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The presence of general transcription factors and other coactiva-
tors at the Drosophila hsp70 gene promoter in vivo has been
examined by polytene chromosome immunofluorescence and
chromatin immunoprecipitation at endogenous heat-shock loci or
at a hsp70 promoter-containing transgene. These studies indicate
that the hsp70 promoter is already occupied by TATA-binding
protein (TBP) and several TBP-associated factors (TAFs), TFIIB, TFIIF
(RAP30), TFIIH (XPB), TBP-free�TAF-containg complex (GCN5 and
TRRAP), and the Mediator complex subunit 13 before heat shock.
After heat shock, there is a significant recruitment of the heat-
shock transcription factor, RNA polymerase II, XPD, GCN5, TRRAP,
or Mediator complex 13 to the hsp70 promoter. Surprisingly, upon
heat shock, there is a marked diminution in the occupancy of TBP,
six different TAFs, TFIIB, and TFIIF, whereas there is no change in
the occupancy of these factors at ecdysone-induced loci under the
same conditions. Hence, these findings reveal a distinct mechanism
of transcriptional induction at the hsp70 promoters, and further
indicate that the apparent promoter occupancy of the general
transcriptional factors does not necessarily reflect the transcrip-
tional state of a gene.

polytene chromosomes � TATA-binding protein, � TATA-binding
protein-associated factors � TFIID � transcription

Transcription initiation of protein-coding genes by RNA
polymerase II (Pol II) involves the polymerase along with the

general transcription initiation factors (GTFs), which include
TFIIB, TFIID, TFIIE, TFIIF, and TFIIH (1). TFIID, which
comprises TATA box-binding protein (TBP) and TBP-
associated factors (TAFs), recognizes the core promoter in a
sequence-specific manner (2, 3). TAFs are also present in other
transcription-related multiprotein complexes, such as TBP-free�
TAF-containing complex (TFTC), STAGA, and PCAF�GCN5
(4–7). These complexes are homologous to yeast SAGA com-
plexes and contain GCN5 histone acetyltransferase, TRRAP
protein, and several TAFs (5). In addition, other transcriptional
coactivators, such as Mediator complexes, promote regulatory
interactions between transcriptional activators and the GTFs
(refs. 8–10 and references therein).

The hsp70 gene cluster has served as an important focus for
the analysis of transcriptional activation upon heat shock in
Drosophila melanogaster. The region upstream of the hsp70
TATA element contains multiple binding sites for the
sequence-specific regulatory proteins GAGA factor (GAF)
and heat-shock factor (HSF). Before heat shock, GAF has
been observed to reside on the hsp70 promoter (11). The
binding of GAF appears to maintain the promoter region in a
nucleosome-free conformation (12–16). The existence of an
open chromatin conformation of the hsp70 promoter in non-
induced conditions has been thought to allow access of the
GTFs to the core promoter for rapid transcriptional induction.

The GTFs form a transcription complex wherein the polymer-
ase initiates transcription and then pauses �17–37 nt down-
stream of the start site (17). Then, upon heat shock, the
recruitment of HSF, Pol II, Mediator, and elongation factors
(such as P-TEFb, Spt5, Spt6, and FACT) is observed (18–21),
and Pol II synthesizes full-length hsp70 transcripts.

Much of the current knowledge of the assembly of transcrip-
tion preinitiation complexes has been gained from the biochem-
ical analysis of the transcription process. It is important, how-
ever, to complement these biochemical studies with analysis of
the fate of the GTFs in vivo during the course of transcriptional
activation. To this end, we examined the interactions of the GTFs
with the Drosophila hsp70 genes throughout the course of
heat-shock induction. Our study unexpectedly revealed that the
apparent occupancy of several GTFs diminishes upon transcrip-
tional induction of the hsp70 genes. These observations suggest
a model for transcriptional activation in which there is a rapid,
transient interaction of the GTFs at actively transcribed pro-
moters and slower, longer-lived interactions of factors at inactive
promoters.

