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The Mediator complex associates with eukaryotic RNA polymerase (Pol) II and is recruited to transcriptional enhancers by
activator proteins. It is believed that Mediator is a general component of the Pol II machinery that is crucial to connect
enhancer-bound activators to basic transcription factors. However, we show that Mediator does not detectably associate with
many highly active Pol II promoters in yeast cells. Furthermore, in response to stress conditions, Mediator association is not
directly related to Pol II association and in some cases is not detectable at highly activated promoters. Thus, Mediator is
recruited to enhancers in an activator-specific manner, and it does not seem to be a stoichiometric component of the basic
Pol II machinery in vivo. Mediator is recruited by many activators involved in stress responses, but not by the major activators
that function under optimal conditions.

Mediator, a highly conserved complex of approximately 25 proteins,
associates with eukaryotic RNA polymerase II and is recruited to
transcriptional enhancers by activator proteins in vivo1–7. Activator
proteins directly interact with the Mediator complex, but the specific
Mediator subunit that is contacted depends on the activator. Activator-
dependent recruitment of Mediator in vivo can occur under conditions
where the basic Pol II machinery is not associated with the promoter,
indicating that Mediator recruitment is an early step in the transcrip-
tion process that is important for preinitiation complex formation.
Mediator stimulates basal Pol II transcription in vitro, and several
subunits of Mediator are essential for general Pol II transcription in
yeast cells8,9. These and other observations have led to the view that
Mediator is a general and essential component of the Pol II machinery
in vivo that is central to the transduction of activation signals from
enhancer-bound activators to general transcription factors.

In yeast cells, the levels of association of individual components of
the basic Pol II machinery (such as TBP, TFIIB and Pol II) are strongly
correlated with each other and with transcriptional activity10–12. If
Mediator is indeed a component of the general Pol II machinery
in vivo, one would predict that the level of Mediator occupancy in vivo
should correlate with Pol II association and transcriptional activity.
With respect to this prediction, activator-mediated recruitment of
Mediator has been observed13–17, but such studies have been limited
to a very small subset of genes and activators. We set out to test this
hypothesis more generally. Here we show that Mediator occupancy
does not strictly correlate with Pol II occupancy in vivo and hence that
Mediator recruitment is activator-specific.

RESULTS
Mediator does not associate with some highly active genes
Mediator can be divided into three structural modules on the basis of
biochemical, genetic and electron-microscopic evidence. We therefore

analyzed association of the Med17, Med5 and Med15 subunits (also
called Srb4, Nut1 and Gal11, respectively), which represent, respec-
tively, the head, middle and tail of the complex. In the initial
experiments, raffinose-grown cells were induced for 1 h with galactose,
thereby permitting us to analyze Gal4-dependent recruitment of
Mediator at the GAL1,10 enhancer. As expected15,17, galactose induc-
tion results in the recruitment of Med15, Med5 and Med17 to the
GAL1,10 enhancer (Fig. 1a–c) and Pol II association with the GAL1
ORF (Fig. 1d). Furthermore, progressive reduction in the level of
galactose induction (by changing the ratio of galactose and glucose in
the medium) results in the progressive and corresponding decrease of
Mediator, TBP and Pol II (Fig. 1e–g).

Unexpectedly, Med15, Med5 and Med17 do not seem to associate
with promoters for three ribosomal protein genes (RPS11B, RPS21B
and RPL12A) and two glycolytic genes (CDC19 and ENO2) that are
activated by Rap1 together with other proteins (Fig. 1a–c and
Supplementary Fig. 1 online). Importantly, Pol II associates with
these ribosomal and glycolytic coding regions at levels roughly
comparable to association with the GAL1 ORF under inducing
conditions (Fig. 1d). Thus, whereas Mediator is recruited to the
GAL1,10 enhancer under inducing conditions, Rap1-dependent acti-
vation of the ribosomal and glycolytic genes tested is not accompanied
by detectable association of Mediator.

