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To decipher the mechanistic roles of Mediator proteins in regulating developmental specific gene expression
and compare them to those of TATA-binding protein (TBP)-associated factors (TAFs), we isolated and
analyzed a multiprotein complex containing Drosophila Mediator (dMediator) homologs. dMediator interacts
with several sequence-specific transcription factors and basal transcription machinery and is critical for
activated transcription in response to diverse transcriptional activators. The requirement for dMediator did
not depend on a specific core promoter organization. By contrast, TAFs are preferentially utilized by promoters
having a specific core element organization. Therefore, Mediator proteins are suggested to act as a pivotal
coactivator that integrates promoter-specific activation signals to the basal transcription machinery.

Precise regulation of gene expression is fundamentally re-
quired for a broad spectrum of developmental processes in
multicellular organisms. Although distinct sequence-specific
transcription factors are primarily responsible for this regula-
tion, transcriptional coactivator-corepressor proteins also add
a significant secondary layer to the regulation of gene expres-
sion. A number of coactivator complexes have been identified
in eukaryotes, and their functions in gene activation at specific
promoters have been analyzed, primarily in vitro. However, the
mechanism by which these transcriptional coactivators regulate
gene expression in living organisms is not well understood.

Among eukaryotic transcriptional coactivators, two classes
of proteins, Mediator proteins and TATA-binding protein
(TBP)-associated factors (TAFs), are central to the process of
transcriptional regulation. These proteins were isolated as
multiprotein complexes composed of more than 10 polypep-
tides and associate with the basal transcription machinery
(RNA polymerase II [Pol II] and TBP, respectively). Both
complexes interact with transcriptional activators and are re-
quired for transcriptional activation in reconstituted in vitro
systems (3, 8, 40). These facts suggest that Mediator and TAF
complexes function as coactivators by relaying transcriptional
activation signals from DNA-bound activators to the basal
transcription machinery. However, it has not been clearly de-
termined whether Mediator and TAF complexes contribute
redundantly or distinctly to the transcriptional activation pro-
cess, nor have their mechanistic roles in Pol II transcription
been clearly deciphered.

Although both Mediator and TAF complexes were initially
identified from in vitro assays, recent genetic analyses in yeast

suggest that TAFs do not function as general coactivators
under physiological conditions. First, the depletion of various
TFIID-specific TAFs does not have a significant effect on tran-
scriptional activation of most genes in yeast (12, 28, 41). Sec-
ond, yeast TAFII145/130 was shown to function as a core pro-
moter selectivity factor rather than a general coactivator (36).
These observations are in good agreement with earlier reports
that certain TAFs, especially Drosophila TAFII40 (dTAFII40),
dTAFII60, dTAFII150, and dTAFII250, directly recognize core
promoter elements (7, 39) and thus are likely to act as pro-
moter selectivity factors.

The Mediator complex was first identified in yeast as a mul-
tiprotein complex (15, 16) containing functionally distinct
modular subassemblies composed of subunits with similar ge-
netic properties (19). Inactivation of individual Mediator pro-
teins causes widely variable effects on yeast gene expression,
ranging from deregulation of transcription of a small subset of
genes to a genomewide transcriptional defect (12). A number
of coactivator complexes related to yeast Mediator have been
subsequently isolated in mammals (5, 9, 13, 29, 31, 33, 37). Like
yeast Mediator, mammalian complexes play a key role in reg-
ulating Pol II transcription in vitro. However, their composi-
tional and functional heterogeneity indicates that there has
been a considerable increase in the functional diversity of
Mediator complexes during evolution.

In this study, we analyzed the function of the Drosophila

Mediator (dMediator) complex in order to gain insight into the
mechanism by which these coactivator complexes govern eu-
karyotic transcriptional activation during Drosophila develop-
ment. As the first step toward this goal, we isolated a multi-
protein complex containing Drosophila homologs of yeast and
mammalian Mediator proteins. Our data shows that dMedia-
tor interacts physically with several sequence-specific transcrip-
tion factors and basal transcription machinery and is critically
required for transcriptional activation in response to diverse
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transcriptional activators in vitro. By contrast, the TAF com-
plex is dispensable for transcription of TATA-containing pro-
moters in the presence of dMediator but is required for tran-
scription of TATA-less promoters that depend on an initiator
element (Inr) and downstream promoter element (DPE). Our
results suggest that dMediator functions as an essential coac-
tivator complex that integrates diverse gene-specific regulatory
signals at specific promoters, while TAF complex has its dis-
tinct role as a promoter selectivity factor required for the
expression of genes with a specific type of core promoter.

MATERIALS AND METHODS

Plasmid constructs. The transcription templates pG5E4T and pE4T(dl-E)5

were provided by Michael Carey and Albert Courey, respectively. The pG5-

Adh40/10-G380, pNP3-Adh40/10-G380, and pAdh-G280 plasmids were pro-

vided by James Manley. pG5en and pG5AntpP2 were constructed by cloning

PCR-amplified sequences encoding nucleotides -45 to 1155 of the engrailed (en)

promoter and -45 to 1159 of the Antennapedia P2 promoter (AntpP2), respec-

tively, into BamHI/EcoRI-digested pG5E4T.

To construct pGEX-Eve, the BamHI (blunted)-EcoRI fragment from pET-

GAL4-EveBCDEF-H6 (24), which encodes amino acids 61 to 246 of Even-

skipped, was inserted into EcoRI/SmaI-digested pGEX-4T1 (Amersham Phar-

macia Biotech).

Antibodies. Antisera against dMediator homologs were generated by immu-

nization of rats with glutathione S-transferase (GST) fusion proteins containing

either full-length (dMED6, dSOH1, dp34, Trfp, dp28b, and dSRB7) or partial

(amino acids 221 to 368 of dRGR1 and amino acids 1 to 168 of dTRAP80)

polypeptide. Polyclonal antibodies (Abs) used in immunoblotting and immuno-

precipitation were affinity purified from the antisera by antigen affinity chroma-

tography (10).

