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ABSTRACT A multiprotein complex isolated from mu-
rine cells is identified as a counterpart of the yeast Mediator
of transcriptional regulation on the basis of the following:
homologs of two subunits of yeast Mediator, Srb7 and Med7,
copurify with the complex; peptide sequencing reveals, in
addition, homologs of the yeast Mediator subunits Rgrl and
Med6; as with yeast Mediator, the mouse complex binds to the
RNA polymerase II C-terminal domain (CTD) and stimulates
phosphorylation of the CTD by TFIIH. Peptide sequencing
also identifies a component of mouse Mediator as a relative of
Ring-3 protein, a mitogen-activated nuclear protein kinase,
raising the possibility of Mediator as an end point of signal
transduction pathways.

Despite evidence for direct activator protein—basal transcrip-
tion factor interaction (first reported in ref. 1), no response to
activators can be detected in transcription reactions reconsti-
tuted with basal factors alone (for example, see ref. 2). Rather,
additional proteins are required, which evidently play an
intermediary role. Studies in Drosophila and human systems
have identified TATA-binding protein-associated factors
(TAFs) as such intermediaries (3, 4). Reconstitution of acti-
vated transcription with yeast proteins, however, revealed no
requirement for TAFs and led to the isolation, instead, of a
multiprotein Mediator complex (5). This apparent discrepancy
between yeast and higher systems was underscored by the
finding that destabilization or destruction of TAFs in yeast had
no effect on activated transcription in vivo (6, 7). At a rare
promoter where the elimination of TAFs did have an effect,
their role was in recognition of an extended TATA element
rather than in interaction with upstream regulatory sequences
(8).

Several lines of evidence implicate Mediator in the response
to upstream elements in yeast. The C-terminal domain (CTD)
of RNA polymerase II is required for transcriptional activa-
tion; truncation of the CTD impairs activation, and suppressor
mutations have been isolated in Mediator subunits termed
Srbs (9). More direct evidence has come from mutations in the
Mediator subunits Med2 and Med6, which diminish activation
in vitro and in vivo (10, 11). Finally, mutations in other
Mediator subunits, such as Sin4 and Rgrl, interfere with
transcriptional repression (12-14).

The first indication of similar mechanisms in higher organ-
isms, relating to the CTD, came from the expression of
CTD-less RNA polymerase II in murine cells (15). Effects of
almost all activator proteins tested were abolished. It has been
shown further that human cells contain a homolog of the yeast
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Mediator subunit Srb7, which is enriched in a partially purified
preparation of RNA polymerase II (16, 17). Database searches
have revealed two additional human expressed sequence tags
(ESTs) encoding homologs of the yeast Mediator subunits
Med6 and Med7.

Do mammalian Srb7, Med6, and Med7 occur in a single,
large complex? Do mammalian cells contain a physical and
functional counterpart of the yeast Mediator of transcriptional
regulation? Here we report on the existence of a mammalian
protein complex containing multiple homologs of yeast Me-
diator components. Although isolated on the basis of sequence
homology, the mammalian complex showed functional simi-
larity to yeast Mediator as well.

Our findings also are pertinent to mechanisms of signal
transduction in higher organisms. Two pathways of signal
transduction culminating in effects on transcription have been
described, involving nuclear translocation of transcription
factors (reviewed in ref. 18) or of protein kinases (see, for
example, refs. 19 and 20). The subunits of mouse Mediator
described here include an apparent target of a cytosolic protein
kinase, raising the possibility of Mediator as an end point of
signal transduction pathways.

MATERIALS AND METHODS

Recombinant CTD. His-tagged yeast CTD was expressed
from a plasmid constructed by O. Gileadi (Weizmann Insti-
tute, Rehovot, Israel). For the expression of glutathione
S-transferase (GST)-CTD, a HindIII fragment of YCpL14 (21)
was filled in, cleaved with BamHI, and inserted into pGEX-
2TK, which was cleaved previously with EcoRI, filled in, and
cleaved with BamHI.