Materials and Methods
Antibody Production. To generate specific polyclonal rabbit anti-
bodies against TRRAP, a specific peptide of D. melanogaster
(dm)TRRAP was synthesized: (LNADRKEDCQQILPNRR)
from amino acids 2132–2148. The peptide was coupled to
ovalbumine carrier protein and used to immunize of rabbits.
Collected serum was purified on SulfoLink columns (Pierce) to
which the synthesized peptides had previously been conjugated
through its C-terminal cysteine. Affinity columns were prepared
according to the manufacturer’s instructions. Antibodies against
dmTBP, dmTAF1 (TAFII230), dmTAF4 (TAFII110), dmTAF5
(TAFII80), dmTAF9 (TAFII40), dmTAF10 (TAFII24), and dm-
Mediator complex subunit 13 (dmMED13; TRAP240) are de-
scribed in refs. 22–25. The anti-Pol II C-terminal domain mono-
clonal antibody has been described in (26). The polyclonal
antibody against acetyl K14 of histone H3 was from Upstate.
Antibodies against dmTFIIB, the RAP30 subunit of dmTFIIF,
and dmTAF8 (Prodos), as well as the second series of anti-TBP
and anti-TAF1 antibodies (Fig. 5, which is published as support-
ing information on the PNAS web site) were raised against
purified full-length recombinant proteins; the polyclonal anti-
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body against dmGCN5 was a kind gift from S. Tillib (Institute of
Gene Biology, Moscow) and A. Mazo (Kimmel Cancer Center,
Philadelphia). Antibodies against Drosophila haywire (also
known as ERCC3 and XPB) were made by immunizing mice
with purified, recombinant His-6-tagged haywire (amino acid
residues 1–314). Monoclonal antibodies were prepared by stan-
dard techniques.

Real-Time PCR Analysis. Real-time PCR was performed with a
LightCycler (Roche Diagnostics). DNA (2.5 �l) from each
sample was amplified in 20-�l reaction mixtures in the presence
of 10 �l 2� SYBR green PCR master mix and corresponding
primers at 0.5 �M. To generate the percent of input values, we
used standard curves for each experiment. To this end we used
dilutions (10, 20, 40, and 80 ng) of purified genomic DNA of
Drosophila. To calculate the results, we used the Roche Diag-
nostics LIGHTCYCLER software. A four-point serial dilution of
each sample was run concurrently with each extract for every
gene or promoter region. The following primer sets were used to
amplify genomic DNA fragments: hsp70 promoter, positions �4
to �112 forward, 5�-CAATTCAAACAAGCAAAGTGAA-
CAC-3� (forward) and 5�-TGATTCACTTTAACTTG-
CACTTTA-3� (reverse); hsp70 coding sequence, position �1649
to �1754, 5�-GGGTGTGCCCCAGATAGAAG-3� (forward)
and 5�-TGTCGTTCTTGATCGTGATGTTC-3� (reverse). All
experiments were repeated at least three times, and mean values
and standard deviations were calculated.

Indirect Immunofluorescence, Chromatin Immunoprecipitation (ChIP),
and Transgenic Drosophila Lines. Fixation, squashing of salivary
glands and antibody staining were performed as described in ref.
23. ChIP experiments were performed as described in ref. 27.
Further details of transgenic Drosophila lines, indirect immuno-
fluorescence, and ChIP are provided in Supporting Materials and
Methods, which is published as supporting information on the
PNAS web site.

Results
HSF, TFIIH, Pol II, and Other Coactivator Subunits Are Present, Whereas
TBP, Several TAFs, TFIIB, and TFIIF Are Not Detectable at Transcrip-
tionally Active Heat Shock Chromosomal Loci. To gain insight into
the mechanism of recruitment of GTFs and coactivators during
gene activation in vivo, we examined the distribution of several
Drosophila GTFs, MED, and TFTC subunits before and after
heat shock on polytene chromosomes with antibodies (mostly
polyclonal) that specifically recognize their epitopes (Fig. 6,
which is published as supporting information on the PNAS web
site). In these experiments, protein localization was analyzed at
the 87A and 87B heat-shock loci, which contain two and four
copies of the hsp70 gene, respectively. In the absence of heat
shock (non-heat shock), we observed all of the tested factors
(including MED13, TRRAP, and GCN5) at the heat-shock loci
(Fig. 1 A Left and B Left). We also detected low levels of HSF,
the critical sequence-specific activator of heat shock genes, at
these loci under non-heat shock conditions, as seen in ref. 27. At
20 min after heat shock, we detected a rapid and dynamic
redistribution of all of the tested factors (compare non-heat
shock and heat shock in Fig. 1). These changes can be divided
into two distinct categories: (i) a pronounced recruitment of
HSF, Pol II, TFIIH XPB (ERCC3) subunit, GCN5, TRRAP,
and MED13 (Fig. 1 A Right) and (ii) a surprising lack of
detectability of TBP, six different TAFs (TFIID-specific TAFs
and TAFs that are shared between TFIID and TFTC), TFIIB,
and TFIIF (RAP30 subunit) at the 87A and 87B heat-shock loci
(Fig. 1B Right). Importantly, we observed the same lack of
detectability for TBP, TAF1, and TAF10 after heat shock
induction with several different polyclonal antibodies (Fig. 6A).
In addition, essentially identical results were obtained for most

