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Mediator is a general cofactor implicated in the functions of many transcriptional activators. Although
Mediator with different protein compositions has been isolated, it remains unclear how Mediator facilitates
activator-dependent transcription, independent of its general stimulation of basal transcription. To define the
mechanisms of Mediator function, we isolated two forms of human Mediator complexes (Mediator-P.5 and
Mediator-P.85) and demonstrated that Mediator-P.5 clearly functions by enhancing activator-mediated re-
cruitment of RNA polymerase II (pol II), whereas Mediator-P.85 works mainly by stimulating overall basal
transcription. The coactivator function of Mediator-P.5 was not impaired when TATA-binding protein (TBP)
was used in place of TFIID, but it was abolished when another general cofactor, PC4, was omitted from the
reaction or when Mediator-P.5 was added after pol II entry into the preinitiation complex. Moreover, Mediator-
P.5 is able to enhance TBP binding to the TATA box in an activator-dependent manner. Our data provides
biochemical evidence that Mediator functions by facilitating activator-mediated recruitment of pol II and also
promoter recognition by TBP, both of which can occur in the absence of TBP-associated factors in TFIID.

Initiation of transcription in eukaryotes requires many pro-
teins, including gene-specific transcription factors, protein co-
factors, and the general transcription machinery (52, 91).
Gene-specific transcription factors (or activators) are neces-
sary to turn on specific gene expression by recruiting compo-
nents of the general transcription machinery, which includes
TFIIB, TFIID, TFIIE, TFIIF, TFIIH, and RNA polymerase II
(pol II), as well as chromatin cofactors, such as ATP-depen-
dent chromatin remodeling complexes and histone acetyltrans-
ferases. This communication between activators and the gen-
eral transcription machinery also requires at least one of the
three general cofactors: Mediator, TATA-binding protein (TBP)-
associated factors (TAFs) in TFIID, and upstream stimulatory
activity (USA)-derived protein components, such as positive
cofactor 4 (PC4).

TAFs in TFIID act collectively as transcriptional coactivator
to enhance activator-dependent transcription from chromatin
(68, 97), to contact the activation domain (26, 33) or the DNA-
binding domain (14) of activator, to facilitate the recruitment
of the initiation form of pol II to the promoter region (94), or
to induce DNA wrapping on the TFIID-bound promoter re-
gion (72). TAFs also enhance promoter recognition through
multiple protein-DNA interactions with Initiator (87) and down-
stream core promoter elements (9). In addition, the enzymatic
activities of TFIID, due to the presence of TAFII250, also lead
to acetylation of histones H3 and H4 (63), phosphorylation of
PC4 (45) and the RAP74 component of TFIIF (18), as well as
ubiquitin activation and conjugation of histone H1 (76). How-

ever, TAFs are not universally required for activator function
(11, 22, 47, 60, 64, 73, 88, 93, 96), nor are they needed for tran-
scriptional repression by some gene-specific transcriptional re-
pressors (21, 35).

USA contains both negative cofactor NC2 and positive co-
factors, such as PC1, PC2, PC3, and PC4, modulating the level
of transcription (42). PC4, an unusual single-stranded and dou-
ble-stranded DNA-binding protein with a relatively small mo-
lecular size of approximately 15 kDa, can substitute for USA to
mediate activator-dependent transcription (24, 49, 96). Inter-
estingly, PC4 also acts as a repressor to suppress basal tran-
scription in the absence of an activator (58, 90, 93). Repression
of basal transcription by PC4 occurs prior to the formation of
a complete preinitiation complex and can be alleviated by an
increasing amount of TFIID, TFIIH, and pol II holoenzyme
(45, 58). This dual activity of PC4 is dose dependent and can
work synergistically with other USA-derived cofactors, such as
PC2 and PC3 (57).

Mediator is also a critical general cofactor implicated in
activator-dependent transcription. It has been genetically de-
fined and also biochemically isolated based on its associations
with pol II or activators or as a free entity of protein complex
(7, 10, 52, 59, 67, 70, 77). The protein compositions of Medi-
ator complexes, although varying slightly depending on the
methods of purification, appear to be similar from different
isolations variously named TRAP/SMCC (22, 29, 38), DRIP
(78, 79), ARC (69, 85), CRSP (71, 81), PC2 (57), NAT (84),
and Mediator (8, 28, 40, 41, 46, 51, 56, 62, 74, 89). Thus, a set
of Mediator components apparently forms a core to associate
dynamically with other peripheral proteins. The structures of
Mediator complexes from different species are also highly con-
served, with three visible modules forming distinct conforma-
tions when in association with pol II or activator (4, 7, 16, 20,
71, 85).
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Mediator can enhance basal and activator-dependent tran-
scription as well as stimulate the kinase activity of TFIIH (46).
However, the presence of cyclin-dependent kinase 8 (cdk8)
and cyclin C in some forms of mammalian Mediator complexes
appears to play an inhibitory role in activated transcription
(84) and also negatively regulates TFIIH kinase activity (3).
Yeast homologues of the cdk8/cyclin C pair (i.e., Srb10/Srb11)
has been shown to inhibit transcription by phosphorylating the
carboxy-terminal domain (CTD) of the largest subunit (RPB1)
of pol II, occurring prior to preinitiation complex formation
(32). Thus, the cdk8 and cyclin C pair may act as a negative
regulator in transcription either as a heterodimer or as part of
Mediator components, consistent with the recent biochemical
isolation of a dissociable inhibitory module found in some
forms of yeast Mediator complexes (6). Nevertheless, several
cdk8/cyclin C-containing human Mediator complexes are also
active in supporting activator-dependent transcription with ei-
ther naked DNA or chromatin templates (8, 29, 38, 41, 69). It
remains unclear whether the differences in the reported activ-
ity of the cdk8/cyclin C pair in Mediator function is due to the
heterogeneity of the complexes used in the transcription reac-
tions or the presence of cdk8/cyclin C-inhibitory activity in
some of the crude fractions used in the assays. Clearly, mod-
ulation of basal transcription by Mediator further complicates
its effect on activator-dependent transcription.

To define the mechanisms of Mediator function in the ini-
tiation of transcription and to address the functional redun-
dancy or synergy among the three general cofactors (Mediator,
TAFs, and PC4), we first purified two forms of human Medi-
ator (Mediator-P.5 and Mediator-P.85). When tested in a tran-
scription system reconstituted with only recombinant proteins
(TFIIB, TFIIE, TFIIF, and PC4) and highly purified epitope-
tagged multiprotein complexes (TFIID, TFIIH, and pol II), we
found that Mediator-P.5 clearly functioned by enhancing acti-
vator-mediated recruitment of pol II, whereas Mediator-P.85
worked mainly by stimulating overall basal transcription. The
coactivator function of Mediator-P.5 depends on the presence
of PC4 but is independent of TAFs. Furthermore, the stimu-
lating effect would be abolished if Mediator-P.5 was added
after pol II entry, indicating a critical role of Mediator in
enhancing preinitiation complex assembly at the pol II step.
Moreover, in the absence of TAFs, Mediator-P.5 is able to
enhance promoter recognition by TBP, as illustrated by DNase
I footprinting, in an activator-dependent manner. Interest-
ingly, depletion of cdk8-containing polypeptides did not affect
the function of Mediator-P.5. Our data thus provide convinc-
ing biochemical evidence that Mediator indeed functions by
facilitating activator-mediated recruitment of pol II and also
promoter recognition by TBP, both of which can occur in the
absence of TAFs in TFIID.