Antibodies and Immunoblot Analysis. For the production of
antibodies against mouse Med7 (GenBank accession no.
AF031383), the DNA sequence from residues 4-131 was
amplified by PCR from EST clone AA195756 with primers
adding a 5'-Ndel site (5'-ATAGGATCCCATATGCCACAG-
CAAGTGAGTGCACTTCCACCACCTCC-3') and a 3'-
BamHI site (5'-CGCGGATCCGCTTGGTGGGGTCGG-
TATTCATTTATAAGCTGAGC-3"). The PCR product was
inserted into the corresponding site of pET-16b (Novagen).
The recombinant protein was expressed in Escherichia coli
BL21(DE3)pLys, purified with the use of Ni>*-NTA agarose
(Qiagen) under native conditions according to the manufac-
turer’s instructions, and used to immunize rabbits (Babco,
Richmond, CA).

Abbreviations: CTD, C-terminal domain; EST, expressed sequence
tag; GST, glutathione S-transferase.

Data deposition: The sequence reported in this paper has been
deposited in the GenBank database (accession no. AF031383).

To whom reprint requests should be addressed. e-mail: kornberg@
cellbio.stanford.edu.
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F1G. 1. Mouse Mediator fractionation scheme. Numbers indicate
concentrations (mM) of salts used for elution.

A
Mediator Holoenzyme?

-g J l

£ .

2 Fraction

3

‘g 21 22 23 24 25 26 27 28 29 30 3 32
g '

o

@

=

B Fraction

20 21 22 23 24 25 26 27 28 29 30 31 32

i s qil, AP e S

FiG. 2. Elution profiles from last step of mouse Mediator purifi-
cation. (4) SDS/PAGE of TSK-Heparin-5PW fractions. Proteins were
revealed by silver staining. Tick marks at left indicate positions of
bands that coelute and coimmunoprecipitate (Fig. 3) and that are
therefore attributed to Mediator subunits. Positions of bands due to
size markers (kDa) are indicated at the right. Peak fractions of mSrb7
and mMed?7 in the immunoblot (B Lower), attributed to Mediator and
to possible RNA polymerase II-Mediator complex (“holoenzyme”),
are indicated by arrows at the top. (B) Immunoblot of TSK-Heparin-
SPW fractions with antibodies against hSrb7 and hMed7. Only the
regions of the blots containing mSrb7 and mMed7 are shown.
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For the production of anti-hSrb7 antibodies, a 600-bp
HindIII fragment of EST clone H08048 containing the full-
length hSrb7 ¢cDNA was inserted into the HindIII site of
pUCI1318, and a clone (D485) with ASrb7 and lacZ genes in
opposite orientations was identified. A 600-bp BamHI frag-
ment of D485 containing the full-length hSrb7 cDNA was
inserted in the BamHI site of pET-16D, yielding a clone (D486)
with an in-frame fusion of the hSrb7 cDNA with the His tag
of the vector. His-tagged hSrb7 was expressed in BL21pLYSE,
purified with the use of Ni?*-NTA agarose (Qiagen) according
to the manufacturer’s instructions, and used to immunize
rabbits (Babco). Unless otherwise noted, proteins were re-
solved in SDS-12% polyacrylamide gels and immunoblotted as
described (5).

Mouse Mediator Purification. Mouse Mediator was derived
from nuclear extract, which was prepared as described (22)
from about 4 kg of SpO/2 hybridoma cells. The nuclear extract
was applied to a 9 X 30-cm column of BioRex 70 in buffer
A(300) (25 mM Hepes, pH 7.9/1 mM DTT/1 mM EDTA/
10% glycerol; mM potassium acetate in parenthesis). The
column was washed with 2 vol of buffer A(600) and eluted with
buffer A(1,200). Fractions containing mSrb7 and mMed7 were
applied to a 4.5 X 25-cm column of hydroxyapatite in buffer
B(10) (100 mM potassium acetate/1 mM DTT/0.1 mM
CaCly/10% glycerol/protease inhibitors (5); mM potassium
phosphate, pH 7.7, in parenthesis). The column was washed
with 2 vol of buffer B(350) and eluted with buffer B(500).
Fractions containing mSrb7 and mMed7 were dialyzed against
buffer C(100) (25 mM Tris acetate, pH 7.8§/1 mM DTT/1 mM
EDTA/10% glycerol/protease inhibitors; mM potassium ac-
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F16. 3. Immunoprecipitation of mouse Mediator with antibodies

