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Cells often fine-tune gene expression at the level of transcription to generate the appropriate response to a
given environmental or developmental stimulus. Both positive and negative influences on gene expression
must be balanced to produce the correct level of mRNA synthesis. To this end, the cell uses several classes of
regulatory coactivator complexes including two central players, TFIID and Mediator (MED), in potentiating
activated transcription. Both of these complexes integrate activator signals and convey them to the basal
apparatus. Interestingly, many promoters require both regulatory complexes, although at first glance they may
seem to be redundant. Here we have used RNA interference (RNAi) in Drosophila cells to selectively deplete
subunits of the MED and TFIID complexes to dissect the contribution of each of these complexes in
modulating activated transcription. We exploited the robust response of the metallothionein genes to heavy
metal as a model for transcriptional activation by analyzing direct factor recruitment in both heterogeneous
cell populations and at the single-cell level. Intriguingly, we find that MED and TFIID interact functionally to
modulate transcriptional response to metal. The metal response element-binding transcription factor-1
(MTEF-1) recruits TFIID, which then binds promoter DNA, setting up a “checkpoint complex” for the
initiation of transcription that is subsequently activated upon recruitment of the MED complex. The
appropriate expression level of the endogenous metallothionein genes is achieved only when the activities of
these two coactivators are balanced. Surprisingly, we find that the same activator (MTF-1) requires different
coactivator subunits depending on the context of the core promoter. Finally, we find that the stability of
multi-subunit coactivator complexes can be compromised by loss of a single subunit, underscoring the
potential for combinatorial control of transcription activation.
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In order for cells to survive, they must be able to inter-
pret environmental and developmental signals. Often
the critical targets of these signals are sequence-specific
DNA-binding proteins that serve as transcriptional acti-
vators or repressors. These relatively small regulatory
proteins bind DNA at their cognate promoters to modu-
late the specific patterns of gene expression needed to
respond to particular signals. However, these transcrip-
tion factors that bind promoter DNA are generally not
able to potentiate transcriptional readouts on their own
(Hoffman et al. 1990; Peterson et al. 1990; Ryu et al.
1999). Instead, the tight control of gene expression is
often dependent on the ordered assembly of large multi-
protein coregulators at the promoters of mRNA genes
that respond to specific cellular signals (Dynlacht et al.
1991; Naar et al. 1998; Fondell et al. 1999; Rachez et al.
1999; Ryu et al. 1999).

These multiprotein complexes can be divided, albeit
roughly, into several distinct classes based on their prop-
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erties (Lemon and Tjian 2000; Naar et al. 2001; Taatjes et
al. 2004). One class, the coactivators, interprets activator
signals and conveys them to the basal transcription ap-
paratus. Of these, TFIID and Mediator (MED) are known
to be direct targets of sequence-specific DNA-binding
proteins. TFIID has been shown to be required for acti-
vated transcription at many promoters (Naar et al. 2001).
TFIID consists of the TATA-binding protein (TBP) and
the TBP-associated factors (TAFs). The central compo-
nents of the complex are conserved from yeast to man.
However, the metazoan version of TFIID has expanded
to include some important differences. For instance, the
glutamine-rich amino terminus of TAF4, a common tar-
get of activators, is missing in the yeast homolog. Addi-
tionally, metazoans have developed tissue-specific ver-
sions of the TAFs that play a role in gonad function,
further expanding the repertoire of coactivators (Dik-
stein et al. 1996; Freiman et al. 2001; Hiller et al. 2004).
Likewise, many subunits of the MED complex are con-
served from yeast to man. However, the MED complex
has diverged over time. The regions of obvious similarity
in pairwise alignments of the subunits are often small,
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with large insertions and expansions occurring in the
metazoan homologs (Boube et al. 2002). Moreover, there
are at least 11 metazoan-specific subunits, and recent
analysis of the mammalian MED complex revealed that
it too contains potentially gene-specific variant sub-
units, although the role of these subunits remains un-
clear (Sato et al. 2004).

Many coactivator complexes have been identified
based on their ability to stimulate activated transcrip-
tion in defined in vitro systems (Meisterernst et al. 1991;
Kim et al. 1994; Naar et al. 1998; Rachez et al. 1999; Ryu
et al. 1999). Interestingly, although both TFIID and MED
are targets for activators, many promoters require both
coactivators in vitro. This suggests that the complexes
are not redundant but may instead perform nonoverlap-
ping functions in potentiating transcription. Further-
more, in vitro experiments with a synthetic activator
suggest that TFIID and MED might functionally interact
(Johnson et al. 2002; Johnson and Carey 2003). Exactly
what role each of the complexes plays remains an open
question. Moreover, it is unclear whether these com-
plexes also interact with each other to cross-talk during
the process of transcriptional regulation in vivo and
whether their function has diversified in different meta-
zoan cells.