Buffers. All buffers used in nuclear protein extraction, column chromatography

and dialysis contained 1 mM dithiothreitol (DTT) and protease inhibitors (10

mM phenylmethylsulfonyl fluoride, 20 nM pepstatin A, 6 nM leupeptin, and 20

mM bisbenzamidine) unless otherwise specified. 23 lysis buffer contained 100

mM HEPES-KOH (pH 7.6), 500 mM potassium acetate, 2 mM EDTA, and 20%

glycerol. Buffer An contained 50 mM HEPES-KOH (pH 7.6), 1 mM EDTA, 10%

glycerol, and n mM potassium acetate. Buffer Sn contained 20 mM HEPES-

KOH (pH 7.6), 0.1 mM EDTA, 10% glycerol, and n mM potassium acetate.

Buffer Hn contains 100 mM potassium acetate, 10% glycerol, and n mM potas-

sium phosphate (pH 7.6). Buffer IPn is identical to buffer Sn except that it

contains nonionic detergent IGEPAL CA-630 (Sigma) up to 0.2% and lacks

DTT and protease inhibitors.

Purification of dMediator. All operations were carried out at 4°C. The

amounts of dMediator proteins in nuclear extracts and column fractions were

monitored by immunoblotting with anti-dSOH1, anti-dMED6, and anti-dSRB7

Abs. Drosophila embryo nuclei were isolated as described previously (14) and

suspended in 23 lysis buffer (1 ml per g of embryos). The resulting suspension

was stirred with a magnetic bar for 30 min and centrifuged in an SW41Ti rotor

(Beckman) at 30,000 rpm. The clear interface solution was diluted with buffer A0

to adjust the potassium acetate concentration to 100 mM and then applied on a

heparin-Sepharose column (1 ml per 20 mg of protein) equilibrated with buffer

A100. The resin was washed with buffer A100, and bound proteins were eluted

with buffer A300. The eluted proteins were suspended in buffer S60 by dialysis

and dilution with S0 and applied on an SP-Sepharose column (1 ml per 20 mg of

protein) preequilibrated with buffer S60. The resin was washed with buffer S60,

and bound proteins were eluted with buffer S300. The eluted proteins were

suspended in buffer H10 by dialysis and applied on a hydroxyapatite HTP column

(1 ml per 2 mg of proteins) preequilibrated with buffer H10. The resin was

washed with buffer H10, and bound proteins were eluted with a linear gradient

from buffer H10 to buffer H500. More than 80% of dMediator proteins were

eluted at a potassium phosphate concentration between 350 and 400 mM even

though there existed multiple minor peaks of dMediator proteins eluted at lower

concentations. The major peak fractions of dMediator proteins (at 350 to 400

mM potassium phosphate concentrations) were pooled, dialyzed in buffer S100,

and applied on a Mono S column (1 ml) equilibrated with buffer S100. The resin

was washed with buffer S100, and bound proteins were eluted with a linear

gradient from buffer S100 to buffer S1000. The peak fractions of dMediator

proteins were pooled and incubated with an anti-dSOH1 beads (0.1 ml) that were

prepared as described elsewhere (19). The beads were washed with buffer IP300,

and bound proteins were eluted twice with 0.1 ml of buffer IP100 containing 5 M

urea or with 0.1 ml of 0.1 M glycine-HCl (pH 2.5). The urea-eluted dMediator

fractions were dialyzed in buffer A100 and stored at 280°C.

In vitro transcription analyses. Soluble nuclear fraction was prepared from 0-

to 12-h Drosophila embryos as described elsewhere (14) except that 100 mM

potassium acetate and 12.5 mM magnesium acetate were used in the nuclear

extraction buffer instead of potassium glutamate and magnesium chloride. For

depletion of endogenous dMediator and TFIID, 0.4 ml of soluble nuclear frac-

tion was incubated for 2 h at 4°C with 0.1 ml of protein G-agarose beads retaining

0.1 mg of anti-dSOH1 or anti-dTAFII250 Ab. The supernatants were transferred

to a fresh tube containing an equal amount of the Ab-bound beads and incubated

for another 2 h. The final supernatants were kept frozen at 280°C and used in

transcription assays. TFIID was prepared from Drosophila embryo nuclear ex-

tract using heparin-Sepharose, Q-Sepharose, hydroxyapatite, and Mono S chro-

matographies, with dTAFII250 and TBP being monitored by immunoblotting.

Transcription reactions were performed in 25 ml containing 50 mM HEPES-

KOH (pH 7.6), 50 mM potassium acetate, 10 mM magnesium acetate, 5%

glycerol, 0.2 mM EDTA, 1 mM DTT, 1 mM each nucleoside triphosphate, 20 U

of RNasin (Promega), 40 mg of soluble nuclear fraction proteins, and 50 ng of

plasmid template. After incubation for 30 min at 25°C, the reaction was termi-

nated, and transcribed RNA was isolated and analyzed as described elsewhere

(2). For G-less template assay, transcription reactions were carried out as de-

scribed above except that (i) 50 mM UTP and 0.2 mM 39-O-methyl-GTP (Phar-

macia) were substituted for 1 mM UTP and 1 mM GTP and (ii) 1 U of RNase

T1 (Roche) and 10 mCi of [a-32P]UTP were included. Transcribed RNA was

isolated as in primer extension assay and analyzed by electrophoresis on a 6%

polyacrylamide gel and autoradiography.