MATERIALS AND METHODS

Plasmid constructions. The retroviral vector carrying FLAG-tagged human
Med7 cDNA, pBn-Fo:hMed7, was constructed by cloning an NdeI-KpnI-digested
PCR fragment spanning the coding region of the hMed7 cDNA (66) (gift from
R. D. Kornberg) into pFLAG°(AS)-7 (92) to create pFo:hMed7-7, in which the
resulting FLAG-tagged human Med7 cDNA was excised and cloned into the
BamHI and EcoRI sites of pBabe Neo (65) to create pBn-Fo:hMed7. Plasmid
pF:hMed7-11d, used for expression of human Med7 in bacteria, was generated
by cloning the NdeI-EcoRI fragment of pFo:hMed7-7 into the NdeI and EcoRI
sites of pF:E2-11d (35).

The DNA template, pG5MLT-mutTATA, which contains nucleotide substitu-
tions on the adenovirus major late TATA box by changing TATAAAA to
TGTGGGA, was created in pG5MLT (83) by PCR amplification with primer
pairs spanning the mutated nucleotides according to the QuikChange site-di-
rected mutagenesis protocol (Stratagene). The other transcription templates,
pML�53, p2E2(IR)�53, and p�MLP, have already been described (reference 94
and references therein).

Establishment of the hMED7-7 cell line. The HeLa-derived hMED7-7 cell
line, which constitutively expresses FLAG-tagged human Med7, was established
by retrovirus-mediated gene transfer with pBn-Fo:hMed7 following described
procedures (95).

Protein purification. To purify human Mediator complexes (Mediator-P.5 and
Mediator-P.85), we prepared nuclear extracts from 40 liters of hMED7-7 cells
according to published protocols (17). P11 ion-exchange chromatography was
then carried out as described previously (45) with 50 ml of hMED7-7 nuclear
extracts and a 30-ml phosphocellulose P11 column. The 0.5 and 0.85 M KCl
fractions (termed P.5 and P.85, respectively) were dialyzed against BC300 (12)
for 5 h, and centrifuged at 14,000 rpm with a Beckman JA-25.50 rotor to remove
insoluble material. Immunoaffinity purification of Mediator complexes was con-
ducted by incubating 250 �l of anti-FLAG M2 monoclonal antibody-conjugated
agarose beads (Sigma) with 10 ml of the P.5 or P.85 fraction prepared from
hMED7-7 or HeLa nuclear extracts at 4°C for 6 to 12 h. The protein-bound
beads were washed four times with BC300 plus 0.2% NP-40, with a 5-min
rotation at 4°C included between each wash, and eluted with 200 �l of elution
buffer (BC300 plus 0.2% NP-40 and 0.2 mg of FLAG peptide/ml) after incuba-
tion at 4°C for 1 h. Elutions were repeated for a total of four times.

Bacterially expressed FLAG-tagged human Med7 was purified from BL21
(DE3)pLysS harboring pF:hMed7-11d as described previously (13). Purifica-
tion of recombinant FLAG-tagged TFIIB, FLAG-tagged TBP, FLAG-tagged
TFIIE�, FLAG-tagged TFIIE�, six-histidine-tagged RAP30, six-histidine-tagged
RAP74, PC4, and Gal4-VP16 was performed as described previously (93, 96).
FLAG-tagged E2 protein was purified from Sf9 insect cells infected with recom-
binant baculoviruses harboring FLAG-tagged human papillomavirus type 11 E2
cDNA (35). FLAG-tagged multiprotein complexes TFIID, TFIIH, and pol II
were purified from HeLa-derived cell lines expressing FLAG-tagged TBP,
FLAG-tagged p62 of human TFIIH, and FLAG-tagged RPB9 of human pol II,
respectively (12, 93, 96).

Immunodepletion of pol II and cdk8 from Mediator-P.5 and Mediator-P.85.
To remove pol II from Mediator-P.5 and Mediator-P.85, we first generated
anti-pol II antibody-conjugated beads by covalently linking 8WG16 monoclonal
antibody (86), which recognizes the CTD of the RPB1 subunit of pol II, to
protein A-Sepharose CL-4B (Amersham Pharmacia Biotech) as described pre-
viously (94). Immunodepletion was then conducted by incubating 1.2 ml of
immunoaffinity-purified Mediator complexes (�60 nM), which contains approx-
imately 2.4 �g of FLAG-tagged Med7, as estimated by quantitative Western
blotting with known amounts of bacterially expressed FLAG-tagged human
Med7 protein, with 25 �l of immobilized 8WG16 beads (1 mg/ml) at 4°C for 8 h.
The supernatant was collected after passing through a microcentrifuge tube filter
(Spin-X, Costar). Immunodepletion was conducted twice to ensure a complete
removal of pol II from Mediator-P.5 and Mediator-P.85.

Immunodepletion of cdk8 and cyclin C from Mediator-P.5 was similarly per-
formed by incubating 1 ml of pol II-depleted Mediator-P.5 with 25 �l of immo-
bilized anti-cdk8 antibodies (2 mg/ml; Santa Cruz) at 4°C for 8 h and processed
as described above for a total of two times.

In vitro transcription. A standard two-step in vitro transcription reaction was
performed with individually purified transcription factors and cofactors as de-
scribed previously (93, 94). Briefly, 1 nM each supercoiled pG5MLT and
p2E2(IR)�53 (or pML�53) templates was preincubated with 1 nM TBP or
TFIID in the absence or presence of 10 nM TFIIB, 0.24 nM pol II, 1.6 nM TFIIF,
0.8 nM TFIIE, 0.7 nM TFIIH, 75 nM Gal4-VP16, 50 nM E2, 400 nM PC4, or 0.7
nM Mediator-P.5 (or Mediator-P.85) at 30°C for 20 min. The remaining tran-
scription components and NTPs were then added, with or without 10 nM p�MLP
challenge template, to initiate transcription. The reaction was continued at 30°C
for 60 min and processed as described previously. Transcription signals were
quantified by Typhoon 9200 PhosphorImager (Amersham Biosciences). Unless
otherwise specified, fold activation in each set of reactions is defined as the signal
intensity from each activator-binding site-containing template relative to that
from the same DNA template performed in the presence of PC4 but without
activator and Mediator (i.e., the first lane of each reaction set).