Here, we examine the potential functional interac-
tions and specific role of the TFIID and MED complexes
at the Drosophila metallothionein promoters in vivo by
taking advantage of the efficient RNAi response in insect
cells (Clemens et al. 2000). We have depleted various
subunits of the MED and TFIID complex by RNAi and
examined the effect of the loss of these subunits on both
the level of mRNA synthesized and the physical recruit-
ment of the transcriptional apparatus in conventional
cell population experiments as well as in single cells. We
find that the two coactivator complexes interact to me-
ter the transcriptional response so that it is physiologi-
cally appropriate. Unexpectedly, we found that although
depleting MED subunits compromises the metal induc-
ible activation of transcription, depleting both TFIID and
MED components restores much of the transcriptional
activity of the metallothionein A gene, suggesting an
intriguing functional relationship between the TAFs and
MED coactivator complexes.

Results

The metallothionein A (MtnA) gene as a model for
gene activation

There are four known metallothionein genes in Dro-
sophila: MtnA, MtnB, MtnC, and MtnD (Egli et al. 2003).
Of these, the best characterized is the MtnA gene (Fig.
1A), which produces a transcript of ~600 bases in length,
bearing one intron. All of the regulatory elements re-
quired for robust response to heavy metals, including
coppert, lie within 500 bp of the transcription start site
(Maroni et al. 1986, 1987; Otto et al. 1987). The gene is
controlled by a single activator, metal response element-
binding transcription factor 1 (MTF-1), which binds two
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Figure 1. MtnA as a model for activated transcription. (A) A
diagram of the single-copy MtnA gene located on Chromosome
3. It contains a TATA element and an initiator, although there
is no DPE or MTE detectable by sequence comparison. (B)
Quantitative PCR on ¢cDNA prepared from S2 cells unchal-
lenged (-) or challenged (+) with copper for 6 h at 25°C. The
amount of MtnA transcript is normalized to the Rp49 gene for
the large ribosomal protein 32. The ratio of MtnA/Rp49 is plot-
ted. (C) Primer extension analysis on 20 pg of total RNA from S2
cells unchallenged (-) or challenged (+) with copper for 6 h at
25°C. Transcription initiation is mapped to a single core pro-
moter indicated by the arrow. (D) Primer extension was per-
formed on 12 ng of total RNA before or after addition of copper,
and the amount of MtnA transcript was quantitated by measur-
ing the amount of primer extended.

adjacent metal response elements (MRE) 50 bp upstream
of the TATA-box (Zhang et al. 2001). Quantitative PCR
(qPCR) analysis of the endogenous gene in Drosophila S2
cells shows that the gene is highly induced (~250-fold)
after a short exposure to copper. The total amount of
stable MtnA mRNA approximates the level of the abun-
dant transcript for the ribosomal subunit Rp49 (Fig. 1B).
Primer extension analysis confirms that transcriptional
activation of the endogenous MtnA gene originates from
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a unique start site overlapping the core promoter (Fig.
1C). The transcript accumulates linearly for ~12 h, thus
measurements in this time window likely reflect rela-
tive levels of transcription of the MtnA gene (Fig. 1D).
Importantly, induction at the endogenous chromosomal
locus is easily assayed in order to measure physiologi-
cally relevant transcriptional activation in the context of
native chromatin. Taken together, these properties es-
tablish the endogenous MtnA gene as a useful model for
studying transcriptional mechanisms governing an in-
ducible gene.

Both TFIID and Mediator are recruited to endogenous
MtnA by MTF-1

Using chromatin immunoprecipitation (ChIP), we find
that the sequence-specific DNA-binding protein MTF-1
is specifically recruited to the MtnA promoter region in
response to copper. Curiously, when we compare the
ChIP of the promoter region to a region 1 kb down-
stream, we find a significant amount of MTF-1 present
on the promoter even in the absence of added copper (Fig.
2A). Under these conditions, we detect little transcrip-
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Figure 2. MTF-1, TFIID, and MED are recruited to the MtnA gene. (A—-C) ChIP performed as described in the Materials and Methods
section. Polyclonal antibodies used for immunoprecipitation are indicated below each column. Preimmune sera, normal rabbit IgG
(RIgG), and normal guinea pig IgG (GIgG) serve as negative controls. White bars represent results from untreated S2 cells, and black
bars represent results from S2 cells treated with copper for 6 h at 25°C. A diagram of the region amplified and the position of the

primers used are shown below the graph.
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tion from this gene (Fig. 1B,C). As a preliminary experi-
ment to investigate a potential functional interaction be-
tween TFIID and MED, we first asked whether the two
complexes are both recruited in a signal-dependent man-
ner to the MtnA gene. Using ChIP, we find that both TBP
and the TAFs are efficiently recruited to the promoter
region in response to copper (Fig. 2B). In addition, the
MED17, MED24, MED26, and MED27 subunits of MED
are all recruited to the promoter region in response to
copper treatment (Fig. 2C). Consistent with the high
level of induction, RNAPII occupancy at the MtnA pro-
moter is also increased in response to heavy metal treat-
ment (Fig. 2B). Thus, both core coactivator complexes
and RNAPII are efficiently recruited to the promoter re-
gion upon induction and resultant binding of MTF-1 to
the MREs.