Protein-protein interaction assays. GST fusion proteins used in GST pulldown

assays were expressed in Escherichia coli DH5a and purified by glutathione-

Sepharose chromatography (Amersham Pharmacia Biotech) as described else-

where (20). The GST construct containing the Drosophila Pol II C-terminal

domain (CTD) was obtained from Arno Greenleaf. FLAG-Dorsal was expressed

in Sf9 cells from the baculovirus construct provided by Albert Courey and

purified as described elsewhere (43). GST and FLAG pulldown assays were

performed by incubating 40 mg of soluble nuclear fraction proteins (Fig. 5B) or

0.2 mg of dMediator proteins in the Mono S fraction 24 (Fig. 6A) and 10 ml beads

retaining 1 mg of each GST-fusion protein in 0.3 ml of IP300 buffer for 6 h at 4°C,

washing the beads with IP300 buffer, and eluting bound proteins with sodium

dodecyl sulfate (SDS) gel sample buffer. One-fifth of the input proteins and the

bound proteins were analyzed by immunoblotting.

The analyses of transcription factor binding to bead-immobilized dMediator

shown in Fig. 5C and 6C were carried out by incubating 35S-labeled proteins

synthesized in TnT reticulocyte lysates (Promega) with 10 ml of anti-dSOH1

beads retaining 0.1 mg of dMediator. The beads were washed, and bound pro-

teins along with the input nuclear extracts were analyzed as in the GST pulldown

assays.

RESULTS

Drosophila homologs of yeast and mammalian Mediator

subunits. As a first step to identifying the dMediator complex,
we cloned the full-length Drosophila MED6 gene by PCR using
Drosophila melanogaster embryonic cDNA templates and de-
generate primers designed from the conserved regions of the
yeast and human MED6 proteins (Fig. 1A) (B. S. Gim and
Y. J. Kim, unpublished data). Additionally, we searched the
Drosophila expressed sequence tag and genomic databases. We
identified the Drosophila homologs of five components with
known yeast and mammalian counterparts (Fig. 1A) and of 11
Mediator components known only in mammals (Fig. 1B).

To examine whether the dMediator homologs associate to
form a complex as do their yeast and mammalian counterparts,
we immunoprecipitated Drosophila embryo nuclear extracts
with affinity-purified anti-dMED6 Ab. Immunoblotting re-
vealed that dMED6 protein was precipitated from the extract,
together with dSRB7 and dSOH1 (Fig. 2A). When the extract
was immunoprecipitated with anti-dSOH1, the same three pro-
teins were coprecipitated (data not shown). This result sug-
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gests that these three dMediator homologs associate to form a
putative Mediator complex.

To examine whether this putative dMediator complex is the
functional analog of yeast and mammalian Mediator com-
plexes, we examined whether dMediator is required for tran-
scriptional activation. To this end, we produced dMediator-

deficient nuclear extract by incubating Drosophila embryo
soluble nuclear extract with anti-dSOH1 Ab or a control Ab
specific for bacterial b-galactosidase. Immunoblot analysis
shows that the dSOH1, dMED6, and dSRB7 proteins in the
nuclear extract were efficiently depleted by anti-dSOH1 but
not by the control Ab (Fig. 2B). The immunodepletion of the

FIG. 1. Amino acid sequence alignment of dMediator Homologs. (A) Mediator homologs conserved in Drosophila, human, and yeast (denoted
by prefixes “d,” “h,” and “y,” respectively). The conserved residues are marked with boxes (black boxes for residues where all three sequences are
identical or similar; gray boxes where two of the three are identical or similar). Only the conserved regions are shown. (B) Metazoan-specific
Mediator homologs. The conserved amino acid sequences are marked as in panel A. hp28b and hp34 are the human homologs of mouse Mediator
proteins p28b and p34 (13).
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putative Mediator complex from the nuclear extract signifi-
cantly reduced transcriptional activation of Ga14-VP16 with-
out affecting basal transcription, whereas no obvious transcrip-
tional defect was observed in the mock-depleted nuclear
extract (Fig. 2C). These results indicate that the dMediator
complex is both a structural and functional analog of the yeast
and mammalian Mediator complexes.

Purification of dMediator as a multiprotein complex related

to human Mediator complexes. The diversity of Mediator-
related coactivator complexes identified in mammals demon-
strates that these complexes have great compositional and
functional heterogeneity. To test whether the dMediator ho-
mologs are part of a multiprotein complex, Drosophila embryo
nuclear extract was fractionated using heparin-Sepharose, SP-
Sepharose, hydroxyapatite, and Mono S chromatographies
(Fig. 3A). dMED6, dSOH1 and dSRB7 were cofractionated
during all steps including the last Mono S step (Fig. 3B). The
ability of the Mono S fractions to restore transcriptional acti-
vation to dMediator-depleted nuclear extract comigrates ex-
actly with the Mediator homologs on the Mono S column (Fig.
3B).

The dMediator complex was immunoprecipitated with anti-

dSOH1 Ab from the Mono S fractions. The immunopurified
complex as well as the Mono S peak fraction restored tran-
scriptional activation to dMediator-depleted nuclear extract
(Fig. 3C, lanes 6 and 8). The restored transcription levels
(lanes 6 and 8) were lower than that of the mock-depleted
extracts (lane 2). This is presumably due to the partial loss of
dMediator activity caused by inactivation of one or more com-
ponent(s) in a subpopulation of dMediator during purification
or, alternatively, by concomitant depletion of other positive
factors by the Ab treatment. SDS-polyacrylamide gel electro-
phoresis (PAGE) and silver staining of the immunoprecipi-
tated dMediator revealed approximately 25 polypeptides of
molecular masses ranging from 14 to 240 kDa (Fig. 4A). The
coprecipitated polypeptides were identified by immunoblotting
with Abs raised against several putative dMediator homologs
found from the Drosophila database searches (Fig. 1). These
analyses confirmed the presence of dRGR1, dTRAP80, Cdk8,
dMED6, dSOH1, dp34, Trfp (13), dp28b, and dSRB7 in the
dMediator complex (Fig. 4B, lane 3). When anti-Trfp Ab was
used for immunoprecipitation, these polypeptides were also
coprecipitated (Fig. 4B, lane 4). Furthermore, mass spectro-
metric analyses confirmed the presence of dTRAP80, dMED6,
and Trfp in the dMediator complex (data not shown). Al-
though we confirmed the identity of only nine dMediator com-
ponents, the Drosophila genome database contained additional
open reading frames homologous to other yeast and mamma-
lian Mediator proteins (Fig. 1). The unidentified components
of the dMediator complex may be encoded by some of these
homologs. Given the presence of Cdk8 in the dMediator, Dro-