Measurement of transcription factor binding on immobilized DNA template.
Transcription with immobilized pG5MLT or pG5MLT-mutTATA template was
conducted by first linking a 700-bp pG5MLT (or pG5MLT-mutTATA) promoter
fragment, generated by PCR amplification with a sense primer (5� AACTCGA
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CTGCAGCATATGTATCATACACATACG 3�) annealing to a sequence up-
stream of the five Gal4-binding sites and a biotinylated antisense primer (5�
biotin-CGATTCATTAATGCAGCTGG 3�) which hybridizes to a region down-
stream of the 380-bp G-less cassette, to streptavidin Dynabeads (Dynal, Inc.)
according to the manufacturer’s instructions. Three microliters of the immobi-
lized pG5MLT or pG5MLT-mutTATA template (�25 ng of DNA/�l of beads)
was incubated with 16.5 �l of transcription cocktail (0.11 M HEPES [pH 7.8], 2.3
mg of bovine serum albumin/ml, 20 mM MgCl2, 23 mM dithiothreitol, and 22.5
U of RNasin) at 4°C for 1 h to block nonspecific protein-binding sites on the
beads. Sixty-three microliters of protein mix in BC100, which contains approxi-
mately threefold more protein than is used in a standard transcription assay, was
then added and incubated at 27°C for 30 min. One-seventh of the mixture was
used for transcription analysis, which was carried out at 30°C for 30 min after the
addition of NTPs. The rest of the immobilized templates with bound proteins
were washed with 200 �l of BC80 twice. The protein-bound beads were finally
mixed with 10 �l of 1� protein sample buffer and analyzed by Western blotting
with different anti-protein antibodies.

DNase I footprinting. The DNA fragment containing five Gal4-binding sites
linked to the adenovirus major late promoter spanning 	53 to �10 preceding a
G-less cassette of 380 nucleotides, used for DNase I footprinting, was generated
by the end-labeling reaction with [
-32P]ATP using T4 polynucleotide kinase on
the immobilized pG5MLT template (368 ng). The 32P-labeled DNA fragment
was washed three times with Tris-EDTA and cleaved off the beads with EcoRI
(100 U). The supernatant, separated from the beads by magnet, was then re-
moved and used for DNase I footprinting as described previously (35) with some
modifications. Briefly, 0.75 nM 32P-labeled DNA fragment was incubated with 56
nM TBP and 20 nM Gal4-VP16, in the presence or absence of 1.2 nM Mediator-
P.5, at 30°C for 30 min in the transcription buffer. The reaction mixture was
digested with 0.03 U of DNase I (Gibco-BRL) at room temperature for 2 min,
followed by addition of an equal volume of stop solution (0.2 M NaCl, 30 mM
EDTA, 1% sodium dodecyl sulfate, 100 �g of tRNA/ml), and then incubated
with 100 �g of proteinase K/ml at 50°C for 30 min. After ethanol precipitation,
the final DNA was analyzed on a 6% polyacrylamide–urea sequencing gel. DNA
bands were imaged by a Typhoon 9200 scanner (Amersham Pharmacia Biotech).

RESULTS

Isolation of two forms of human Mediator complexes. To
isolate human Mediator, we established a clonal HeLa-derived
cell line (hMED7-7) expressing the FLAG-tagged Med7 (f:
hMed7) component of human Mediator. Med7, also named
Med34 based on a unifying nomenclature (77), is a universal
subunit found in all Mediator complexes identified in different
organisms, including yeast, Drosophila, C. elegans, plants, mice,
and humans (7). Fractionation of hMED7-7 nuclear extracts by
P11 ion-exchange chromatography (Fig. 1A) revealed that the
majority of f:hMed7 was present in the 0.5 M KCl fraction
(P.5), with some also being found in the 0.85 M KCl fraction
(P.85). Mediator was then isolated via immunoaffinity purifi-
cation and peptide elution, respectively, from the P.5 and P.85
fractions derived from hMED7-7 nuclear extracts. Control pu-
rification was conducted in parallel with similar fractions from
HeLa nuclear extracts. Many polypeptides corresponding to
protein components identified in previously described Media-
tor complexes, now indicated with the unifying names (77),
were found in both Mediator-P.5 and Mediator-P.85 com-
plexes, except the specific presence of cyclin C, cdk8, Med240,
and Med230 in Mediator-P.5 and Med70 in Mediator-P.85

FIG. 1. Isolation of two human Mediator complexes. (A) Detection
of epitope-tagged human Med7 in P11 fractions. Nuclear extracts (NE)
from HeLa-derived hMED7-7 cells, which express FLAG-tagged hu-
man Med7 (f:hMed7), were fractionated over a phosphocellulose P11
ion-exchange column and step eluted with BC buffer (12) containing
different concentrations of KCl as indicated. Western blotting was
performed with anti-FLAG M2 monoclonal antibody (Sigma). (B) Sil-
ver staining of purified human Mediator complexes. Mediator-P.5 and
Mediator-P.85 were purified, respectively, from P11 0.5 M (P.5) and
0.85 M (P.85) KCl fractions of hMED7-7 nuclear extracts. Control
purification was conducted in parallel with similar fractions derived
from HeLa cells. Protein size markers (in kilodaltons) are indicated on
the left. The assignment of Mediator components was based on
comparison of various Mediator complexes purified from different
laboratories with a newly proposed unifying nomenclature (77) and
further confirmed by Western blotting with available antibodies
against TRAP240/Med240, TRAP230/Med230, TRAP220/Med220,
TRAP170/CRSP150/Med150, CRSP130/Med130, ARC105/Med105,

TRAP100/Med100, TRAP80/Med78, cdk8, and cyclin C (data not
shown). Polypeptides confirmed by Western blotting are indicated by
solid arrows, whereas proteins corresponding to previously charac-
terized Mediator components based on the migration patterns are
pointed by open arrows with dashed lines. Positions of cyclin C, cdk8,
and Med70 are depicted on the gel by open arrowheads.
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(Fig. 1B). The protein composition of Mediator-P.5 appears to
be similar to that of ARC-L (85) and TRAP/SMCC (22, 29,
38), whereas Mediator-P.85 seems to be comparable to CRSP
(71, 81) and PC2 (57).