Coactivator cross-talk

A single-cell transgenic model for studying MtnA
transcriptional induction

Because the ChIP assay is limited to measuring response
in a heterogeneous population of cells, we established a
transgenic model system in Drosophila S2 cells in order
to visualize the response at the single-cell level. Such an
approach has proved useful in understanding transcrip-
tion factor dynamics in vivo (McNally et al. 2000;
Tsukamoto et al. 2000; Muller et al. 2001; Janicki et al.
2004). By selecting for stably transfected MtnA firefly
luciferase reporters, we generated a concatenated trans-
genic locus in a clonal line of S2 cells (Fig. 3A). The
transgenic locus was assayed for dependence on copper
using a luciferase assay (Fig. 3B). Importantly, transcrip-
tion initiates a unique site that maps to the correct start
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Figure 3. Single-cell model of MtnA gene
activation. (A) Schematic for the genera-
tion of transgenic cell lines. The reporter
plasmid is transfected into S2 cells to-
gether with a small amount of hygromy-
cin-resistant marker plasmid. After the
generation of stable cell lines, fluores-
cence in situ hybridization (FISH) was con-
ducted to confirm the integration of re-
porter plasmids. (B) Luciferase assay con-
ducted to confirm that transcription from

Induced the transgenes exhibits low basal activity

These panels show FISH experiments test-
ing the size and response of the MtnA
transgenic cluster. The top row shows im-
ages of MTF-1 (green on the left, red on the
right) and DNA staining (DAPI). The
middle panels mark the transgenic cluster
with DNA FISH (red) on the left and RNA
FISH (green) on the right. The bottom row
shows the merge of the two images.
MTF-1 is recruited to the transgenic clus-
ter upon induction with copper (bottom
right), and the cluster is active only upon
induction (bottom left).
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site of the MtnA core promoter (Fig. 3C). With this sub-
stantial increase in gene number (~2000) at the inte-
grated transgenic locus, we should now be able to visu-
alize direct recruitment of specific transcription factors
to the MtnA promoter within a single cell.

As expected, in the absence of heavy metal, MTF-1 is
predominantly cytoplasmic (Smirnova et al. 2000); how-
ever, in agreement with our ChIP data above, some
MTFE-1 can be detected at the transgenic cluster even in
the absence of a metal stimulus (Fig. 3D). Thus, antibody
labeling of MTF-1 provides a useful marker for the sub-
nuclear location of the transgene cluster in both induced
and uninduced cells. Notably, the locus is not undergo-
ing transcription (as detected by RNA FISH) (Fig. 3D) in
the absence of heavy metal induction despite the pres-
ence of some MTF-1 at the transgene cluster. Upon cop-
per induction, MTF-1 vacates the cytoplasm and accu-
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mulates selectively at the transgenic locus. Under these
same conditions, we also detect TBP actively recruited
to this cluster (Fig. 4A). Consistent with not only TBP
but holo-TFIID complex recruitment, we found that
TAF2 also accumulates at the transgene (Fig. 4B). We
likewise detect MED components recruited to the trans-
gene using antibodies against MED26 (Fig. 4C). As ex-
pected, RNAPII is recruited to the cluster in a copper-
dependent manner consistent with the transcriptional
induction of the transgene under these conditions (Fig.
4D). In contrast, TBP-related factor 1 (TRF1), a subunit
known to be a key component of the RNA polymerase III
core promoter recognition complex (Takada et al. 2000),
is not recruited to the transgene. This negative control
helps us rule out the possibility that the tandemly reit-
erated transgene is simply nonspecifically attracting
transcription factors (Fig. 4E).
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Figure 4. Recruitment of coactivators to the transgenic locus. (A-E) In situ staining to determine protein recruitment to the trans-
genic cluster. The protein specified above the first column in each panel was detected with an FITC conjugated secondary antibody.
In the middle column of each panel, MTF-1 was detected with a Rhodamin-X conjugated secondary antibody, and DNA was stained
with DAPL The third column shows the merge of these channels. In each panel, the top row shows a cell in the absence of copper;
the bottom row shows a cell in the presence of copper for 2 h (A,B,D,E) or 4 h (C). Scale bar, 2 pm.
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Coactivator cross-talk

RNAIi depletion of coactivator complexes reveals addition, we knocked down the activator MTF-1 to as-
differential roles certain the extent of the activator’s role in induction.