against hSrb7. TSK-Heparin-5PW fraction 24 (50 wpl) was immuno-
precipitated with 100 ul of protein A-Sepharose-purified anti-hSrb7
antibodies crosslinked to 50 ul of Sepharose beads as described (5).
After incubation for 4 h at 4°C in 25 mM Tris acetate, pH 7.8/200 mM
potassium acetate/0.1 mM DTT/1 mM EDTA/10% glycerol/
protease inhibitors, the beads were washed twice with the same buffer
containing 500 mM potassium acetate/0.2% Nonidet P-40. Immuno-
precipitated proteins (“IP pellet”) were eluted with 5 M urea twice for
10 min at room temperature, precipitated with trichloroacetic acid,
analyzed alongside the starting fraction (“IP input,” 20 ul, precipitated
with trichloroacetic acid) by electrophoresis in an 8-12% gradient
SDS-polyacrylamide gel, and revealed by silver staining. Positions of
bands due to size markers (kDa) are indicated at the left. Mediator
subunits are identified at the right.
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Table 1. Mass spectrometric and limited sequence analysis results
Subunit Peptide sequence(s) m/z Database match(es) [MH+] (Appm) Homolog(s)
pl60a — — —
p160b — — —
p110 LVTTDLPPQLANLTVANGR 1,993.052 EST AA562494 1,993.108 (28) Yeast Rgrl and
C. elegans Rgrl
LLQLEILVEDKETGDGR 1,928.064 EST AA562494 1,928.035 (15)
ALVHSMQIDFIHQLVQSR* 2,122.097 EST AA562494 2,122.123 (12)
p96a YNPPDHEVVAMAR 1,498.672  EST AA145180 1,498.711 (26) Human Ring-3 and
NSNPDEIEIDFETLKPSTLR 2,318.128  GenBank X97573 2,318.152 (32) Drosophila fsh
p96b VASDTQFYPGLGLALAFQDGSVHMVHR 2,916.306 EST AA022304 2,916.446 (48) —
p78 TKPGSPHWQSK 1,252.641  EST HSDHEI0671/ 1,252.644 (2) —
TIGR hgi
THC173176%
IEDPQIQAHWSNINDVYESSVK 2,572.194  EST W84147 2,572.232 (14) —
QVQEVGLDGTETYLQPLSMSOQONLAR 2,777.376  EST AA3138907 2,771.378 (1) —
po6 EYRDAQEFGADVR 1,555.674 EST AA145180/ 1,555.714 (26) A possible degradation
EST AA403891 product of p96a
p55 — — —
p36 — — Yeast Med7
p34 MGGVSGMAGLGSTR 1,280.626  EST D76720 MUS 1,280.610 (12) C. elegans ZK546.13
69B04 gene product
RPYPTDLEMR 1,277.630  EST AA432609 1,277.632 (2)
ISASNAVCAPLTWVPGDPR 2,059.030 EST AA432609 2,059.045 (7)
P33 RPYPTDLEMR 1,277.618  EST AA432609 1,277.632 (10) A possible degradation
product of p34
P32 RKEEPSSIFQR 1,376.681  EST AA608236/ 1,376.730 (35) Yeast Med6
GENBANK
U78082F
VLTAVHGIQSAFDEAMSYCR* 2,303.141  EST AA608236 2,303.097 (19)
QSPAQVIPLADYYIIAGVIYQAPDLGSVINSR 3431779 EST AA6133467 3,431.822 (12)
p28a YQYCDFLVK 1,283.614  EST AA0854807 1,283.614 (0) Drosophila TRF
HDAVYGPADTMIQYMELFNK 2,343.074  EST AA0854807 2,343.079 (2) Proximal protein
p28b NFEAQLKPLVHLEK 1,665.867  W2429587/ 1,665.934 (40) —
AA461545T/
AA262939F
p21 — — Yeast Srb7

m/z, experimental monoisotopic mass. [MH+], calculated theoretical mass plus one proton. Appm, difference between measured and theoretical

mass, in parts per million.
“Identified only by mass spectrometry.
THuman ESTs.