A nonredundant role of PC4 and Mediator in transcrip-
tional activation. Since pol II was frequently copurified with
Mediator and might accidentally contribute to the general
stimulation of basal transcription by Mediator, we conducted
immunodepletion on the purified Mediator complexes with
immobilized 8WG16 monoclonal antibody, which recognizes
the CTD present in the RPB1 subunit of pol II, to remove any
potential pol II contamination. Indeed, the majority of copu-
rified pol II, even though it was not visually detected by silver
staining (see Fig. 1B), was removed after two rounds of immu-
nodepletion (Fig. 2A). To examine whether these pol II-de-
pleted Mediator complexes still retained any pol II activity as

found in the original Mediator-P.5 and Mediator-P.85 prepa-
rations (data not shown), we conducted a transcription assay
using a highly purified in vitro transcription system recon-
stituted with recombinant TFIIB, TFIIE, TFIIF, and epitope-
tagged TFIID, TFIIH, and pol II (96). To monitor basal tran-
scription, we used pML�53 template, which contains the
adenovirus major late core promoter linked to a G-less cassette
of approximately 280 nucleotides. For activator-dependent
transcription, we also included recombinant PC4 and Gal4-
VP16 in the reaction and scored the level of transcription from
pG5MLT template, which has five copies of the Gal4-binding
site preceding the adenovirus major late core promoter in front
of a 380-nucleotide G-less cassette. As shown in Fig. 2B, these
pol II-depleted Mediator complexes could not substitute for
pol II in transcribing pG5MLT and pML�53 templates (com-
pare lanes 1 and 2 and lanes 6 and 7), indicating that pol II

FIG. 2. The coactivator function of Mediator depends on the presence of pol II, TFIIH, and PC4. (A) Immunodepletion of pol II from
Mediator-P.5 and Mediator-P.85. Anti-pol II CTD antibodies (8WG16) were used to remove pol II from purified Mediator complexes. The
amounts of pol II and Mediator remaining after two rounds (1x and 2x) of immunodepletion (depl) were revealed by Western blotting with
anti-CTD 8WG16 (for RPB1 detection) and anti-FLAG M2 (for f:hMed7 detection) antibodies, respectively. Purified FLAG-tagged human pol
II (9.6 nM, in which 0.75 �l is normally used for one transcription reaction) was loaded in parallel for evaluating the efficiency of immunodepletion.
(B) Mediator activity is dependent on exogenous pol II, TFIIH, and PC4. In vitro transcription was reconstituted with recombinant TFIIB, TFIIE,
TFIIF, PC4, Gal4-VP16 (VP16), and epitope-tagged multiprotein complexes (TFIID, TFIIH, and pol II) in the presence (�) of Mediator-P.5 or
Mediator-P.85. Individual components (pol II, TFIIH, or PC4) were then left out (	) from the reactions as indicated. The pG5MLT template
contains five Gal4-binding sites linked to the adenovirus major late core promoter preceding a G-less cassette of approximately 380 nucleotides.
The pML�53 template is devoid of activator-binding sites but contains the same adenovirus major late core promoter linked to a shorter G-less
cassette (�280 nucleotides).
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activity has been completely removed from Mediator-P.5 and
Mediator-P.85. Unlike a previous report (29), TFIIH is essen-
tial in our transcription system in the presence of Mediator
(Fig. 2B, lanes 1 to 3 and 6 to 8). Interestingly, when PC4 was
left out from the reaction with or without a simultaneous
removal of Gal4-VP16, only basal transcription was detected
from both templates (Fig. 2B, compare lanes 1, 4, and 5 and
lanes 6, 9, and 10). This experiment not only demonstrated that
PC4 is essential for activator-dependent transcription, but also
illustrated a nonredundant role of PC4 and Mediator in tran-
scriptional activation. Clearly, the coactivator function of PC4
could not be substituted by the activity provided by either form
of Mediator in our highly purified human transcription system
devoid of any cross-contaminating activity among individually
purified general transcription factors and pol II.

Mediator-P.5 enhances activator-dependent transcription,
whereas Mediator-P.85 increases overall basal transcription.
The removal of pol II activity from our purified Mediator
complexes allowed us to unambiguously define the role of
Mediator-P.5 and Mediator-P.85 on basal and activated tran-
scription without further complications caused by minor pol II
activity often found in Mediator preparations. For activator
specificity, we also tested the effect of Mediator in supporting
activation by the full-length human papillomavirus type 11
(HPV-11) E2 protein, which activates transcription from
p2E2(IR)�53 template containing two copies of the E2-bind-
ing site located upstream of the adenovirus major late core
promoter linked to a 280-nucleotide G-less cassette (36, 94).
As shown in Fig. 3, addition of Mediator-P.5 to the reconsti-
tuted transcription system further enhances activation medi-
ated by Gal4-VP16 but not by HPV-11 E2 (compare lanes 1 to
3 with lanes 4 to 6), indicating a differential requirement of
Mediator for activator-dependent transcription. When Media-
tor-P.85 was examined in parallel, we also detected an increase
of transcription by both Gal4-VP16 and E2 (Fig. 3, lanes 7 to
9). The enhanced signal, however, resulted from an increase of
basal transcription (Fig. 3, compare lanes 1 and 7). A Media-

tor-like activity similar to that of Mediator-P.85 in stimulating
basal transcription has also been recently detected in HeLa
nuclear extracts as well as the derived P.85 fraction by immu-
nodepletion studies with antibodies against specific compo-
nents of human Mediator (5, 62).

Mediator-P.5 facilitates activator-mediated recruitment of
pol II. Since Mediator-P.5 is the predominant form of human
Mediator complexes (Fig. 1A) and seems to be involved in
activator-dependent transcription (Fig. 3), we decided to dis-
sect its role in preinitiation complex assembly. Order-of-addi-
tion and template challenge experiments, used previously to
define the mechanisms of TFIID- and TBP-mediated activa-
tion (94), were conducted by dividing the transcription process
into two steps. G-less cassette templates responding to either
Gal4-VP16 (pG5MLT) or HPV-11 E2 [p2E2(IR)�53] were
preincubated with TFIID or other protein factors for 20 min.
The remaining transcription components and nucleoside tri-
phosphates (NTPs) were then added, together with a 10-fold
excess of an adenovirus major late promoter-driven G-less
template (p�MLP), to initiate transcription (see the outline in
Fig. 4A). The p�MLP template was used to titrate away any
unbound proteins and to challenge the stability of protein
complexes preformed on pG5MLT and p2E2(IR)�53 tem-
plates. As shown in Fig. 4B, inclusion of Mediator-P.5 with
TFIID during the preincubation step had little effect on basal
and activator-stimulated transcription (compare lanes 1 to 3
with lanes 10 to 12), suggesting that Mediator-P.5 works mainly
after TFIID binding to the promoter region. Additional sup-
plementation with TFIIB during the preincubation step also
did not reveal the coactivator function of Mediator-P.5 (data
not shown). Intriguingly, when pol II was included with TFIID
and TFIIB during the preincubation step, a strong enhance-
ment of transcription with Mediator-P.5 was observed by Gal4-
VP16, but not by E2 (Fig. 4B, lanes 4 to 6 versus lanes 13 to
15). Addition of TFIIF, TFIIE, and TFIIH during preincuba-
tion did not further enhance transcription (Fig. 4B, compare
lanes 13 to 15 with lanes 16 to 18). We concluded that Medi-

FIG. 3. Mediator-P.5 enhances activation mediated by Gal4-VP16, whereas Mediator-P.85 stimulates overall basal transcription. In vitro
transcription was performed with individually purified transcription components (TFIIB, TFIID, TFIIE, TFIIF, TFIIH, pol II, and PC4) in the
absence (	) or presence of Gal4-VP16 (VP16), E2, Mediator-P.5, or Mediator-P.85, as indicated. Fold activation is defined as the signal intensity,
quantified by PhosphorImager (Amersham Biosciences), from each activator-binding site-containing template relative to that from the same DNA
template performed in the absence of activator and Mediator (i.e., lane 1). The p2E2(IR)�53 template contains two human papillomavirus
E2-binding sites linked to the same core promoter with a shorter G-less cassette (�280 nucleotides).
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ator-P.5 works mainly by facilitating pol II recruitment by
specific transcriptional activators during preinitiation complex
assembly.