After treatment with copper, we purified total RNA from
Having established by two independent methods that dsRNA treated and untreated S2 cells and then assayed
both TFIID and MED complexes are recruited to the them by two independent methods. First, we used a
MtnA promoter in an activator-dependent manner, we primer extension analysis on equivalent amounts of
next investigated their role in potentiating transcrip- total RNA. This assay revealed that we are detecting
tional activation of the endogenous MtnA gene. We used an accurate transcription from one distinct core
the efficient technique of RNAi in Drosophila S2 cells to promoter start site (Fig. 5A,E). Next, we used qPCR nor-
knock down expression of TFIID and MED subunits. In malized to the Rp49 mRNA, to confirm that there is
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Figure 5. RNAI of coactivators reveals distinct roles for both TFIID and MED. (A) S2 cells were treated with dsRNA directed against
the TFIID subunit indicated below each lane. Subsequently they were treated with copper for 6 h. Twenty micrograms of total RNA
was subjected to primer extension analysis with a primer that anneals to the endogenous MtnA transcript; the arrowhead marks the
major start site of transcription. (B) The MtnA RNA level was normalized to the amount of endogenous Rp49 transcript. The data are
plotted as the fraction of the level in the non-RNAi-treated cells. The TFIID subunit targeted by dsRNA is indicated below each bar.
(C) Protein immunoblot analysis of nuclear extract from S2 cells treated with dsSRNA. The RNAI target is listed across the top of the
panel. Twenty micrograms of nuclear extract was resolved by SDS-PAGE and transferred to nitrocellulose, and proteins were detected
with antibodies directed against the TFIID subunits listed on the left. The MED17 RNAi-treated cells serve as a control for the
specificity of the RNAI. (D) Reverse transcriptase PCR analysis of the RNA levels of the TFIID genes. The gene targeted by RNAI is
listed across the top of the panel. The genes listed on the left were amplified with primers specific for their RNA. (E) S2 cells were
treated with dsRNA directed against the MED subunit indicated below each lane. Subsequently they were treated with copper for 6
h. Twenty micrograms of total RNA was subjected to primer extension analysis with a primer that anneals to the endogenous MtnA
transcript; the arrowhead marks the major start site of transcription. (F) The MtnA, MtnB, and MtnD RNA level was normalized to
the amount of endogenous Rp49 transcript. The data are plotted as the fraction of the level in the non-RNAi-treated cells. The MED
subunit targeted by dsRNA is indicated below each bar. (G) Transient transfection of the MtnA reporter in dsRNA-treated cells. HSF
serves as a nonspecific control. The data are plotted as a ratio of MtnA promoter activity to Actin 5C promoter activity.
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little or no global disturbance of RNAPII transcription
(Fig. 5B,F).

Not surprisingly, depletion of MTF-1 severely reduced
transcriptional activation from the MtnA promoter, con-
firming the central role of this activator. RNAi directed
against TBP also had a dramatic inhibitory effect. The
MtnA promoter is <10% as active when TBP levels are
severely depleted. Surprisingly, knockdown of multiple
TAFs had little apparent effect on the ability of MTF-1 to
activate MtnA. Indeed, depletion of the TAFs actually
stimulated (1.5- to 2-fold) production of RNA. With the
exception of TAF11, a reduction of individual TAFs re-
sulted in a remarkably uniform response. The reason for
this uniformity became apparent when we examined the
stability of the TFIID complex in the RNAi-treated cells.
The overall stability of the holo-TFIID complex appears
to be coupled to the stability of certain individual TAFs.
In the most dramatic example, RNAi-targeted reduction
of TAF4 leads to the concomitant loss of TAF1, TAF5,
TAF6, and TAF9, as well as a detectable reduction in
TBP (Fig. 5C). Interestingly, TAF2 and TAFI11 are largely
unaffected by depletion of TAF4. Similar results are ob-
served for the other TAFs as well (K.J. Wright and R.
Tjian, unpubl.). When we measure the transcript levels
of the TAFs after RNAi treatment, it is clear that the loss
of stability occurs at the protein level, since the tran-
script levels for nontargeted TAFs are unaffected. For
example, when TAF4 is targeted, only the TAF4 tran-
script is depleted (Fig. 5D).