of these factors at another heat shock locus, 67B (containing the
hsp22–hsp27 genes; data not shown). Moreover, we detected
acetylation of Lys-14 on histone H3 that occurs very close to the
hsp70 promoter before and after heat shock, as described by ref.
28 (Fig. 6B). These results indicate that the lack of detectability
of factors close to the promoter DNA are not due to a technical
problem.

To test whether the unexpected loss of detection of these
factors was due to their general degradation under our assay
conditions, we carried out analogous experiments with Pol II,
TBP, three TAFs, and TFIIB at the 74EF and 75B ecdysone-
responsive loci both before and after heat shock (Fig. 2 and data

Fig. 1. Localization of HSF, TFIID, TFIIB, TFIIF, TFIIH, TFTC, and MED13,
relative to RNA Pol II, in endogenous heat-shock loci on wild-type Drosophila
polytene chromosomes. Shown are images focused on the native heat-shock
loci at 87A and 87B that contain two and four copies of the hsp70 gene,
respectively. The images in each column are collected from a nucleus in which
the staining is representative of nuclei from several salivary gland squashes.
Antibodies used in this study raised against the different transcription factors
are rabbit polyclonal antibodies (red). Polytene chromosome staining was
carried out as a double staining with a monoclonal antibody raised against the
C-terminal domain of Pol II as a positive control (green). When the anti-TFIIH
(XPB) monoclonal antibody was used (green), the samples were double-
stained with an anti-TBP polyclonal antibody (red). White lines mark the
heat-shock loci at 87A and 87B before heat shock. After heat-shock, the
labeling of TBP, TAFs, TFIIB, and TFIIF (RAP30) decreases at 87A and 87B loci (B),
whereas labeling of Pol II, HSF, and TFIIH (XPB), TFTC (GCN5 and TRRAP), and
MED13 increases at the 87A and 87B loci (A). NHS, no heat shock; HS, 20 min
of heat shock.
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not shown). The ecdysone-inducible puffs were examined be-
cause they have approximately the same size as the heat-shock
puffs (87A and 87B) and do not contain any heat-shock-
inducible genes (29). Importantly, both types of puffs can be
observed simultaneously on the same polytene chromosome
preparations (Fig. 7, which is published as supporting informa-
tion on the PNAS web site). In contrast to what was observed
with the heat-shock loci (Fig. 1B), all of the tested factors were
detected before and after heat shock at the major ecdysone-
inducible loci (Figs. 2 and 7). Hence, heat-shock induction does
not influence the general detectability of the tested factors.
These data therefore demonstrate that heat activation of the
heat-shock loci causes a dynamic change in the transcriptional
machinery, specifically, an increase in the apparent occupancy of
HSF, TFIIH, Pol II, Mediator, TRRAP, and GCN5 that is in
contrast to the absence of TBP, TFIIB, TFIIF, and several TAFs.

Factor Occupancy at the Promoter Region of an hsp70 Transgene Is the
Same as That Observed at the Endogenous Heat-Shock Loci. Because
the endogenous heat-shock loci contain multiple copies of the
entire hsp70 genes interspersed among other genes, we tested
whether the dynamic changes in the transcriptional machinery
described above do indeed occur at the hsp70 promoter. To
address this question, we used a single-copy transgene encoding
the Penelope ORF under the control of the hsp70Bb gene
promoter at the 19E chromosomal location. With this transgene,
we can observe a heat-shock puff at the 19E location and
consequently detect factors binding to this site after heat-shock
treatment. This system also enabled us to investigate the rate of
reorganization of the promoter region.