Removal of cdk8-associated polypeptides does not impair
the coactivator function of Mediator-P.5. Since cdk8 and cyclin
C are considered to be negative regulators of eukaryotic tran-
scription (see the introduction), we asked whether removal of
cdk8 and cyclin C would significantly change the coactivator
function of Mediator-P.5. Immunodepletion was thus con-
ducted on purified Mediator-P.5 with anti-cdk8 antibodies.
The immunodepleted protein profile of Mediator-P.5 was
nearly identical to that of undepleted Mediator-P.5 (Fig. 5A,
top panel, lanes 1 and 2), except that cdk8 and cyclin C were
significantly reduced, as detected by Western blotting (Fig. 5A,
bottom panel). Interestingly, the anti-cdk8 antibody-bound
proteins contained not only the cdk8 and cyclin C pair, but also
the full complement of Mediator-P.5 (Fig. 5A, compare lane 3
with lanes 1 and 2), suggesting that there are two Mediator-P.5
complexes: one with cdk8 and cyclin C and the other without

the protein pair. This cdk8/cyclin C-depleted Mediator-P.5 ex-
hibited a slight increase of coactivator activity relative to the
undepleted Mediator-P.5 preparation, again mainly at the step
of the activator-facilitated recruitment of pol II (Fig. 5B, com-
pare lanes 9 and 10 with lanes 11 and 12). Therefore, removal
of the cdk8/cyclin C-containing Mediator complex, which likely
corresponds to ARC-L, did not impair the coactivator function
of Mediator-P.5, consistent with the observation that ARC-L
does not support transcription (85). Interestingly, the cdk8/
cyclin C-depleted Mediator-P.5 also exhibited a slight en-
hancement of transcription at the TFIID step (Fig. 5B, com-
pare lanes 3 and 4 with lanes 5 and 6), suggesting that
Mediator-P.5 may also facilitate promoter recognition by
TATA-binding factors (see below).

The coactivator function of Mediator-P.5 is independent of
TAFs. In our previous study (94), we demonstrated that TAFs
in TFIID could also enhance activator-facilitated recruitment
of pol II. It is likely that TAFs are not required in Mediator-P.5
function if both play a similar role in facilitating the recruit-

FIG. 4. Mediator-P.5 acts by enhancing activator-facilitated recruitment of pol II to the preinitiation complex. (A) Diagram of order-of-
addition and template challenge experiments. (B) Mediator-P.5 enhances pol II recruitment by Gal4-VP16. In vitro transcription was performed
as outlined in panel A by preincubating pG5MLT and p2E2(IR)�53 DNA templates with TFIID (D), together with TFIIB (B) and pol II (II), or
the rest (All) of general transcription factors (GTFs), in the absence (	) or presence (�) of PC4, activator, or Mediator-P.5, at 30°C for 20 min.
The remaining transcription components and ribonucleoside triphosphates (NTPs) were then added, together with a 10-fold excess of p�MLP
challenge template, which contains only the adenovirus major late core promoter linked to a G-less cassette of approximately 200 nucleotides, to
initiate transcription. The reaction was continued at 30°C for 60 min and processed as described in Materials and Methods. Fold activation is
defined as the signal intensity relative to that detected in lane 1 for reactions performed in the absence of Mediator-P.5 and in lane 10 for reactions
performed in the presence of Mediator-P.5.
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ment of pol II by activators. To explore this possibility, we
performed order-of-addition and template challenge experi-
ments using either TFIID or TBP as the TATA-binding factor.
Indeed, Mediator-P.5 showed a nearly comparable level of
coactivator function when TBP was used in place of TFIID
(Fig. 6, lanes 1 to 4 versus lanes 6 to 9). This finding suggested

that TAFs in TFIID were not essential for Mediator function.
Nevertheless, the presence of TAFs appeared to enhance the
overall level of activation (Fig. 6, compare lanes 1 and 2 with
lanes 6 and 7 and lanes 3 and 4 with lanes 8 and 9). It is
important to note that the enhanced signals at the same posi-
tion as pML�53 transcript (Fig. 6, lanes 4 and 9) are likely due

FIG. 5. The coactivator function of Mediator-P.5 was not impaired following the removal of cdk8-associated polypeptides. (A) Immunodeple-
tion of cdk8-associated polypeptides from Mediator-P.5. Anti-cdk8 (�-cdk8) antibodies were used to remove cdk8-associated polypeptides from
Mediator-P.5. The input (InP), flowthrough (FT), and bound Mediator complexes were analyzed by silver staining (top panels) and Western
blotting (bottom panels) with the indicated antibodies. Positions of cyclin C and cdk8 are indicated by solid arrowheads. Cross-linked heavy- and
light-chain immunoglobulin bands are depicted by asterisks. (B) Coactivator function of Mediator-P.5 before and after cdk8 depletion. In vitro
transcription was performed as outlined in the legend for Fig. 4A, except that pML�53 template was used in the absence (	) or presence (�) of
Mediator-P.5 without or with (�-cdk8) immunodepletion with anti-cdk8 antibodies. Fold activation in each pair of reactions is defined as the signal
increase from pG5MLT performed in the presence of Gal4-VP16 relative to that in its absence.
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to paused complexes on the pG5MLT template observed at a
high level of transcription, as the same signals were similarly
detected in the absence of the pML�53 template (data not
shown). Consistent with a stimulation of activator-facilitated
recruitment of pol II, the coactivator function of Mediator-P.5
was abolished when Mediator-P.5 was added after pol II pre-
incubation (Fig. 6, lanes 1 and 2 versus lanes 3 and 5 and lanes
6 and 7 versus lanes 8 and 10). This experiment further dem-
onstrated that Mediator-P.5 works by enhancing activator-fa-
cilitated recruitment of pol II, which can occur in the absence
of TAFs.