MTF-1 requirement for MED subunits depends on
the promoter

In contrast to the TAFs, RNAi reduction of MED sub-
units gave striking but variable effects on the ability of
MTE-1 to activate transcription from the MtnA pro-
moter. Unlike TFIID, the response is far from uniform
(Fig. 5E,F). For example, dsRNA directed against MED23
has little effect on induction of MtnA, while loss of
MED17, the Drosophila SRB4 homolog, has a strong in-
hibitory effect. The lack of a uniform response in the
MED RNAI led us to further investigate the potential
differential response upon depletion of MED subunits at
related promoters activated by MTF-1. As discussed
above, Drosophila has four metallothionein genes that
respond to heavy metals. Three of these—MtnA, MtnB,
and MtnD—are active in S2 cells. All three of these
genes are specifically activated by the same factor, MTF-
1. We therefore examined all three Mtn genes in a single
experiment using qPCR (Fig. 5F). First, we confirmed
that all three promoters, MtnA, MtnB, and MtnD, re-
quire MTE-1 for induction. Remarkably, we find distinct
differential requirements for MED subunits depending
on the promoter. For example, loss of MED13, a subunit
of the larger MED complex (ARC-L) thought to play a
repressive role in transcription, is not essential for MtnA
induction. In contrast, MED13 was found to be impor-
tant for both MtnB and MtnD activation by MTF-1. In
contrast, we see the opposite specificity with the MED26
subunit, a component of the smaller MED complex
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(CRSP), thought to play predominantly a coactivator role
in transcription. Interestingly, MED26 is required for full
induction of the MtnA promoter but is dispensable for
MTEF-1 activation of the MtnB and MtnD promoters.
Thus, these experiments reveal a remarkable example of
differential dependence on cofactor composition even
though all three promoters tested use the same activator.
Apparently, the precise role of individual MED subunits
depends on the promoter context and structure, despite
the absence of any evidence of direct binding of DNA by
the MED complex.

To help us rule out nonspecific effects on transcription
such as a change in the concentration of free RNA poly-
merase, we tested representative targets from TFIID and
MED in a transient transfection assay where we can nor-
malize the effect to a second promoter. In these experi-
ments, we chose TAF4 and MED17 as representative tar-
gets, since TAF4 compromises much of the TFIID com-
plex and MED 17 is likely a component of the core MED
complex. The transient transfection data are largely con-
sistent with the data generated at the endogenous locus
and at the transgene (Fig. 5G).

The data presented above suggest that activation of the
MtnA gene requires specific MED subunits, and at the
same time the TAFs appear to be playing a potential
negative regulatory role. Because it is clear that the TAFs
are specifically recruited in S2 cells to the MtnA pro-
moter in a copper-dependent manner by MTF-1, we next
examined whether TFIID recruitment can occur in the
absence of the MED complex. To achieve this, we used
RNAI directed against MED17, which results in an al-
most complete loss of MED activity. Surprisingly, TFIID
is still efficiently recruited to the MtnA gene. ChIP ex-
periments confirmed that TBP and TAF2 are still ac-
tively (and likely directly) recruited to the endogenous
MtnA gene by MTF-1 (Fig. 6A) even when the gene is
transcriptionally inactive as measured by qPCR analysis
(Fig. 6B). We next used the MtnA luciferase transgene
system to investigate this relationship at the single-cell
level. Figure 6C shows in situ immunofluorescence
analysis after the cells have been induced with copper.
The first panel shows cells that have not received any
dsRNA (NT), and, as expected, TBP, TAF2, and RNAPII
are all recruited to the transgene. In agreement with the
ChIP data above, the second panel shows that even in the
absence of MED activity, after MED17 depletion, TBP
and TAF2 are nevertheless efficiently recruited to the
transgene. In contrast, no RNAPII can be detected at the
transgene consistent with the loss of transcription acti-
vation. Apparently, TFIID is recruited to the promoter,
but the promoter is not active in supporting transcrip-
tion. Importantly, the third panel shows that recruit-
ment of this “inactive TFIID” is dependent on the acti-
vator MTF-1. In the absence of MTF-1, no TFIID or
RNAPII is recruited to the transgene.

This perplexing result of recruiting an apparently “in-
active” TFIID prompted us to examine what happens
when we deplete both TAFs and MEDs. As the Western
blot in Figure 7A shows, we were able to efficiently de-
plete both TAF4 and MEDI17 to <10% normal levels in
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Figure 6. Independent recruitment of TFIID to MtnA transgene by MTE-1. (A) ChIP analysis of TFIID recruitment in the absence of
MED. S2 cells were treated with dsSRNA as indicated at the left and subsequently immunoprecipitated with the antibody indicated
below the graph. White bars represent results from untreated S2 cells, and black bars represent results from S2 cells treated with copper
for 6 h at 25°C. (B) Quantitative PCR analysis of the MtnA mRNA, as in Figure 1B. (C) S2 cells harboring the MtnA transgene treated
with dsRNAs against MED17 and MTF-1 were induced with CuSO, for 2 h and were examined for TFIID and Pol II recruitment using
anti-TBP, anti-TAF2, and anti-RPB2. Arrows indicate the location of the transgene marked by MTE-1. The bottom set of black and
white panels shows the MTF-1 channel only to illustrate the residual amount of MTF-1 signal after RNAi treatment used to estimate

the location of the transgene. Scale bar, 2 pm.