sophila cyclin C (23), the cyclin partner of Cdk8 (18), is also
likely a component of the dMediator complex. We are cur-
rently raising Abs against these putative dMediator proteins to
confirm their presence in the dMediator complex. Female-
sterile-homeotic (Fsh), which is a Drosophila homolog of the
mouse Mediator component p96a (13), did not cofractionate
with, nor was it coprecipitated with, the dMediator proteins
(data not shown). This result suggests that Fsh does not stably
associate with the Mediator complex in Drosophila. Immuno-
blot analysis also showed that no detectable amounts of Dro-

sophila CREB binding protein and Pol II were present in the
dMediator complex (data not shown).

To estimate the apparent size of the dMediator complex in
the Mono S peak fraction, this eluate was further analyzed by
Superose-6 gel filtration chromatography. The dMediator
complex that we identified migrated at a molecular size of 2
MDa (Fig. 4C). This size is comparable to that observed in the
Superose-6 chromatographic analysis of TRAP (9) and human
Mediator (5). Taken together, these results suggest that the
dMediator complex we purified is a true counterpart of the
mammalian Mediator complexes.

Northern blot analysis of developmentally staged Drosophila

embryos, larvae, pupae, and adults for the expression of the
dMediator genes revealed that many of the components had
similar expression patterns (Fig. 4D). Large amounts of the
dMediator transcripts were maternally deposited to the em-
bryos (Fig. 4D, lane 1). The expression level gradually de-
creased during the larval stages (Fig. 4D, lanes 1 to 6) and then
increased during mid-pupal metamorphosis (Fig. 4D, lane 7).
This result shows that the abundance of dMediator transcripts
is correlated with developmental activities.

FIG. 2. Identification of the dMediator complex. (A) Immunopre-
cipitation of nuclear extracts with anti-dMED6 Ab. Equivalent
amounts of nuclear extract input, supernatant, and pellet of the im-
munoprecipitation were resolved by SDS-PAGE and immunoblotted
with the antibodies indicated at the left. (B) Immunodepletion of
nuclear extracts with anti-b-galactosidase (Mock) and anti-dSOH1
(a-dSOH1). The supernatants obtained after incubation were analyzed
as in panel A. (C) Transcriptional activation of the E4 and Adh
promoter constructs by Gal4-VP16 in nuclear extracts. Before the in
vitro transcription assay, the nuclear extracts were immunodepleted
with anti-b-galactosidase (Mock) or anti-dSOH1 (a-dSOH1). The
amount (nanograms) of recombinant Gal4-VP16 added to the reac-
tions is indicated at the top. The transcripts from the E4 templates
containing five copies of the Gal4 DNA binding sites (G5-E4) and the
alcohol dehydrogenase proximal (Adh) templates with or without five
copies of the Gal4 binding sites (G5-Adh and Adh, respectively) are
indicated by arrows at the left.
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Interaction of dMediator with gene-specific transcription

factors. Previous studies in yeast and human cells have sug-
gested that transcriptional activator proteins interact with Me-
diator complexes (5, 9, 11, 20, 29, 31). The requirement of
dMediator for the activated transcription in response to Gal4-
VP16 (Fig. 2C) indicates that dMediator may also serve as a
binding target of transcriptional activators. Because several
coactivators, such as TAFs and the GCN5 histone acetyltrans-
ferase (HAT) complex, have been suggested to interact di-
rectly with transcriptional activators, we examined the relative
binding affinities of these coactivator complexes with the VP16
protein. After incubation of nuclear extracts with an excess of
GST fusion protein beads containing either wild-type or mu-
tant (D456FP442) VP16 activation domain, the supernatants
were analyzed by immunoblotting with Abs against the com-
ponents of the coactivator complexes. Almost all of the dMe-
diator proteins in the nuclear extract (dTRAP80, dMED6, and
Trfp) were removed by incubating with GST-VP16 but not
with GST-VP16D456FP442 (Fig. 5A, lanes 1 and 2). However,
the amounts of dGCN5, dTAFII40, dTAFII250, and dTBP in
the extract were not reduced at all by the incubation (Fig. 5A,
lanes 1 and 2). When the proteins bound to the beads were
analyzed, a large amount of dMediator was retained only in the
GST beads containing the functional VP16 activation domain
(Fig. 5A, lanes 4 and 5). The TFIID and dGCN5 HAT com-
plexes did bind to the wild-type VP16 beads, but the amounts
were less than 2% of the total amounts present in the extract

(Fig. 5A, lanes 4 and 5, and data not shown). These data
indicate that, among known transcriptional coactivator com-
plexes, Mediator is most strongly bound to and most readily
recruited to the activation domain.