We extended these observations by analyzing Mediator association
(Med15 subunit) on microarrays containing essentially all intergenic
regions. Under optimal growth conditions (YPD medium), we did not
detect any intergenic regions showing highly significant (P o 10�5)
Med15 association. Direct analysis of the 13 genomic regions with the
highest log ratios or lowest P values for Med15 binding confirmed the
lack of Med15 association. The ribosomal protein promoters were
distributed randomly throughout a list of genomic regions that were
ordered by their P values (Supplementary Fig. 2 online). In contrast,
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in cells subjected to heat shock, we detected 39 genomic regions with
highly significant Med15 association (P o 10�5) and 181 genomic
regions at a less stringent cut-off (P o 10�3). As expected, many of
these Med15 targets are genes that are transcriptionally activated upon
heat shock, although the correlation between Med15 association and
transcriptional activity is only modest (see below). These observations
indicate that Mediator associates extremely poorly, and perhaps not at
all, with numerous highly active promoter regions in cells grown
under optimal growth conditions.

Mediator and Pol II association are not strictly correlated
We directly addressed the relationship between Mediator recruitment
and Pol II association by examining a variety of genes that are
transcriptionally activated in response to heat shock. In all cases
tested, levels of association for the Med15, Med17 and Med5 subunits
are strongly correlated with one another (Fig. 2a–c), suggesting that
recruitment involves the intact Mediator complex. Notably, the level of

Mediator recruitment is not directly related to the level of Pol II and
TBP association (Fig. 2d–f). Mediator is strongly recruited to all three
enhancers (SSA4, HSP104 and HSP26) strongly bound (Fig. 2g) and
activated by Hsf1. In contrast, Mediator subunits are not recruited to
the CTT1 enhancer, which is specifically activated by the general stress
activators Msn2 and Msn4. The failure to observe Mediator at CTT1
was not due to the fact that Pol II and TBP levels at CTT1 are
somewhat below those at the Hsf1-activated promoters. Similar
reductions in Gal4-mediated activation do not eliminate Mediator
association (Fig. 1e–g), and the Mediator/Pol II occupancy ratio at
CTT1 is considerably lower than the ratios at Hsf1-activated genes
(Fig. 2f). In addition, Mediator association at HSP12, a promoter
activated primarily by Msn2 and Msn4, is relatively poor in compar-
ison to TBP and Pol II association. These observations suggest that
Hsf1, but not Msn2 and Msn4, can efficiently recruit Mediator.

Ace1-dependent activation of CUP1 in response to copper and
Sko1-dependent activation of SED1 under conditions of osmotic stress
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Figure 1 Mediator associates with transcriptionally active GAL1, but not CDC19 and RPS11B.

(a–d) Occupancy (fold enrichment) of Med15 (a), Med5 (b), Med17 (c) and Pol II (d) at the positions

of GAL1, CDC19 and RPS11B indicated below the chart, in raffinose-grown cells that were (galactose

bars) or were not (raffinose bars) induced for 1 h with galactose. (e–g) Occupancy of Pol II (e),

TBP (f) and Med15 (g) at the indicated positions of the GAL1 gene in cells grown at the indicated

concentrations of galactose, with the value of 100 being arbitrarily assigned for the maximal observed

occupancy by a given factor. Error bars show s.d.
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Figure 2 Mediator association in response to heat shock. (a–e) Occupancy (fold enrichment) of Med15

(a), Med5 (b), Med17 (c), Pol II (d) and TBP (e) at the indicated genes in cells that were (HS) or were

not (NHS) subjected to an 8 min heat shock at 39 1C. Error bars show s.d. PCR primers for analysis

of the Mediator subunits and TBP span the enhancer and core promoter regions, whereas PCR

primers for analysis of Pol II are located in the coding regions. (f) Relative occupancy of the Mediator
subunits, Pol II and TBP at the indicated genes, with the value of 100 being arbitrarily assigned for

maximal occupancy by a given factor. (g) Occupancy (fold enrichment) of Hsf1 at the indicated

enhancers in cells subjected to heat shock (HS) or osmotic stress (NaCl). Error bars show s.d.
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results in recruitment of Mediator (Fig. 3). However, the Mediator/
Pol II ratio at the Sko1-activated SED1 promoter is significantly lower
than the ratios at promoters activated by Hsf1, Ace1 or Gal4. At
HSP12, Mediator recruitment upon osmotic stress is lower than that
upon heat shock, even though Pol II association is higher upon
osmotic induction. Although the activators that stimulate HSP12
expression under these two stress conditions are not fully identified
(Hot1, Msn2 and Msn4 contribute to the osmotic response), the
difference in Mediator recruitment is due to the activators and not the
promoter. Together, these observations indicate that many, but not all,
activators can recruit Mediator and that the level of Mediator
recruitment can vary among different activators. Furthermore, unlike
the recruitment of general transcriptional factors, the level of Mediator
recruitment is not strictly correlated with the level of Pol II association
and transcriptional activity.