the same cells. This extensive depletion is a prerequisite
for interpretation of the double knockdown by RNAI.
We wanted to ensure that most cells in the experiment
have lost both coactivators and that we were not exam-
ining two different populations. In this double-knock-
down background, we induced the cells with copper and
then tested for MtnA promoter activity by both primer
extension and qPCR (Fig. 7B,C). Remarkably when both
the TAFs and MED complex are depleted and “removed”

from the MtnA promoter, MTF-1-dependent activation
of transcription is restored to ~95% the level of un-
treated cells, which is well above the inhibited level ob-
served when the MEDs alone are depleted (10%-20%
residual activity) (Fig. 5C). In humans and Drosophila,
TAFs can be subunits of other complexes such as TFTC
and STAGA (Wieczorek et al. 1998; Kusch et al. 2003), so
it is possible that the functional interaction we have ana-
lyzed is not TFIID-specific. To test this, we targeted spe-
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Figure 7. Depletion of TFIID suppresses depletion of MED. (A)
Western analysis of nuclear extracts of S2 cells treated with
dsRNA directed against either TAF4 (TFIID) or MED17, or both.
Nontreated S2 cell extracts were serially diluted to provide an
estimate of the depletion efficiency. Positions of TAF4 and
MED17 are indicated by arrows. The asterisk denotes a cross-
reacting band in the anti-MEDI17 sera. (B) Primer extension
analysis (as in Fig. 3A) of S2 cells treated with dsRNA against
the subunits or combinations of subunits indicated above each
lane. (C) Quantitative PCR analysis of MtnA transcripts (as in
Fig. 3B) of S2 cells treated with dsRNA against the subunits or
combinations of subunits indicated below each column.

cific subunits of these other complexes to determine if
they would have a similar ability to rescue the MED
knockdown. Unlike the TFIID subunits, RNAi against
dAda2b, dGCN5, dSPT3, and dTRA1 was unable to res-
cue the loss of the MED subunits. These findings taken
together suggest that most likely the functional relation-
ship revealed by these experiments with the MtnA pro-
moter, indeed, involve some regulatory transaction be-
tween TFIID and MED.

Discussion

The requirement for coactivator complexes mediating
transcriptional responses to activators has been well
documented (Lemon and Tjian 2000). However, by using
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an inducible Drosophila gene as a model system, we
have uncovered a previously unknown functional inter-
action between two coactivator complexes, TFIID and
MED. In the absence of TAFs, the cell responds inappro-
priately to a metal stimulus. The cell synthesizes 50%—
200% more mRNA from the MtnA gene than it does in
the presence of the TAFs. Our data suggest that at this
gene, TFIID is recruited in an inactive state, a state that
impedes initiation of transcription. We believe this sets
up a checkpoint early in the initiation process to meter
the RNA synthesis. The MED complex must be re-
cruited to get past this checkpoint. We postulate that the
MED complex likely modifies TFIID, converting it to an
active state. This could be accomplished either through
one of the known enzymatic activities of MED, phos-
phorylating (cdk8) (Sun et al. 1998; Liu et al. 2004) or
ubiquitylating (MEDS8) (Brower et al. 2002) TFIID sub-
units, or through some, as yet undetected, chaperone-
like function that remodels TFIID into an active confor-
mation. Not surprisingly then, in the absence of MED
subunits the cell cannot mount an appropriate response
to environmental signals. In fact, depletions of many of
the MED subunits lead to <20% of the normal amount of
mRNA. Unlike the uniform response to depletion of
TAFs, the response to depletion of MEDs is much less
uniform. One possibility is that the MED complex is
more functionally and structurally diverse than TFIID.
Indeed, alternative subcomplexes of MED have been pu-
rified biochemically (Boyer et al. 1999; Ryu et al. 1999;
Malik et al. 2000; Taatjes and Tjian 2004), whereas no
such subcomplexes of TFIID have been reported.

By analysis of three different Mtn genes, all of which
are dependent on the same single activator, we find sur-
prisingly that there is a differential requirement of spe-
cific MED subunits at the three Mtn promoters. We take
this as evidence that, depending on the precise arrange-
ment of cis elements and promoter context, the same
activator can require different mediator subunits or mod-
ules to transmit its signals to the basal apparatus.

