 20 ms. All of the experiments were repeated at least twice, and the
bleach conditions were identical for all experiments. The total cell number

PNAS | September9,2008 | vol. 105 | no.36 | 13307

BIOCHEMISTRY


http://www.pnas.org/cgi/data/0801901105/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0801901105/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0801901105/DCSupplemental/Supplemental_PDF#nameddest=ST1

Lo L

P

2N

analyzed for each experiment was routinely >30. For each data set shown,
separate FRAPs were performed and then averaged to generate a single FRAP
curve.

Data Processing and Analysis. Individual FRAP curves were background sub-
tracted and corrected for bleaching caused by imaging (27). About 30-100
separate FRAP experiments were performed and then averaged to generate
a single FRAP curve. Images were acquired at equidistant time intervals
throughout the measurement. For the analysis, data points were binned so
that later time points were evenly distributed on a logarithmic time scale (48).
This binning avoids overly weighting the slower phase of the FRAP curve. To
determine the rate of recovery binned FRAP curves were fit with a function
known to provide a useful empirical fit to many FRAP curves (28):

frap_1(t) = 6 + (1 — O)efxir[lo(%> + Il(%)]’

where 0 is the bleach depth and determines the fluorescence intensity at the
beginning of the recovery. y is the recovery rate and determines how fast the
recovery takes place: smaller values lead to a slower recovery. Iy and /; are
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models to experimental data.

The preceding equation provides a good empirical fit to many one-
component FRAP curves. We extended this equation to generate a two-
component model that we found provided a much better fit to some of the
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where ¢ is the fraction of molecules in the slow component and k is the
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To test whether FRAP curves are significantly different, we used the extra
sum-of-squares F test (49) to compare the FRAP curves by using the one-
component model. This test determines whether two data sets can be de-
scribed by the same y (null hypothesis) or if they have to be described with
separate y (alternative hypothesis).
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