In addition to the model VP16 activator derived from her-
pesvirus, dMediator interacts with Drosophila transcriptional
activators Dorsal and heat shock factor (dHSF). When dMe-
diator complex was incubated with FLAG-Dorsal or GST-
dHSF fusion protein beads, more than 20% of the dMediator
input was retained specifically on the beads even after exten-
sive washing (Fig. 5B, lanes 3 and 6). To extend this study to
other sequence-specific transcription factors important for
Drosophila development, we immobilized dMediator on pro-
tein G-agarose beads through anti-dSOH1 Ab and examined
the binding of diverse 35S-labeled Drosophila transcription fac-
tors. Bicoid, Krüppel, and Fushi-tarazu were retained specifi-
cally on the dMediator beads, while Twist and Hunchback
were not (Fig. 5C). Therefore, dMediator functions as a bind-
ing target for many, but not all, developmental specific tran-
scription factors.

To evaluate the requirement of dMediator for activated
transcription in response to the Drosophila activator proteins
that interact with dMediator, we tested the ability of dMedia-
tor-deficient nuclear extracts to support transcriptional activa-
tion by the Dorsal and Gal4-dHSF proteins. The addition of
Dorsal or Gal4-dHSF to mock-depleted extract caused 20- and
25-fold increases, respectively, in transcription levels from the

FIG. 3. Purification of dMediator. (A) Outline of dMediator purification. The numbers indicate the concentrations (millimolar) of potassium
acetate (heparin-Sepharose, SP-Sepharose, and Mono S) or potassium phosphate (hydroxyapatite). (B) Immunoblot and transcriptional (Trxn)
analyses of Mono S fractions. Equal amounts of the input (I) samples were loaded on the Mono S column, and the eluted fractions (numbers above
the lanes) were resolved by SDS-PAGE and immunoblotted with the Abs indicated at the left. Mono S fractions 18 to 32 were added to the
transcription reactions containing the Gal4-VP16 protein and soluble nuclear fraction immunodepleted with anti-dSOH1. (C) Transcription assay
of dMediator activity. The Gal4-VP16 protein and soluble nuclear fraction (SNF) immunodepleted with anti-b-galactosidase (SNFmock) or
anti-dSOH1 (SNFadSOH1) were used in transcription reactions as in Fig. 2C. The Mono S peak fraction (#24) and immunopurified dMediator (IP
pellet) were added to the reactions as described above.
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adenovirus early region 4 (E4) promoter linked to the appro-
priate DNA binding site. However, the level of transcriptional
activation was reduced significantly (five- and threefold activa-
tions, respectively) in nuclear extract that had been depleted by
anti-dSOH1 Ab (Fig. 5D, lanes 4 and 8). Therefore, dMediator

is absolutely required for transcriptional activation by all the
activators tested. Addition of purified dMediator back to de-
pleted extracts partially recovered activation by Dorsal and
Gal4-dHSF (data not shown) in much the same way as it did in
the case of Gal4-VP16 (Fig. 3C).

FIG. 4. Polypeptide composition and developmental expression pattern of dMediator. (A) Immunoprecipitation of dMediator with anti-
dSOH1 beads. Proteins immunoprecipitated from buffer IP100 (lane 1) or the Mono S dMediator peak fraction (lane 2) were electrophoresed on
SDS–11.5% polyacrylamide gels and silver stained. Identified dMediator components are indicated at the right. Immunoglobulin heavy (IgH) and
light (IgL) chains are indicated at the left. (B) Immunoblot analysis of dMediator proteins immunoprecipitated with nonspecific anti-b-
galactosidase (NS), anti-dSOH1 (S), and anti-Trfp (T). The input Mono S fraction (I) is shown for comparison. (C) Superose-6 chromatography
of the dMediator complex. The Mono S peak fractions (I) were fractionated on a Superose-6 column, and the fractions (numbers above the lanes)
were subjected to SDS-PAGE and analyzed by immunoblotting with the Abs indicated at the left. The elution positions of size markers (in
kilodaltons) are indicated by arrows. The size markers used were blue dextran (2,000 kDa; void volume), thyroglobulin (667 kDa), ferritin (440
kDa), and bovine serum albumin (66 kDa). (D) Developmental expression pattern of dMediator homologs. Poly(A) RNA (4 mg per lane) from
Drosophila embryos (E), first (L 1)-, second (L 2)-, and third (L 3)-instar larvae, white prepupae (PP), day 1 (P D1), day 2 (P D2), and day 3 (P
D3) pupae, and adults (A) were electrophoresed on a formaldehyde agarose gel and probed with radiolabled DNA fragments derived from the
dMediator genes indicated at the left. rp49 was used as a positive control.
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One of the functions suggested for Mediator complexes is
the negative regulation of Pol II transcription (9, 37). This
function may have a mechanistic relationship with transcrip-
tional repression by sequence-specific transcription factors.
Therefore, we examined both physical and functional interac-
tions between dMediator and the Drosophila transcriptional
repressor Even-skipped. Unlike the strong interaction between
dMediator and several transcriptional activators, dMediator
did not bind Even-skipped protein (Fig. 5C). As shown previ-
ously (24), the addition of Even-skipped protein to nuclear
extract caused a 12-fold reduction in transcription from the
template containing three copies of the Even-skipped binding
site upstream of the alcohol dehydrogenase proximal (Adh)
promoter (Fig. 5D, lane 10). Transcriptional repression by
Even-skipped still occurred in the dMediator-deficient nuclear

extracts (lane 12). Therefore, dMediator is not required for
transcriptional repression by the sequence-specific transcrip-
tion factor Even-skipped.