etate in parentheses) and applied to a MonoQ HR 10/10
column, developed with a linear gradient of potassium acetate
(100-1,000 mM) in buffer C. Peak mSrb7 and mMed7 frac-
tions (centered at about 800 mM potassium acetate) were
made 1 M in ammonium sulfate and applied to a Phenyl
Superose HR5/5 column in buffer D(1,000) (50 mM potas-
sium phosphate, pH 7.0/1 mM DTT/10% glycerol/protease
inhibitors; mM ammonium sulfate in parentheses), developed
with a linear gradient of ammonium sulfate (1,000-0 mM) in
buffer D. Peak mSrb7 and mMed7 fractions (centered at about
400 mM ammonium sulfate) were dialyzed against buffer
C(100) and applied to a progel-TSK Heparin-5PW column in
buffer C(100), developed with a linear gradient of potassium
acetate (100-1,000 mM) in buffer C.

Protein Sequencing. Ponceau S-stained protein bands (Fig.
3) were excised and digested with trypsin in situ (23). Peptides
were fractionated by reversed-phase HPLC (24) with the use
of a 0.8-mm Vydac C18 column. Selected peak fractions were
analyzed by a combination of delayed extraction matrix-
assisted laser-desorption/ionization reflectron time-of-flight
mass spectrometry (REFLEX III, Bruker-Franzen; Bremen,
Germany) and automated Edman sequencing (477A; Applied
Biosystems) (25, 26). Peptide sequences were compared with
entries in nonredundant protein and nucleotide (including
dbEST) databases with the use of the National Center for
Biotechnology Information Advanced BLAST program (27).
Peptide monoisotopic masses were summed from the identi-

fied residues (including the presumed ones) with the use of
PROCOMP 1.2 software (obtained from P. C. Andrews, Univer-
sity of Michigan, Ann Arbor).

RESULTS

Homologs of Srb7 and Med7 Copurify with a Mouse Mul-
tiprotein Complex. To investigate the occurrence of a mam-
malian protein complex containing multiple homologs of yeast
Mediator proteins, a mouse hybridoma cell nuclear extract was
fractionated by conventional means (Fig. 1), monitored by
immunoblot analysis with antibodies against human Srb7
(hSrb7) and mouse Med7 (mMed7) proteins. Immunoreactive
species with apparent molecular weights corresponding to
mSrb7 and mMed7 were detected in the starting extract and
copurified throughout the procedure. About half of these
proteins eluted from BioRex 70 with 600 mM potassium
acetate, and the remaining half was recovered in a 1,200 mM
potassium acetate fraction. The 600 mM potassium acetate
eluate proved refractory to further purification, possibly a
result of damage caused by proteolysis, because the RNA
polymerase II in this fraction was significantly degraded. The
1,200 mM fraction, on the other hand, could be enriched
through four further chromatographic steps. The immunore-
active proteins eluted in two peaks in the final step, HPLC on
TSK heparin (Fig. 2). The first peak coincided with a peak of
several polypeptides revealed by SDS/PAGE.
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A
mRgrl: 1 YRLSTLIEFLIHRAYSELMVLITLLPRKSIVERKIEIVQAFSRTROLFVRLLALVKWAND 60
+ +V FA TR F++L+ALVKW
cRorl: 1 MSLVHFAHATRSQFLKLVALVKWIRI 26
|
mRgrl: 61 AGRVERC-———====m=e—mm—ae, -AMLS; VHARLPS 103
+ +++ C I IDQ+ F+DTADRL ++ R L ARLP

CRorl: 27 SKRMDVCYVSLIRSISIEKKTLIFQSIDYLI DL QSQYFIDTADRLVAMIRGDLELARLPE 86

mRgrl: 104 FATPYATDVLTTGSYPRLPTCIRIKI IPPDPTTKIEKQATLHOINQITRHRL — VITOLP 161
+ I ATINL G+Y R+P+ I++ IPP IT E++ +LNQH++ RL +++ +P
cRgrl: 87 YHIAPATOVLVLGTYNRMPSKIKEAFIPPAKTTPREQKLVTSRLNOLIESRLSRLSSGIP 146