DISCUSSION
Activator-specific recruitment of Mediator in vivo
Mediator has been presumed to be a general component of the Pol II
machinery in vivo on the basis of the observation that thermal
inactivation of either the Med17 or Med22 (also called Srb6) subunit
causes a general decrease in Pol II transcription in a manner indis-
tinguishable from thermal inactivation of Pol II itself8,9. Consistent
with such a general function, Mediator forms stable complexes with
Pol II, and it stimulates basal Pol II transcription in vitro. In vivo,
Mediator associates with the enhancer region but not the core
promoter17, and transcriptional activator proteins bound at enhancers
are required for transcriptional activity. Thus, the prevailing view is
that Mediator serves as a universal bridge between activator proteins
bound at the enhancer and the basic Pol II machinery1–7.

In contrast to this general view, our results indicate that Mediator
selectively associates with promoter regions of transcriptionally active
genes. Specifically, Mediator strongly associates with promoters acti-
vated by Gal4, Hsf1, Ace1 and Sko1, but does not detectably associate
with promoters activated by Msn2, Msn4 and Rap1, despite robust Pol
II association at these promoters. Although it is experimental impos-
sible to prove the absence of Mediator at ribosomal and glycolytic
promoters, the Mediator/Pol II ratios are o5% of those observed at
Gal4-, Hsf1- and Ace1-activated promoters. The fact that Mediator

subunits in three distinct structural modules yield comparable results
strongly supports the argument that our measurements reflect true
association of Mediator in vivo and are not due to conformational
effects that alter the efficiency of formaldehyde cross-linking.

Different behavior from basic Pol II initiation factors
Activator-specific recruitment and the apparent absence of Mediator
from many highly active promoters strongly suggest that Mediator
behaves differently from a general initiation factor and is not a stable
component of the basic Pol II transcription machinery that associates
with promoters in vivo. In accord with this view, Mediator does not
detectably associate with core promoter regions, even when it is
recruited to enhancers by activator proteins. Our results therefore
argue against the idea that active promoters contain a Pol II holo-
enzyme consisting of Pol II and Mediator8,9.

Several previous observations are consistent with the idea that
Mediator is not absolutely required for transcription in vivo. First,
Ace1- and Hsf1-dependent activation of natural and artificial genes is
largely independent of Med17 and Med22, the essential subunits of
Mediator18–20. In these cases, Ace1 and Hsf1 function through the tail
(Gal11-containing) module of Mediator, consistent with our observa-
tion that these activators recruit Mediator to promoters in wild-type
cells. Second, in a strain lacking the Med16 (also called Sin4)
component of the tail module, the Gcn4 activator recruits the
remaining components of this tail module in the absence of the
other Mediator subunits, yet activates transcription21. In both exam-
ples, the activators recruit Mediator, but the ‘essential’ subunits of
Mediator have a relatively small effect on transcriptional activation.
Most importantly, our observation that Mediator associates extremely
poorly, and perhaps not at all, with a considerable number of
transcriptionally active promoters suggests the possibility that the
intact Mediator complex may not be required for transcription for
many genes in wild-type cells.

Requirement of Mediator for Pol II transcription in vivo
Our results prompt the question of why inactivation of Med17 or
Med22 mimics the loss of RNA polymerase II8,9. One possibility is that
Med17 and Med22 might have a general function in Pol II transcrip-
tion that occurs outside the context of the Mediator complex.
However, the lack of detectable Med17 association at several active
promoters puts significant limitations on this explanation, particularly
because numerous Pol II–associated factors are easily detected by
chromatin immunoprecipitation. Alternatively, transient association
of Mediator (or a novel subcomplex) with the promoter might be
sufficient for the general function in Pol II transcription, acting in a
manner mechanistically distinct from stable activator-specific recruit-
ment of Mediator. Perhaps this general function reflects antagonism of
Mediator with NC2, which can function as a general negative
regulator of Pol II transcription22. Lastly, it is possible that the
apparent general function of Med17 and Med22 is an artifact of
mutant strains rather than a true function of the wild-type proteins.
For example, med17 and med22 strains grow slowly under permissive
conditions and hence might be physiologically altered such that a
crucial component(s) of the basic Pol II machinery is limiting. This
limitation might be exacerbated by shifting cells to the restrictive
temperature, thereby causing a general transcriptional defect that does
not reflect a direct function of Med17 or Med22.