Physical and functional interaction of dMediator with the

basal transcription machinery. Although the yeast Mediator
complex was purified as part of Pol II holoenzyme complexes
(15, 16), the dMediator that we isolated does not contain Pol
II or other general transcription factors. However, we observed
that a small fraction of the dMediator comigrated with Pol II
during several chromatographic steps and also coimmunopre-
cipitated with Pol II from crude fractions at low salt concen-
trations (lower than 300 mM potassium acetate [data not
shown]). Therefore, we tried to confirm the interaction be-
tween dMediator and Pol II, in particular, the CTD of Pol II,
by GST-pulldown assays. Purified dMediator was incubated

FIG. 5. Interaction of dMediator with sequence-specific transcription factors. (A) Physical interaction of Drosophila coactivator proteins with
the VP16 activation domain. Nuclear extract was incubated with GST beads containing the wild-type (W) and D456FP442 (M) VP16 activation
domains. Proteins in unbound fractions (lanes 1 and 2), bead-bound proteins (lanes 4 and 5), and the input extract (I; lane 3) were analyzed by
SDS-PAGE and then immunoblotted with the Abs specific for the coactivator proteins indicated on the left. (B) Physical interaction of dMediator
with Dorsal and dHSF. FLAG-Dorsal and GST-dHSF fusion proteins were immobilized on beads and used in pulldown assays as in panel. A.
Binding of dMediator to each bead was monitored by immunoblotting with anti-Trfp (lanes 1 to 3) and anti-dTRAP80 (lanes 4 to 6) Abs. (C)
Physical interaction of dMediator with several sequence-specific transcription factors. dMediator was immobilized on anti-dSOH1 beads and
incubated with the 35S-labeled transcription factors indicated at the left. The input sample (I) and proteins bound to blank resin (R) and
dMediator-immobilized beads (M) were separated by SDS-PAGE and analyzed by autoradiography. (D) Requirement of dMediator for tran-
scriptional regulation by Dorsal, dHSF, and Even-skipped. Plasmid templates containing the respective binding sites for Dorsal, Gal4-dHSF, and
Even-skipped were used in transcription reactions. Transcriptional activation by Dorsal and Ga14-dHSF and transcriptional repression by
Even-skipped in soluble nuclear fraction (SNF) immunodepleted with anti-b-galactosidase (Mock) and anti-dSOH1 (a-dSOH1) were analyzed as
in Fig. 2C. (dl-twi)5, five copies of the Dorsal-Twist binding sites.

2318 PARK ET AL. MOL. CELL. BIOL.



with GST-CTD beads. Bound proteins were analyzed by im-
munoblotting with dMediator Abs. Like yeast Mediator, dMe-
diator bound specifically with GST-CTD (Fig. 6A).

Because the Mediator-CTD interaction in yeast causes a
stimulation of CTD phosphorylation by TFIIH (15), we exam-
ined the effect of dMediator on the phosphorylation of Dro-

sophila CTD. The phosphorylation states were monitored by
immunoblot analyses with Abs that recognize the phospho-
serine residues at the second and fifth serines of the CTD.
Purified Drosophila TFIIH specifically phosphorylated the fifth
serine residue of GST-CTD (Fig. 6B, lanes 2 and 3). On the
other hand, dMediator phosphorylated both the second and
fifth serine residues (lanes 4 and 5). This may, at least in part,
result from the catalytic activity of Cdk8 present in the dMe-
diator complex. When both dMediator and Drosophila TFIIH
were present in the reaction, the level of the CTD phosphor-
ylation at serine 5 is increased synergistically, whereas the

phosphorylation at serine 2 by dMediator remained unchanged
in the presence of TFIIH (lanes 6). Increasing the amount of
dMediator further stimulated the synergistic serine 5 phos-
phorylation while that of TFIIH did not (lanes 7 and 8), indi-
cating that dMediator is the limiting factor for the synergistic
serine 5 phosphorylation in our assay condition. All of these
data suggest that although we could not observe a stable phys-
ical interaction in vitro between dMediator and TFIIH (data
not shown), they interact functionally to stimulate the phos-
phorylation of serine 5 of the CTD.

We next investigated interactions between dMediator and
the other Drosophila general transcription factors by incubat-
ing individual 35S-labeled TBP, TFIIB, TFIIE, TFIIF, TFIIA,
and TFIIS subunits with dMediator-immobilized beads. SDS-
PAGE analysis of the dMediator-bound proteins revealed that
TBP, TFIIB, the TFIIE small subunit, the TFIIF large subunit,
and TFIIS interacted strongly with dMediator, whereas TFIIA,

FIG. 6. Interaction of dMediator with the basal transcription machinery. (A) Interaction of dMediator with the Pol II CTD. GST-pulldown
assays were carried out as for Fig. 5A and B. dMediator proteins in the input (Mono S fraction 24), GST-bound, and GST-CTD-bound fractions
were analyzed by immunoblotting with the antibodies indicated at the left. (B) Phosphorylation of the Pol II CTD by dMediator and TFIIH. GST
fusion protein containing Drosophila Pol II CTD was incubated with TFIIH (purified from Drosophila embryo extracts and provided by Gaku
Mizuguchi) and/or dMediator and analyzed by immunoblotting with monoclonal Abs that specifically recognize phosphorylated serine 2 (H5) and
serine 5 (H14) within the CTD. (C) Physical interaction of dMediator with general transcription factors. 35S-labeled general transcription factors,
namely, TBP (T), TFIIB (B), TFIIE-L (EL) and -S (ES), TFIIF-L (FL) and -S (FS), TFIIA-L (AL) and -S (AS), and TFIIS (S), were synthesized
in reticulocyte lysates (left) and incubated with bead-bound dMediator as for Fig. 5C. The sizes of molecular weight markers are indicated at the
left. Proteins bound to dMediator beads were analyzed by SDS-PAGE and autoradiography (right).
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the TFIIE large subunit, and the TFIIF small subunit did not
(Fig. 6C). dMediator interacted with heteromeric TFIIE and
TFIIF complexes assembled from the large and small subunits
(data not shown), presumably through binding to the TFIIE
small subunit and TFIIF large subunit, respectively. Therefore,
dMediator exhibits a broad spectrum of binding capacities for
a subset of general transcription factors and Pol II as well as
sequence-specific transcription factors and may influence the
function of these binding partners.