By using the hsp70-Penelope transgenic line, we analyzed the
transcription factors before heat shock and at 2.5 min or 20 min
after heat shock (Fig. 3). The results indicate the following: (i)
all of the tested factors are present at the hsp70 promoter before
heat shock; (ii) like Pol II, HSF, XPB (ERCC3), GCN5, and
MED13 are recruited to the promoter 2.5 min after heat shock
(Fig. 3A); and (iii) in agreement with the results described in the
previous section, TBP, the tested TAFs, TFIIB, and TFIIF
(RAP30 subunit) are not detectable at the hsp70 promoter after
20 min of heat shock (Fig. 3B and Fig. 8, which is published as
supporting information on the PNAS web site). Strikingly, TBP,
TAF1, TAF8, TAF10, and TFIIB disappear from the hsp70
promoter within 2.5 min after heat shock, whereas, at the same
time, TAF9 and TFIIF (RAP30 subunit) can still be detected
(Fig. 3B). These data therefore suggest that the observed
differences in the detectability of the different GTFs and other
cofactors that were observed at the native heat-shock loci do
indeed occur at the hsp70 promoters. The results further reveal

that the apparent loss of the GTFs from the promoter regions
occurs within 2.5 min after heat shock.

Amounts of TBP, TAFs, and TFIIB Decrease at the hsp70 Promoter After
Heat Shock in Vivo. To complement the immunostaining assays,
we carried out ChIP analyses of factor occupancy at the hsp70
promoters. The association of GTFs and other transcription
factors with the promoter and the coding region (residues
�1649 to �1754) of the hsp70 genes were analyzed with
non-heat-treated and heat-treated Drosophila Schneider cells.
To study Pol II, we used an anti-C-terminal domain mouse
monoclonal antibody that recognizes the phosphorylated and
hypophosphorylated forms of the C-terminal domain (26). In
the hsp70 promoter region, we observed that a significant
amount of Pol II is present before heat shock and that the
amount of Pol II increases �3-fold after heat shock. In
contrast, in the coding region, Pol II was not detected in the
absence of heat shock but was dramatically enhanced upon
heat shock (Fig. 4). These results are in good agreement with
those of previous studies (ref. 27 and references therein). We
additionally examined HSF, GCN5, XPB, and MED13 and
observed a 4- to 8-fold increase in the recruitment of these
proteins at the hsp70 promoter upon heat shock (Fig. 4A). We
then tested the presence of TBP, TAF4, TAF8, TAF9, TAF10,
and TFIIB at the hsp70 promoter before and after heat shock.
These factors were present at the promoter before heat shock;
however, quite strikingly, their apparent occupancy at the
promoter decreased by �5- to 8-fold subsequent to heat shock
(Fig. 4B). Intriguingly, the amount of TBP in the coding region
of the hsp70 genes increased by �3-fold upon heat shock (Fig.
4). This unexpected finding suggests that there is some asso-
ciation of TBP (lacking TAFs) with the coding region of the
active gene. Thus, the ChIP data further support the polytene
chromosome staining results and the conclusion that the
apparent occupancy of TBP, selected TAFs, and TFIIB at the
hsp70 promoters decreases upon heat-shock activation.

Discussion
In this study, we observed an inverse correlation between factor
occupancy and transcriptional activation. In the absence of heat
shock, we found that TBP, TAFs, TFIIB, TFIIF, TFIIH, TFTC,
and Mediator are present at the hsp70 promoter region. These
results are similar to previous observations in which the basal
factors have been found to be present at transcriptionally
inactive promoters (see, e.g., refs. 30–32). To our surprise,
however, we additionally observed that the apparent occupancy
of TBP, several TAFs, TFIIB, and TFIIF significantly decreases
upon transcriptional activation. These results could be due to
some of the following scenarios: (i) upon activation, the unde-
tected factors are present but adopt a conformation that renders
them refractory to polytene chromosome staining and to ChIP
analysis; (ii) the factors that are not detected are indeed absent
and do not participate in the ongoing transcription of the genes;
or (iii) the factors are present only transiently at the actively
transcribed promoter and thus exhibit lower average occupancy
upon polytene chromosome staining and ChIP analysis.