Interestingly, the kinase module of the MED complex,
previously linked with repression functions, is required
for efficient activation at two of the promoters. This re-
sult, combined with the finding that at the MtnA pro-
moter the TAFs have a repressive regulatory influence
on transcription initiation, underscores the difficulty in
assigning black and white functions to the coactivator
complexes. It is likely that both TFIID and MED inter-
pret multiple inputs from cellular signals and act either
positively or negatively depending on the signals re-
ceived as well as the specific promoter context. As such,
the complexes may better be viewed as coregulators
since they can play either a positive or negative role in
the process of modulating gene expression. For example,
only when both TFIID and MED are intact do Drosophila
S2 cells produce the appropriate amounts of MtnA
mRNA. In contrast, when either coactivator complex is
disrupted, we see aberrant levels of transcription. How-
ever, when both coactivator complexes are depleted, a
significant level of metal inducible activation is actually
restored. Presumably, in this “stripped down” system,



some portion of the remaining TBP pool can mediate
transcription. Curiously, in the absence of TAFs but
with a full complement of MEDs, there is also an aber-
rant level of transcription consistent with the notion
that there is some finely tuned codependence between
the TBP/TAF complex and the MED complex at this
promoter.

Our results also reinforce the notion that the activator
is the primary determinant of the transcriptional re-
sponse. The MTF-1 depletion experiments were the
most detrimental to mRNA induction. In the absence of
MTE-1, there is no detectable activation of the Mtn
genes. In contrast, there is some residual transcription of
MtnA even when either the MEDs or TBP are largely
depleted from the Drosophila cells. This remaining ac-
tivity could be due to incomplete depletion, or it could
indicate alternative mechanisms of activation that are
activator-dependent but can partially bypass the require-
ment for the coregulator complexes.

In the course of testing the requirement for TAFs in
activated transcription, we discovered the codependent
stability of the TFIID complex. Particularly striking is
the finding that TAF4 depletion destabilizes most of the
other TAFs and, to some extent, even TBP. Therefore,
the TAF depletion experiments most likely reflect a loss
of holo-TFIID rather than just the loss of individual sub-
units. It is worth noting that metazoan organisms con-
tain multiple variants of TAF4: TAF4b in vertebrates and
no-hitter in Drosophila (Dikstein et al. 1996; Freiman et
al. 2001; Hiller et al. 2004). Both of these have been im-
plicated in tissue-specific gene expression. It is conceiv-
able that substitution of this keystone TAF can provide
a mechanism to change the entire coregulator profile of
TFIID.

One intriguing question this work raises is: Why
would an activator recruit an inactive TFIID complex to
the promoter? There are several previously described
cases in which TFIID occupancy at a promoter does not
strictly correlate with transcriptional activity (Breiling
et al. 2001; Chen et al. 2002; Dellino et al. 2004; Wang et
al. 2005). However, in most of these cases the genes be-
ing examined were either in a repressed or an unstimu-
lated state. In contrast, our studies were designed to spe-
cifically measure the role of coactivator complexes such
as TFIID and MED in the context of an active gene MtnA
upon metal stimulation. Our ability to deplete MED ac-
tivity under these conditions revealed the unexpected
finding that although TFIID is dynamically recruited to
the MtnA promoter, TFIID is mainly held in an “inac-
tive” state until the second cofactor complex, MED, is
recruited. Perhaps this recruitment of an “inactive”
TFIID is a more common phenomenon that can only be
detected in special circumstances and may represent a
previously unappreciated control mechanism in tran-
scription activation. If the activator first recruits TFIID,
then subsequently recruits MED, and there is a require-
ment for additional factors to potentiate the secondary
recruitment of coregulator assemblies, then this pro-
vides a potential checkpoint for fine-tuning the control
of gene expression. Alternatively, since the cell invests a
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significant amount of energy in making a high level of
transcript, requirement of continued stimulation (i.e.,
activator bound at the promoter) for mRNA production
would provide the most economical use of resources.

Materials and methods

Cell culture and RNAi

Drosophila Schneider line 2 cells (S2) cells were maintained at
25°C in M3BPYE (DGRC). RNAi was carried out essentially as
described (Clemens et al. 2000) using 15-40 pg of dsRNA. For
copper induction, cells were treated with 0.5 mM CuSO, for 6 h
at 25°C. For the transient transfection experiments, cells were
treated with dsRNA as described except that addition of the
complete medium contained transfection reagents. Three days
after transfection, copper was added for 6 h and luciferase assays
were performed using the dual luciferase assay system (Pro-
mega) according to the manufacturer’s directions. Transfection
was performed using Effectene (QIAGEN) according to the
manufacturer’s instructions, as modified for S2 cells.