Distinct function of Mediator proteins and TAFs. The gen-
eral requirement of dMediator in transcriptional activation in
vitro raises the question about what the functional relationship
is between dMediator and TFIID in transcriptional activation.
Although the VP16 activator binding assay shown in Fig. 5A
clearly indicated that dMediator is the major binding target of
the VP16 activator protein in nuclear extracts, whether TAFs
provide a redundant, synergistic, or distinct function in tran-
scriptional activation in the presence of dMediator is not
known. Therefore, we compared the requirement of dMedia-

tor in Pol II transcription to that of TAFs, using immunodeple-
tion studies similar to that carried out in the human system
(30). We immunodepleted nuclear extract with an Ab against
dMediator (anti-dSOH1), TFIID (anti-dTAFII250), or b-ga-
lactosidase (control). Although we observed physical interac-
tion of dMediator with general transcription factors and Pol II
(Fig. 6), immunodepletion with anti-dSOH1 did not remove
basal transcription factors, TAFs, or Pol II from the nuclear
extract (Fig. 7A, lane 2). This shows that the absolute majority
of dMediator proteins in nuclear extracts are not engaged in
the assembly of the Pol II holoenzyme complex.

The activated transcription by Gal4-VP16 from E4, Adh,
engrailed (en), and AntpP2 promoters that bear upstream Gal4
binding sites was completely abolished by immunodepleting,
and partly restored by adding back, the dMediator proteins
(Fig. 7B, lanes 4 and 6). In contrast, the level of basal tran-
scription from the Adh promoter was not affected by the de-
pletion of dMediator (lane 3). Therefore, dMediator is specif-
ically required for transcriptional activation from all four

FIG. 7. Differential requirement of mediator proteins and TAFs for transcriptional activation. (A) Immunodepletion of dMediators and TFIID
from nuclear extract. Extract was immunodepleted with anti-b-galactosidase (M), anti-dSOH1 (S), and anti-dTAFII250 (T). Each extract was
analyzed by immunoblotting to examine the relative amounts of the proteins indicated at the left. (B) Transcriptional activation of the E4, Adh,
en, and AntpP2 promoter constructs by Gal4-VP16 in dMediator-deficient extracts. Extracts were immunodepleted with anti-b-galactosidase or
anti-dSOH1. Transcription assays were performed and the results analyzed as for Fig. 3C. (C) Different effects of TAF depletion on the activated
transcription of the E4, Adh, en, and AntpP2 promoter constructs. The addition of Gal4-VP16, recombinant dTBP, and partially purified TFIID
(TFIID fr.) to each reaction is indicated by 1 on the corresponding lanes.
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templates, regardless of their differential core promoter archi-
tecture (see below).

Nuclear extracts preincubated with the anti-dTAFII250 Ab
did not contain a detectable level of the dTAFII250 protein.
dTAFII250, the largest component of the TFIID complex, is
the core scaffold upon which the other TAFIIs are assembled
to form a stable complex with TBP (42). Hence, it is highly
likely that the dTAFII250-deficient extracts lack the TFIID
complex and the key functions played by TFIID-specific TAFs.
On the other hand, they still possessed a residual amount of
TBP and dTAFII40 (Fig. 7A, lane 4). The residual TBP prob-
ably originated from other TBP-containing complexes such as
SL1 and TFIIIB. However, these TBP molecules are not likely
to participate in Pol II transcription in an interchangeable
fashion as these nuclear extracts did not support either basal or
activated transcription from any of the promoters that we
tested (Fig. 7C, lanes 3 and 4). The residual dTAFII40 (lane 4)
might originate from non-TFIID TAF complexes such as the
GCN5 HAT complex, which had not been removed from nu-
clear extract by the dTAFII250 Ab treatment (lane 4). Addition
of recombinant TBP to TFIID-depleted nuclear extracts re-
stored both basal and VP16-activated transcription from the
E4 and Adh promoters (Fig. 7C, lanes 5 and 6), demonstrating
that TAFs are dispensable for these promoters in the presence
of Mediator. The E4 and Adh promoters contain a TATA
element at about the 230 position. However, TBP alone was
unable to support activated transcription from the en and
AntpP2 promoters (Fig. 7C, lanes 5 and 6). The en and AntpP2
core promoters differ from the above two promoters in that
they lack a canonical TATA element but instead consist of an
Inr and a DPE (6). Therefore, TAFs, or at least dTAFII250,
appear to have functions that are redundant in the activated
transcription of TATA-containing genes under the condition
we used but critical for transcriptional activation from TATA-
less, Inr- and DPE-containing promoters. Indeed, addition of
partially purified TFIID to TFIID-depleted nuclear extracts
restored activated transcription from the en and AntpP2 pro-
moters (lane 8). These observations reveal two distinct roles
for Pol II transcription, each played separately by Mediator
proteins and TAFs: mediation of activator responses and core
promoter selectivity.

DISCUSSION

Mediator proteins and TAFs are differently required for Pol

II transcription. dMediator is generally required for transcrip-
tional activation from both TATA-containing and TATA-less
promoters (Fig. 7B) through direct communication with tran-
scriptional activators. The function of dMediator seems to be
exclusively related to sequence-specific transcription factors
placed at upstream enhancer elements. However, the require-
ment of TAFs, or at least dTAFII250, in activated transcription
appears to be redundant in the in vitro transcription system we
used and affected by such factors as the core promoter orga-
nization or nucleosomal structure of transcriptional templates.
Several TAF components in the TFIID complex indeed have
biochemical activities and structural motifs adequate for the
recognition of specialized settings of transcription templates.
For example, certain TAFs recognize the Inr and DPE se-
quences located in many Drosophila core promoters and in-

crease the stability of TFIID-promoter interactions (6, 7, 39).
In addition, TFIID contains dTAFII250, which has a HAT
catalytic activity (27) and also possesses a histone octamer-like
module comprising the histone H2B-, H3-, and H4-like TAFs
(8). Although not experimentally demonstrated, these TAFs
may have some roles in the transcriptional regulation of nu-
cleosomal templates.