Recruitment of Mediator is an activator-dependent event
and correlates with an enhanced recruitment of pol II to the
promoter region. To examine whether the enhancement of
transcription by Mediator-P.5 indeed correlates with the re-
cruitment of pol II, we performed reconstituted transcription
assays with immobilized pG5MLT linear template using TBP
as the TATA-binding factor. Following in vitro transcription,
one-seventh of each sample was analyzed for transcription
signal, whereas the other six-sevenths was used for Western
blotting with antibodies against various components of the
general transcription machinery. As shown in Fig. 7A, recruit-
ment of TFIIB, but not TBP or pol II, was dramatically en-
hanced in the presence of Gal4-VP16 (lanes 1 and 2), consis-
tent with the view that acidic transcriptional activators like
Gal4-VP16 appear to enhance transcription by facilitating the
recruitment of TFIIB (55). Clearly, recruitment of downstream
factors, such as TFIIF, TFIIE, and TFIIH, after pol II entry
was also increased (Fig. 7A, lanes 1 and 2). Inclusion of Me-
diator-P.5 without activator did not lead to its recruitment to
the promoter region, nor did its presence alter the amounts of
general transcription factors already recruited (Fig. 7A, com-
pare lanes 1 and 3). Interestingly, in the presence of Gal4-
VP16, Mediator could then be recruited to the transcription
template, with a concomitant increase of pol II recruitment
and an enhancement of the transcription signal (Fig. 7A, com-
pare lanes 3 and 4). Our data thus indicate that functional
recruitment of Mediator is an activator-dependent event and
correlates well with an enhanced recruitment of pol II to the
promoter region.

A comparative study was then similarly conducted using
either TFIID or TBP as the TATA-binding factor. As expect-

FIG. 6. The coactivator function of Mediator-P.5 can occur in the
presence or absence of TAFs. In vitro transcription was performed as
outlined in the legend for Fig. 4A, with TFIID (D) or TBP (T) as the
TATA-binding factor, without (	) or with Mediator-P.5 added either
during (�) or after (aft) preincubation. Fold activation in each set of
reactions is defined as the signal intensity from pG5MLT relative to
that performed in the absence of Gal4-VP16 and Mediator-P.5 (i.e.,
the first lane of each reaction set).

FIG. 7. Activator-facilitated recruitment of pol II to the promoter region is enhanced in the presence of Mediator-P.5. (A) Activator-dependent
recruitment of Mediator to the promoter region. In vitro transcription and Western blotting were conducted with immobilized pG5MLT template
in the absence (	) or presence (�) of Mediator-P.5 and Gal4-VP16, as described in Materials and Methods. Antibodies used for Western blotting
analysis are indicated on the right of individual strips. (B) Enhancement of activator-facilitated recruitment of pol II by Mediator can occur in the
presence or absence of TAFs. In vitro transcription and Western blotting were conducted with immobilized pG5MLT template in the absence (	)
or presence (�) of Mediator-P.5 and Gal4-VP16, as described in the legend for panel A. (C) Assembly of transcription complexes can occur in
the absence of a functional TATA box. Immobilized template assays were performed with pG5MLT (TATAwt) or pG5MLT-mutTATA (TATAmt)
as described in the legend for panel A.
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ed, addition of Mediator-P.5 enhanced formation of a 380-nt
transcript (Fig. 7B, bottom panel). In analyzing the proteins
eluted from the immobilized template, we found that the
amount of pol II, but not the other general transcription com-
ponents, was significantly enhanced in the presence of Medi-
ator-P.5, irrespective of the use of TFIID or TBP in the reac-
tions (Fig. 7B). A slight reduction of Gal4-VP16 in the
presence of Mediator-P.5 (Fig. 7B, lanes 2 and 4) is likely due
to experimental variations, as the amount of Gal4-VP16 in
general remains constant (e.g., see Fig. 7C, lanes 1 to 4, Gal4-
VP16 panel). Although the presence of TAFs in TFIID could
enhance activator-facilitated recruitment of pol II (94), which
might slightly increase the amounts of pol II and Gal4-VP16
retained on the immobilized template (Fig. 7B, compare lanes
2 and 4), TAFs could also suppress transcription mediated by
TBP when an equivalent amount of TFIID and TBP was used
in the transcription assays (22, 93, 96). This might explain why
less transcription was detected by TFIID-mediated activation
in comparison with TBP-mediated transcription (Fig. 7B, bot-
tom panel).

The assembly of transcription complexes on the immobilized
templates may be recruited via core promoter-binding factors
(41) or by upstream activators (80, 82), depending on the
amounts of proteins used in the assays. To examine whether
recruitment of Mediator-P.5 is indeed an activator-dependent
event, we used an excess amount of Gal4-VP16 to saturate all
activator-binding sites on the immobilized templates and per-
formed transcriptional recruitment assays using immobilized
DNA templates containing either a wild-type or mutated
TATA box. As shown in Fig. 7C, when nucleotide substitutions
were introduced into the TATA box of the pG5MLT template
(i.e., changing TATAAAA to TGTGGGA), we still detected
the assembly of the transcription components on the TATA-
mutated template, even though transcript was not observed
(Fig. 7C). This finding suggests that transcription complexes
can nevertheless be assembled through non-TATA sequences,
likely via upstream activator-binding sites (80, 82), indepen-
dently of the transcription process. Our data are consistent
with recruitment assays performed with other TATA-mutated
templates (80, 82). When immobilized template assays were
performed with nonsaturating amounts of Gal4-VP16, tran-
scription complex assembly occurs in a TATA box-dependent
manner (41).

Mediator and PC4 act through distinct steps during preini-
tiation complex formation in TAF-dependent and TAF-inde-
pendent activation. Since promoter recognition by TFIID in
TAF-dependent activation and pol II entry into the preinitia-
tion complex in TAF-independent (i.e., TBP-mediated) acti-
vation represent two major regulated steps by transcriptional
activators (19, 50, 54, 94) and Mediator-P.5 appears to work in
a manner similar to TAFs in facilitating activator-mediated
recruitment of pol II, we asked whether the activator-regulated
step in TAF-independent activation would shift from pol II
entry to promoter recognition in the presence of Mediator-P.5.
To explore this intriguing possibility, we performed an order-
of-addition and template challenge experiment by preincubat-
ing pG5MLT and pML�53 DNA templates with either TFIID
or TBP, in the absence or presence of Gal4-VP16. Mediator-
P.5 and PC4 were added either during or after preincubation.
The remaining transcription components and NTPs, together

with the challenge template (p�MLP), were then added to
initiate transcription. As shown in Fig. 8, addition of activator,
in the absence of Mediator-P.5, at the promoter recognition
step enhances TAF-dependent (lanes 1 versus 2), but very
little, if any, TAF-independent (lanes 9 versus 10), activation.
This stimulation was abolished when PC4 was added after
preincubation (lanes 2 versus 3), indicating that the coactivator
function of PC4 acts at the promoter recognition step by
TFIID. Inclusion of Mediator-P.5 during preincubation signif-
icantly enhanced TAF-independent activation (compare lanes
12 and 13 with lanes 9 and 10) but also stimulated approxi-
mately twofold TAF-dependent activation (lanes 4 and 5 ver-
sus lanes 1 and 2; see also Fig. 5, lanes 2 and 6). Surprisingly,
addition of PC4 and Mediator-P.5, individually or together,
after the preincubation step completely eliminated the coacti-
vator function of PC4 and Mediator-P.5 in TAF-dependent
activation (lanes 5 to 8 versus lanes 2 and 3) but not in TAF-
independent activation (lanes 13 to 16 versus lanes 10 and 11).
These data indicate that (i) the coactivator function of Medi-
ator-P.5 and PC4 was eliminated after preincubation of DNA
templates with TFIID, but not with TBP; (ii) Mediator-P.5 and
PC4 could still enhance activator function after promoter rec-
ognition by TBP, indicating that Mediator and PC4 were able
to enhance activator-facilitated recruitment of downstream
factors in the absence of TAFs; (iii) Mediator could not func-
tionally replace TAFs in switching the activator-regulated step
from pol II entry to promoter recognition in TAF-independent
activation (Fig. 8), indicating that Mediator and TAFs, al-
though they share some common coactivator activity in activa-
tor-facilitated recruitment of pol II, do not function equiva-
lently during preinitiation complex assembly; and (iv) in the
absence of TAFs, Mediator is able to enhance promoter rec-
ognition by TBP, in addition to its role in facilitating pol II
entry to the preinitiation complex.