The first scenario requires that TBP, several TAFs, TFIIB, and
TFIIF simultaneously become essentially invisible to polytene
immunostaining as well as to ChIP analysis upon transcriptional
activation of hsp70 and other heat-shock genes (Figs. 1 and 3;
data not shown). Our observed effects are not a consequence of
the heat shock treatment, because these factors are observed at
ecdysone-responsive genes that have been subjected to heat
shock (Figs. 2 and 7). Moreover, for several factors (TBP, TAF1,
and TAF10), we repeated the immunostaining with two different
polyclonal antibodies that were raised against different epitopes
and obtained identical results after heat-shock treatment (Fig.
6A). Furthermore, we were able to detect histone H3 K14

Fig. 2. TBP, TAF1, TAF9, and TAF10 are present at native ecdysone-induced
puffs independently of heat shock. Experiments were carried out as in Fig. 1.
White lines mark ecdysone-induced loci at 74EF and 75B locations. TBP, TAF1,
TAF9, and TAF10 (red) are present at the native ecdysone-induced puffs 74EF
and 75B after heat shock. Pol II staining is green. NHS, no heat shock; HS, 20
min of heat shock.
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acetylation at the hsp70 promoter after heat shock (Fig. 6B).
Thus, our conditions allow the access of antibodies to proteins
that are in close proximity to hsp70 promoter DNA. Thus, given
that these experiments involve the use of many highly specific
polyclonal antibodies and that the effect is observed with
multiple polypeptides and is not a consequence of the heat-shock
treatment, the first model appears to be unlikely.

In the second scenario, TBP, several TAFs, TFIIB, and TFIIF
do not participate in the ongoing transcription of heat-shock
genes after heat induction. For instance, the factors required for
transcription reinitiation may be a subset of those that partici-
pate in the first round of transcription. In fact, biochemical
studies in yeast have shown that some, but not all, GTFs remain
at the promoter after initiation and form a platform for the
assembly of subsequent reinitiation complexes (33, 34). This
subset of factors includes TBP, TAF5, TFIIA, TFIIH, TFIIE,
and Mediator, but not TFIIB or TFIIF (34, 35). In accord with
those results, we have found that TFIIH (XPB subunit) and
Mediator (MED13), but not TFIIB or TFIIF remain at the hsp70

promoter after heat induction. In contrast, we have found that
the apparent occupancy of TFIID (TBP, TAF1, and several
other TAFs) is significantly reduced upon heat shock. Thus, for
the second scenario to be correct, TBP and several TAFs must
be dispensable for transcription reinitiation from heat-induced
hsp70 promoters.

In the third scenario, the average occupancy of the basal
transcription factors at the hsp70 promoters is higher in the
inactive gene than in the transcriptionally induced gene. This
situation could occur if the basal transcription factors are in a
static complex at the inactive hsp70 promoter and in a rapid
cycling state of preinitiation-complex assembly and disassembly
at the transcriptionally active hsp70 promoter. More specifically,
our in vivo data in the context of the third scenario suggest that
TBP, several TAFs, TFIIB, and TFIIF make a transition from a
static state to a rapidly cycling state upon heat-shock induction.

It should be considered that the latter two scenarios might
appear to be inconsistent with in vivo KMnO4 footprinting data
(27, 33), which suggest that TFIID binds to the Drosophila hsp70

Fig. 3. Localization of HSF, TFIID, TFIIB, TFIIF, TFIIH, TFTC, and Mediator complex subunits at the hsp70 promoter-containing transgene. Kinetics of binding of
the different indicated factors to the hsp70 promoter in a transgenic Drosophila line containing the hsp70-Penelope gene at 19E. Experiments were carried out
as in Fig. 1. In each image, the 19E locus is marked by an arrowhead. The duration of the heat shock is indicated in minutes. For a better orientation of the 19E
locus, the chromocenter (Ch) has also been labeled on each panel. NHS, no heat shock. DNA was stained with DAPI.
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promoters both before and after heat shock. In this regard, it
should be noted that ChIP (as well as immunofluorescence) and
footprinting experiments yield distinct types of information.
ChIP provides data regarding the occupancy of a particular

factor at a specific DNA sequence but does not indicate how the
factor interacts with DNA or if the factor is biochemically active.
Moreover, in some instances, specific DNA-bound factors may
not be detectable by ChIP (although, as discussed above, it is