Preferential recruitment by stress-response activators
Our results also define two mechanistically distinct kinds of activators
on the basis of their ability to recruit Mediator. To date, all activators
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Figure 3 Mediator association in response to copper and osmotic stress.
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shown to recruit Mediator are associated with genes that are
transcriptionally activated in response to environmental stress or
nonoptimal growth conditions (such as Gal4, Gcn4, Hsf1, Ace1 and
Sko1). Mediator recruitment can be important for transcriptional
activation of the target genes, but there are examples in which the
intact Mediator complex is not essential for transcription. In such
cases of ‘Mediator-independent’ transcription, it is presumed that the
activator recruits (directly or indirectly) other coactivators that are
functionally redundant with Mediator such as SWI/SNF and SAGA.

In contrast, Mediator is not detectably recruited to promoters
representing the two major classes of highly expressed genes under
optimal growth conditions, those encoding ribosomal proteins or
glycolytic enzymes. Ribosomal protein genes are coordinately regu-
lated by the combination of the Rap1, Fhl1, Ifh1 and perhaps Sfp1
activators23–27, which recruit TFIID in an activator-specific man-
ner28,29. Perhaps recruitment of TFIID (and other coactivators) is
sufficient for high transcriptional activity in the absence of Mediator
recruitment. The glycolytic genes are activated by the combination of
Rap1, Gcr1 and Gcr2, but activation is not associated with TFIID
recruitment28,29; presumably, recruitment of other coactivators is
sufficient in the absence of Mediator. Whatever the specific activation
mechanisms, recruitment of Mediator is a common but not universal
property of activators that induce transcription in response to non-
optimal conditions. However, Mediator recruitment is not observed
with activators that mediate high levels of transcription under optimal
growth conditions.

METHODS
Yeast strains. Experiments in this study were performed in S. cerevisiae strain

BY4742 containing C-terminally myc- or HA-tagged Mediator subunits or HA-

tagged Hsf1 expressed from their natural promoters at their normal chromo-

somal locations. For GAL induction experiments (Fig. 1a–d), strains were

grown initially at 30 1C in YP medium containing 2% raffinose (all sugar

concentrations are w/v) and induced for 1 h by addition of 2% galactose. In

other experiments related to Gal4-mediated activation (Fig. 1e–g), cells were

grown in YP medium containing 2%, 1.8% or 1.6% galactose and an

appropriate amount of glucose to maintain the total concentration of carbon

source at 2%. For heat-shock stress, cells were grown initially at 30 1C in YP

medium containing 2% glucose and then transferred to a 39 1C shaking water

bath for 8 min. For osmotic stress, YPD-grown cells were treated with 0.4 M

NaCl for 10 min, and for copper stress, cells grown in synthetic complete

medium were treated with 1 mM copper sulfate for 10 min.

Chromatin immunoprecipitation. Chromatin immunoprecipitations were

performed by standard methods30 using antibodies to the Myc epitope

(9E10), HA-1 epitope (F7), RNA polymerase II (8WG16) or TBP. Quantitative

PCR was performed in real time using an Applied Biosystems 7000 sequence

detection system. Relative occupancy values were calculated by determining the

apparent immunoprecipitation efficiency (the amount of PCR product in the

immunoprecipitated sample divided by the amount of PCR product in the

input sample) and normalized to the level observed at an ORF-free region from

chromosome V, which was defined as 1. All values represent averages from at

least three independent experiments, and the error is approximately ±25%.

Microarray analysis. Microarrays containing duplicate spots of 6,528 PCR

products corresponding to nearly all yeast intergenic regions were hybridized

with a mixture of amplified immunoprecipitated (labeled with Cy5 fluorescent

dye) and input (labeled with Cy3 dye) samples as described previously31.

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