ChIP

ChIP was carried out essentially as described (Puig et al. 2003)
for MTF-1. MED, TFIID, and Pol II experiments were carried out
as above except that the cells were first treated with 15 mM
DMP as described (Kurdistani and Grunstein 2003). The amount
of DNA precipitated was determined by quantitative PCR using
an Opticon 4 and the QIAGEN SYBER green Kkit.

Primer extension and quantitative PCR

Total RNA was purified using TRI-reagent (Sigma) following
the manufacturer’s recommendations. For quantitative PCR,
the RNA was further treated with DNase I (Ambion) for 1 h at
37°C and further purified with RNeasy columns (Qiagen).
cDNA was synthesized from DNase I-treated RNA with Super-
script IT and random hexamers following the manufacturer’s
recommendations (Invitrogen). The RNA level was determined
using an Opticon 4 quantitative PCR instrument and the
QIAGEN SYBER green kit with Rp49 as the control. Primer
sequences are available upon request.

Generation of S2 cells harboring transgenic MtnA
reporter cassette

The region -367 to +56 relative to the start site of transcription
of MtnA promoter was amplified by PCR and inserted in the
pGL3 basic vector (Promega). This construct was used to trans-
fect S2 cells together with 1/20 of pCoHygro vector (Invitrogen)
by calcium phosphate method. The hygromycin-resistant
clones were isolated and tested for inducibility by copper and
nuclear localization by FISH. FITC and Alexa568 conjugated
probes for DNA FISH were generated first by fragmenting pGL3
basic plasmids with Acil, Alul, Haelll, Msel, Rsal, and Sau3AI
and directly conjugating fluorophores using ULYSIS Nucleic
Acid Labeling Kits (Molecular Probes). For RNA FISH, probes
were synthesized using the DIG-Nick Translation Mix (Roche).
The luciferase assays shown in Figure 3B were conducted using
cell extracts derived from 16 h of induction with 500 pM
CuSO,. For the primer extension analysis of transgenic mtnA
genes, we used a primer annealing to luciferase transcripts (AC
CAACAGTACCGGAATGCCAAG) and 20 pg of total RNA
isolated from transgenic cells treated with 500 ptM CuSO,
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for 24 h. Subsequently, the isolated clone was transfected
with a Flag-tagged MTF-1 expression vector using Effectene
(Qiagen), and stable cells were selected by addition of blasticidin
(Invitrogen) to the media. The number of copies in the transgene
was estimated by quantitative PCR of the MtnA promoter com-
pared to the single-copy Actin 5C promoter. Serial dilutions of
genomic DNA from the transgenic clone and the parental line
were analyzed for the number of MtnA promoters normalized to
the number of Actin 5C promoters. The ratio of MtnA to Actin
5C in the parental line was taken as 1.

Microscopy

S2 cells grown on a coverslip were fixed with 4% formaldehyde
in 1x PBS for 10 min and permeabilized with 1x PBS containing
0.1% Triton X-100 for 15 min. After incubation with primary
antibody for 3 h and secondary antibodies (Rhodamin X conju-
gated anti-mouse, FITC conjugated anti-goat, and FITC conju-
gated anti-rabbit antibodies; Jackson ImmunoResearch Labora-
tories) for 45 min, the cells were mounted on slides. DNA and
RNA FISH combined with antibody detection of MTF-1 was
carried out essentially using the method described (Tam et al.
2002). All the images were captured using a Deltavision micro-
scope (Applied Precision).

Antibodies

Anti-TBP antibody was raised against full-length Drosophila
TBP. The antibody against TAF2 was previously described (Ver-
rijzer et al. 1994), and anti-Pol I (RPB2) antibody and anti-TRF1
antibody were provided by A. Greenleaf (Duke University,
Durham, NC) and S. Takada (MD Anderson Cancer Research
Center, University of Texas, Houston, TX), respectively. Anti-
RplI33 antibody was kindly provided by J. Lis (Cornell Univer-
sity, Ithaca, NY). All the antisera used for microscopy were
antigen-affinity purified and used for cell staining at the dilu-
tion of 1:400. Monoclonal anti-Flag M2 antibody was from
Sigma. Antibodies to the TAFs were obtained from a library of
monoclonal antibodies to Drosophila TFIID as previously de-
scribed (Weinzierl et al. 1993). Anti-MED17 was raised against
full-length Drosophila MED17 in guinea pigs. Anti-MED26 was
raised against the first 100 amino acids of Drosophila MED26 in
rabbits. Anti-MED27 was raised against full-length Drosophila
MED27 in guinea pigs. Anti-MED24 was raised against a frag-
ment of Drosophila MED24 in rabbit. Rabbit and guinea pig
normal antisera were purchased from Jackson ImmunoResearch
Laboratories.
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