Fig. 4. Heat-shock-induced location of GTFs and cofactors at the hsp70 promoter and coding region in Schneider cells. Crosslinked chromatin from cultured
Schneider cells subjected to heat shock (black bars) or not (white bars) was immunoprecipitated with antibodies specific for the indicated factors. The results
of the real-time PCR analyses of the ChIP experiments are summarized in the histograms. Percentage of target sequences in the immunoprecipitated material
relative to input is shown on the y axis of each plot. Of the crosslinked chromatin, 1% was used as input. Background of immunoprecipitation (an average
normalized value obtained by treatment of the chromatin with a nonspecific antibody and with beads only) was subtracted from normalized specific ChIP signals
(obtained with antibodies against the transcription factors indicated) at each position. Primer sets used to amplify the hsp70 promoter or the hsp70-coding region
(gene) are indicated on the x axis. The error bars indicate the standard deviations.
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unlikely that multiple subunits of a protein complex, such as
TFIID, would be invisible in a ChIP assay with multiple poly-
clonal antibodies). In vivo footprinting, however, shows that a
factor is bound to a specific DNA sequence but does not indicate
exactly what factor is bound to that sequence. Therefore, the
models and data are not necessarily contradictory. For example,
it is possible that the factor that is responsible for the TATA
footprint in the induced gene is not TBP or TFIID but rather
another protein, such as a TBP-related factor, or a TFTC�
STAGA-type complex. Alternatively, an induced hsp70 pro-
moter might not contain the complete TFIID complex but rather
only a subcomplex or TBP alone that is in a ChIP-invisible state,
possibly hidden under other proteins, such as the polymerase. At
the present time, however, the resolution of these issues will
require the development of more sophisticated assays for the
analysis of the functions of transcription factors in vivo.

Thus, our model for the activation of hsp70 genes is as follows.
First, the inactive gene contains many GTFs (such as TFIIB, TFIID,
TFIIF, and TFIIH) as well as the downstream paused RNA Pol II.
Upon heat induction, HSF binds to the promoter and recruits
coactivators, such as Mediator and SAGA complexes, and these
factors promote the release of the paused polymerase and the
assembly of a new transcription preinitiation complex. After initi-
ation, the transcription complex might partially disassemble, at
which point factors such as TFIIB and TFIID (or many TFIID
subunits) dissociate from the template DNA. (TFIIF may remain
associated with the elongating polymerase and thus depart the
promoter region.) Then, in subsequent rounds of initiation (i.e.,
reinitiation), the reassociation of TFIIB and TFIID with the
template may be fleeting with a low residence time at the promoter
(the third scenario described above). Alternatively, TFIIB and
TFIID may be dispensable for reinitiation (the second scenario
described above). TFIIH, in contrast, is needed to unwind the
template DNA for every new round of transcription; thus, the
average occupancy of TFIIH at the promoter increases along with
the polymerase in proportion to the number of transcription
reinitiation events. Thus, upon heat induction, we would observe an
increase in HSF, Mediator, SAGA�TFTC, TFIIH, and RNA Pol II
as well as a decrease in TFIIB, TFIID (or many TFIID subunits),
and TFIIF at the promoter.

The specific mechanism of transcriptional activation by HSF
at heat shock genes is likely to be one of multiple mechanisms
of regulation that are used in vivo. For example, in contrast to
what is seen at the hsp70 promoters, the apparent occupancy of
TBP, TFIIB, and several TAFs at ecdysone-responsive promot-
ers does not decrease upon transcriptional induction, even if the
cells are also subjected to heat shock (Fig. 2).

In conclusion, our results with the hsp70 promoters provide an
example of a transcriptional mechanism wherein the apparent
occupancy of TBP, several TAFs, TFIIB, and TFIIF decreases
upon gene activation. Therefore, the extent of the apparent
occupancy of these factors at a given promoter does not neces-
sarily reflect the transcriptional activity of that promoter. The
discovery and analysis of distinct transcriptional mechanisms is
a key step toward the ultimate goal of understanding all of many
strategies that are used by the cell to control gene activity.
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