AEHA N

mRgrl: 162 POLANITVANGRVKFRVEGEFEATLTVMEDPEVPWR LLOL FTT VEDKETGDGRALVHSM 221
P+ ++ NG V GEFE +T++G+ WIL +INVED EGG LVH +
cRgri: 137 PNIKETHINNGLATLLVPGEFEIKITLLGETEMIKWILLNIKITVEDYELGMGLPLVHPL 206

R -
mRorl: 222 QIDFTHQIVQSR 233

O+ +H +QSR .
cRgrl: 207 QLNQLHGVLQSR 218...1389

B
YRgrl: 1...138 RTQFLKLYVLVKWTRTIKQ 156...262 IPKPLNSYHIKNGRIYFTVPNEFVIQLS 289
R+QFLKL LVKW R K+ P + HI NG VP EF I+++
cRgrl: 1....11 RSQFLKLVALVKWIRISKR 29....145 IPPNIKEIHINNGLATLLVPGEFEIKIT 172
YRgri: ...342 PLNKPRLEKLINEILLKSNDPLLSLYNFLHKYVLTLQLYMVHREFLKLANGGKFSKSNL 340
PL +L o+ + S +P+ ++FLH + ++LQL ++ + +LA G+ +
cRgrl: ...205 PLQLNQLHGVLQSRMNVSLNPIKEAFSFLHSFCVSLQLDVLFCQTSRLAA-GRLRDNIT 262

YRgrl: 341 THNYDSKKSTITVRYWL 417...1083
I YD K+ + V YW+
cRgrl: 263 IEKYDPKERVLVVGYWV 279...1279%

C

hTrf-p: 1 MGVTCVSOMPVAR-KSVOOTVELLTRKLEML GAEKQGTFCVDCETYHT 44
MVT + P+ KS ++ Le++L LGA G F VDCET+

ATrf-p: 1 MGVTILQPYPLPEGKSGAHT IDQLSKRLLAI GATHAGQFLVDCETF-- 46

hrrf-p: 45 AASTIGSQGQTGKI MYVMHNSEYPLSCFALFENGPC-———-] LIADTNFIVIMVKLKGFFQ 102
ST G G+ ++V+HNSEYP S F++ +NG ++AD  FDHIMHK+  F
drrf-p: 46 -ISTPQPHNGAPGRAVHVIHNSEYPASTFSIITNGTGKOVAIVALNIFDLI MLXKMINTFT 105

p28a: YQYCDEFLVK
hrrf-P: 103 SAKASKIETRGTRYOYCDFIVKVGTVIMGPSA-GISVEVEYGPCVVASDCWSLLLEFTQS 161
S K +KIE+RG R++Y DF++K+G+VIM GI +E+EY CV+ + CW ++ E IO

arrf-p: 106 ILIETEYKSCVILAYCWEMIREMLOG 165
.

p28a: HDAVYGPADTMIQYMELFNK

HTrf-P: 162 FLGSHTRGAPAVECN-———--—————--~-] RELAVYGPADTMVOYMELFNKTREQOQVPL, 206

FLG +H+ ++ P DI+ QV+E F  RKQ
dTrf-P: 166 FLGIAVNKDFPSYFAPQTIMIAMGQOOLHAKHNDIFEPMITVRQYLEQFTNYRKQUTIMS 225

hTrf-P: 207 LGFLVMSSCS 216

drrf-P: 226 GMGSGPGXNVGENVHMSPAVAGIHRS 252

Fi1G. 4. Sequence alignments. (4) Mouse and C. elegans Rgrl
homologs. Sequence analysis of the p110 component of mouse Me-
diator yielded two peptides (underlined) matching the sequence
expected from mouse EST AA562494 translated in the +2 frame. The
DNA sequence of EST AA562494 partially overlapped that of EST
AA204093, and fusion of the two DNA sequences and translation
generated the 233-residue mouse sequence shown. A BLAST search
with this sequence revealed the homology with C. elegans Rgr1 shown.
A third peptide from p110 was mapped to a region of the 233-residue
mouse sequence (indicated by asterisks) on the basis of its experi-
mental mass (m/z = 2122.097), which was in excellent agreement with
the calculated monoisotopic mass of the expected peptide [[MH+) =
2122.123,A = 0.026 Da (12 ppm)]. (B) Yeast Rgrl and C. elegans Rgrl
homolog. (C) Human homolog of the p28a component of mouse
Mediator and Drosophila Trf-proximal. Peptide sequences obtained
from p28a are underlined. A difference between human and mouse
sequences is indicated by an asterisk.