Mediator-P.5 is able to enhance promoter recognition by
TBP in an activator-dependent manner. To directly demon-
strate whether Mediator-P.5 could indeed enhance promoter
recognition by TBP, we carried out DNase I footprinting with
a promoter fragment containing five Gal4-binding sites linked
to the adenovirus major late promoter preceding a 380-nucle-
otide G-less cassette. As shown in Fig. 9A, distinct footprints
over the TATA box and the activator-binding sites were not
further extended by the presence of Mediator-P.5, as all the
TBP- and Gal4-VP16-binding sites had been saturated. When
a limiting amount of TBP, which was unable to generate a clear
protection over the TATA box, was used in the footprinting
assay, Mediator-P.5 could indeed promote TATA box recog-
nition by TBP (Fig. 9B, compare lanes 3 and 4). This enhance-
ment of promoter recognition by TBP in the presence of Me-
diator-P.5 was significantly reduced when Gal4-VP16 was
omitted (Fig. 9B, lanes 4 and 5), suggesting that Mediator-P.5
is able to enhance promoter recognition by TBP in an activa-
tor-dependent manner.

DISCUSSION

The isolation of human Mediator complexes and the avail-
ability of a human transcription system reconstituted with only
recombinant proteins and epitope-tagged multiprotein com-
plexes without cross-contaminating activities allowed us to un-
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ambiguously define the mechanisms of Mediator function and
to further address functional cooperativity and redundancy
among three general cofactors, namely, Mediator, PC4, and
TAFs. The significance of this work lies in the following facts.
(i) This study provides biochemical evidence to convincingly
demonstrate that Mediator functions as a bridging factor be-
tween activators and pol II, without complications caused by
the existence of other protein cofactors whose presence in vivo
or in transcription systems containing some partially purified
fractions may accidentally mask the intrinsic activity of Medi-
ator. (ii) This work documents that when assayed under a
nonrepressed condition, the coactivator function of Mediator,
which is separate from its general stimulation on basal tran-
scription, strictly depends on PC4 but is independent of TAFs.
(iii) This study shows that Mediator recruitment to the pro-
moter region is an activator-dependent process in both TAF-
dependent and TAF-independent activation. (iv) This is the
first functional illustration that in the absence of TAFs, Medi-
ator is able to enhance promoter recognition by TBP, in addi-
tion to its role in facilitating pol II entry to the preinitiation
complex.

Multiple forms of Mediator complexes. In yeast, the core of
Mediator can interact with a dissociable repressor module con-
taining Srb8, Srb9, Srb10, and Srb11 (6) to generate diversity of
Mediator complexes (7). A similar module consisting of human
Med230/TRAP230/ARC240, Med240/TRAP240/ARC250,
cdk8, and Cyclin C was also found in Mediator-P.5 but was
significantly reduced or undetectable in Mediator-P.85 (Fig.
1B). Clearly, multiple forms of Mediator complexes are pres-
ent in eukaryotes, including yeast (44, 56), Drosophila (28), C.
elegans (51), and humans (57, 62, 85, 89; this study). They may
share some common properties due to the presence of core
polypeptides, but they also likely show distinct functions as
conferred by the association with other protein modules or
polypeptides. In this work, we found that stimulation of basal
transcription and enhancement of activator-dependent tran-
scription are two separate activities intrinsic to distinct forms
of human Mediator complexes. This conclusion was also sup-
ported by experiments using immunodepletion of transcription
activity from nuclear extracts with antibodies against specific
components of Mediator (5, 62). Interestingly, two similar but
distinct forms of human Mediator (CRSP and ARC-L) exhibit

FIG. 8. The coactivator function of Mediator-P.5 and PC4 was eliminated after preincubation of DNA templates with TFIID, but not with TBP.
In vitro transcription was performed as outlined, without (	) or with Mediator-P.5 and PC4 added either during (�) or after (aft) preincubation.
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a dramatic difference in coactivator function and pol II asso-
ciation (71, 85). Only the smaller form of Mediator complex,
CRSP, is highly active in transcription and is able to interact
with the CTD of pol II. Our Mediator-P.85, whose protein
composition appears similar to that of CRSP, did not exhibit
coactivator activity as reported by CRSP in our highly purified
reconstituted transcription system. Nevertheless, the enhance-
ment of basal transcription exhibited by our Mediator-P.85 is
consistent with the finding of a basal-stimulating activity by
a Mediator complex detected in the P.85 fraction of HeLa
nuclear extracts (62). The functional difference between Me-
diator-P.5 and CRSP may be due to the use of different tran-
scription templates and activators in distinct transcription con-
ditions, which remains to be further explored. In contrast, the
larger form of Mediator complex, ARC-L, is transcriptional-
ly inactive, which is likely due to a specific presence of the
repressor module containing ARC240, ARC250, cdk8, and
cyclin C in ARC-L (84), in agreement with the biochemical
characterization of a repressor form of cdk8-containing Medi-
ator complex (83). However, in other studies, removal of cdk8-
associated polypeptides from purified Mediator did not signif-
icantly alter the functional property of the undepleted complex
(69, 89; this study), indicating either a nonrepressing or an
inactive role of the cdk8 module in the complex. This discrep-
ancy remains to be further investigated.

Activator-facilitated recruitment of the transcription com-
plex. Recruitment of general transcription factors and cofac-
tors by gene-specific activators is an important event leading to
the initiation of transcription. In a previous study, we found

that promoter recognition by TFIID in TAF-dependent acti-
vation and recruitment of pol II for preinitiation complex for-
mation in TAF-independent activation constitute two major
steps regulated by transcriptional activators (94). When Medi-
ator was additionally included in this transcription system, it
worked mainly by enhancing activator-facilitated recruitment
of pol II in both TAF-dependent and TAF-independent acti-
vation (Fig. 4 to 6 and data not shown). Consistent with a
recent study performed with HeLa nuclear extracts (82), re-
cruitment of Mediator to the promoter region is an activator-
dependent process in vivo (15, 75) and in vitro (Fig. 7A and
9B). This finding further documents the interesting observa-
tion that an activator is necessary to target the nonspecific
DNA-binding activity of general cofactors (PC4 and Mediator)
and chromatin-modifying complexes (SWI/SNF and GCN5) to
specific promoter regions and thereby enhance transcription of
activated genes (1, 2, 31). The assembly of the transcription
complex, however, was not dependent on the presence of a
functional TATA box and, instead, is likely to be recruited
through upstream activator-binding sites (80) (Fig. 7C). Yet, in
TATA-less promoters such as the human TAFII55 gene (99,
100), activator-facilitated recruitment of the general cofactors
and pol II complexes may also be mediated through the initi-
ator and downstream core promoter elements. Thus, it will be
of great interest to examine whether transcription complexes
are assembled on TATA-less promoters through a distinct
assembly pathway.