Diverse sequence-specific transcription factors interact with

and depend on dMediator for transcriptional activation. The
sequence-specific transcription factors which interact physi-
cally with dMediator include VP16, Dorsal, dHSF, Bicoid,
Krüppel, and Fushi-tarazu (Fig. 5). These factors contain dif-
ferent types of activation domains (acidic and glutamine-rich
domains). Most of these transcription factors have been shown
to activate transcription either constitutively or inducibly. It is
noteworthy that dHSF interacts with and requires dMediator
for transcriptional activation (Fig. 5B and D) because previous
reports have shown that transcriptional activation by HSF in
yeast does not require the function of the Mediator protein
Srb4 (21, 26). However, the recent finding that activation by
HSF depends on another Mediator protein, Rgr1 (22), sug-
gests that some function of Mediator is required for HSF-
mediated transcriptional activation in yeast, as well. As Rgr1,
but not Srb4, is conserved between yeast and Drosophila (Fig.
1A), transcriptional activation by HSF might utilize the con-
served Rgr1 components of the Mediator complexes.

Although some human Mediator complexes appear to have
a negative effect on activated transcription (9, 37), dMediator
did not exhibit such an activity in an in vitro transcription
system reconstituted with Drosophila transcription factors
(data not shown). In addition, Even-skipped, a well-known
Drosophila transcriptional repressor, did not interact with, or
depend for its transcriptional repression on, dMediator (Fig.
5B and D). Previous reports show that the repression domain
of Even-skipped directly targets TBP (1, 38). We also con-
firmed that the TFIID complex in the nuclear extract specifi-
cally interacts with Even-skipped under the same conditions in
which Even-skipped failed to interact with dMediator (Fig. 5B
and data not shown). Although Krüppel has a well-character-
ized repressor function in Drosophila development, it can also
act as a transcriptional activator under certain conditions (35).
Therefore, it is more plausible that the dMediator-Krüppel
interaction we observed is a part of the mechanism for tran-
scriptional activation rather than transcriptional repression.
Taken together with the fact that dMediator was dispensable
for basal transcription, the lack of defect of the dMediator-
depleted nuclear extracts on transcriptional repression by
Even-skipped protein suggests that dMediator is required
mainly for the mediation of transcriptional activation signals to
the basal transcription machinery. Very recently, developmen-
tal roles of certain dMediator proteins found in the Drosophila

genome database have begun to be also identified in genetic
studies (4). Genetic interactions between dMediator proteins
and a homeotic regulator Sex combs reduced shown in that
study (4) implicate dMediator proteins as a transcriptional
activator-specific target critical for Drosophila development.

The interactions between basal transcription machineries

and dMediator may regulate the transcription initiation pro-

cess. Like yeast Mediator, dMediator bound with the CTD
repeats of Drosophila Pol II (Fig. 6A). This implies that though
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dMediator was purified separately from Pol II, these two com-
plexes indeed interact with each other and act together during
transcriptional initiation. Besides the physical interaction with
Pol II, dMediator also has some binding affinity for TBP,
TFIIB, TFIIE, TFIIF, and TFIIS. Such interactions may be
involved in the regulation of Pol II preinitiation complex as-
sembly. Related with this idea, it has been reported that in
yeast, recruitment of general transcription factors such as TBP,
TFIIB, and TFIIH to active promoters requires the function of
Mediator (17, 25, 32). Also, TFIIE interacts with the Mediator
protein Gal11 (34). Further analyses will be required to clarify
whether these interactions, observed both in yeast and Dro-

sophila, participate in the control of the stepwise preinitiation
complex assembly in the course of transcription activation or
simply reflect the affinities between the components of preas-
sembled Pol II holoenzyme.

dMediator contains the protein kinase component Cdk8,
which can phosphorylate serine residues in the CTD. This
catalytic kinase subunit seems responsible, at least in part, for
the Pol II phosphorylation by dMediator (Fig. 6B). In partic-
ular, dMediator and TFIIH synergistically phosphorylate the
serine 5 residue of the carboxy-terminal Pol II repeats, sug-
gesting the presence of a functional interaction between these
complexes. Given that Pol II phosphorylation at serine 5 by
TFIIH has been correlated with transcriptional activation pro-
cesses (20), the synergy in the serine 5 phosphorylation by
TFIIH and dMediator may be intimately linked with the reg-
ulatory effects that the Mediator complex exerts on Pol II
transcription.
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H. Erdjument-Bromage, P. Tempst, and L. P. Freedman. 1999. Ligand-
dependent transcription activation by nuclear receptors requires the DRIP
complex. Nature 398:824–828.

32. Ranish, J. A., N. Yudkovsky, and S. Hahn. 1999. Intermediates in formation
and activity of the RNA polymerase II preinitiation complex: holoenzyme
recruitment and a postrecruitment role for the TATA box and TFIIB. Genes
Dev. 13:49–63.

33. Ryu, S., S. Zhou, A. G. Ladurner, and R. Tjian. 1999. The transcriptional
cofactor complex CRSP is required for activity of the enhancer-binding
protein Sp1. Nature 397:446–450.

34. Sakurai, H., Y.-J. Kim, T. Ohishi, R. D. Kornberg, and T. Fukasawa. 1996.
The yeast GAL11 protein binds to the transcription factor IIE through

2322 PARK ET AL. MOL. CELL. BIOL.



GAL11 regions essential for its in vivo function. Proc. Natl. Acad. Sci. USA
93:9488–9492.
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