Functional cooperativity among three general cofactors.
The coactivator function of the three general cofactors (Me-
diator, TAFs, and PC4) appears nonredundant, as mutations
on individual subunits of the complexes, even within the same
module, show a differential effect on genome-wide gene ex-
pression patterns (34). This is in part due to recruitment of
discrete general cofactors by different transcription activators.
In this study, we found that Mediator-P.5 could enhance acti-
vation by Gal4-VP16, but not by HPV-11 E2 protein, indicat-
ing that E2 may recruit general cofactors distinct from Medi-
ator for gene activation. Indeed, Mediator was not found in the
E2-cellular complexes isolated from a clonal human cell line
conditionally expressing HPV-11 E2. Instead, E2 assembles into
a large multiprotein complex with TFIID and other bromo-
domain-containing chromatin-modifying cofactors (S.-Y. Wu,
S. Y. Hou, and C.-M. Chiang, unpublished data). This selective
recruitment of Mediator and TFIID for activation by Gal4-
VP16 and HPV-11 E2, respectively, further reinforces the view
that general cofactors are differentially required for gene ac-
tivation in vivo (11, 23, 25, 27, 37, 39, 51, 61, 64, 82, 88, 98).

In our completely defined human cell-free transcription sys-
tem, TAFs are not required for Mediator-facilitated activation
by Gal4-VP16 (Fig. 6 to 8), a result consistent with immu-
nodepletion experiments performed with HeLa nuclear ex-
tracts (73) and with in vitro transcription assays reconstituted
with some partially purified fractions and DNA templates re-
sponding to activation by thyroid hormone receptor (22). The
involvement of TAFs nonetheless becomes obvious when tran-
scription assays were conducted in a suppressive environment
imposed by the use of chromatin templates or by the presence
of nonchromosomal inhibitory activities (5, 30, 41, 48, 50, 53,
54, 68, 81, 97). Undoubtedly, TAFs can work cooperatively
with Mediator to enhance the overall level of activation, al-

FIG. 9. Mediator-P.5 enhances promoter recognition by TBP in an
activator-dependent manner. (A) DNase I footprinting performed
with a high concentration of TBP. DNase I footprinting was performed
with a 32P-labeled DNA fragment containing five Gal4-binding sites
linked to the adenovirus major late promoter preceding a 380-nucle-
otide G-less cassette in the absence (	) or presence (�) of Mediator-
P.5, TBP, and Gal4-VP16 (VP16), as described in Materials and Meth-
ods. The protected regions surrounding the TATA box and the Gal4-
binding site are bracketed with thick and thin lines, respectively. (B)
DNase I footprinting performed with a low concentration of TBP. The
footprinting assay was performed as described in the legend for panel
A, except using 0.18 nM DNA, 2.8 nM TBP, 10 nM Gal4-VP16, and
0.005 U of DNase I.
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though the mechanism of synergy remains to be further eluci-
dated.

The previous finding that TAFs also work by enhancing
activator-facilitated recruitment of the initiation form of pol II
into the preinitiation complex (94) reveals a functional simi-
larity between TAFs and Mediator in activator-dependent
transcription. Surprisingly, the coactivator function of Media-
tor was apparently blocked when Mediator was added after
preincubation of TFIID with DNA templates (Fig. 8). Presum-
ably, TAFs induce a topological change in promoter structure
(72), which somehow restricts the access of preformed Medi-
ator-pol II complexes to the promoter region. Alternatively,
TAFs and Mediator may compete for the same binding sur-
faces on pol II. In our studies, Mediator could not functionally
replace TAFs in switching the activator-regulated step from
pol II entry to promoter recognition in TAF-independent ac-
tivation (Fig. 8), indicating that Mediator and TAFs, although
they share some common coactivator activity in activator-
facilitated recruitment of pol II, do not function equivalently
during preinitiation complex assembly. The ability of TAFs to
function collectively as a sequence-specific core promoter-
binding factor in binding to initiator and downstream promoter
elements also distinguishes the properties of TAFs from those
exhibited by Mediator and PC4.

In this work, we found that PC4 is essential for the coacti-
vator function of Mediator in our cell-free transcription system
(Fig. 2 and 8) and can work cooperatively with Mediator as
described previously for the synergy between PC2 and other
USA-derived coactivators (57). PC4 apparently acts at the
promoter recognition step in TAF-dependent activation, as
reported previously (43), but can also function at a later step(s)
in TAF-independent activation (Fig. 8). It will be of great
interest to see how these general cofactors work synergistically
with other types of transcriptional coactivators and corepres-
sors in facilitating transcription from both naked DNA and
chromatin templates, which will further shed light on the func-
tional properties of Mediator, PC4, and TAFs in eukaryotic
transcription.
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71. Näär, A. M., D. J. Taatjes, W. Zhai, E. Nogales, and R. Tjian. 2002. Human
CRSP interacts with RNA polymerase II CTD and adopts a specific CTD-
bound conformation. Genes Dev. 16:1339–1344.
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73. Oelgeschläger, T., T. Yong, Y. K. Kang, and R. G. Roeder. 1998. Transcrip-
tion activation via enhanced preinitiation complex assembly in a human
cell-free system lacking TAFIIs. Mol. Cell 1:925–931.

74. Park, J. M., B. S. Gim, J. M. Kim, J. H. Yoon, H.-S. Kim, J.-G. Kang, and
Y.-J. Kim. 2001. Drosophila mediator complex is broadly utilized by diverse
gene-specific transcription factors at different types of core promoters. Mol.
Cell. Biol. 21:2312–2323.

75. Park, J. M., J. Werner, J. M. Kim, J. T. Lis, and Y. J. Kim. 2001. Mediator,
not holoenzyme, is directly recruited to the heat shock promoter by HSF
upon heat shock. Mol. Cell 8:9–19.

76. Pham, A. D., and F. Sauer. 2000. Ubiquitin-activating/conjugating activity
of TAFII250, a mediator of activation of gene expression in Drosophila.
Science 289:2357–2360.

77. Rachez, C., and L. P. Freedman. 2001. Mediator complexes and transcrip-
tion. Curr. Opin. Cell Biol. 13:274–280.

78. Rachez, C., B. D. Lemon, Z. Suldan, V. Bromleigh, M. Gamble, A. M. Näär,
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