Two observations identified the first peak from TSK heparin
as a nearly homogeneous multiprotein complex. All polypep-
tides in the peak appeared to coelute, and all polypeptides
were coimmunoprecipitated with anti-hSrb7 antibodies (Fig.
3). The second peak from TSK heparin evidently was impure,
containing many more polypeptides. Reconstituted transcrip-
tion assays with proteins from rat liver indicated the first peak
was devoid of RNA polymerase II and general transcription
factors, whereas the second peak contained polymerase,
TFIIE, and TFIIH (data not shown).
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Mouse Multiprotein Complex Contains Four Homologs of
Yeast Mediator Subunits. All bands resolved by SDS/PAGE
from the first TSK heparin peak, except for those due to mSrb7
and mMed7, were subjected to mass spectrometric and limited
sequence analysis (Table 1). The proteins were transferred to
a nitrocellulose membrane and digested with trypsin. The
resulting peptides were fractionated by microbore reversed-
phase HPLC and analyzed by matrix-associated laser desorp-
tion/ionization time-of-flight mass spectrometry and limited
Edman sequencing. Nine of the bands yielded sequences
matching those of mouse or human ESTs. The band of
apparent mass of 110 kDa (p110) exhibited homology to a
Caenorhabditis elegans protein [basic local alignment search
technique for protein sequences (BLASTP) value: 5.1e-35],
which, in turn, shows significant homology to the yeast Medi-
ator protein Rgrl (BLASTP value: 8.4e-4) (Fig. 44 and B).
Sequences from p96a showed homology with that of human
Ring-3 protein (28), which, in turn, is homologous to a
Drosophila developmental regulator, female sterile homeotic
protein (29). Sequences from p66 identified it as a proteolytic
digestion product of p96a. Sequences from p34 were homol-
ogous to that of a C. elegans protein of unknown function.
Sequences from p32 identified it as a mouse version of the
previously reported hMed6. The sequence of p28a showed
homology with that of a Drosophila protein, TRF-proximal
(Fig. 4C).

Mouse Multiprotein Complex Binds the RNA Polymerase 11
CTD and Stimulates CTD Phosphorylation. Purified yeast
Mediator exhibits three functional activities: stimulation of
basal transcription, support of activated transcription, and
stimulation of CTD phosphorylation by TFIIH. Yeast Medi-
ator has further been shown to bind tightly and specifically to
the CTD. Assays performed with purified RNA polymerase 11
and general transcription factors from rat liver so far have
failed to reveal effects of the multiprotein complex from the
first TSK heparin peak on either basal or activated reactions.
Stimulation of CTD phosphorylation, however, was readily
observed. In reactions performed with recombinant yeast
CTD and rat TFIIH, the increase in phosphorylation in the
presence of a TSK heparin fraction was 9.5-fold (Fig. 54). The
stimulatory activity evidently resided in the mSrb7/mMed7
multiprotein complex, since the profile of activity across the
TSK heparin column corresponded with that of the immuno-
reactive polypeptides (Fig. 5B, upper curve). Some activity
could be detected in the second TSK heparin peak even
without the addition of TFIIH, presumably reflecting the
presence of TFIIH in that peak, as mentioned above (Fig. 5B,
lower curve).

Binding of the multiprotein complex from the first TSK
heparin peak to the yeast CTD was demonstrated with the use
of a GST-CTD fusion protein immobilized on glutathione-
agarose. The complex was entirely bound by the resin and
could be eluted completely with glutathione, as shown by
immunoblot analysis with anti-mMed7 antibodies (Fig. 5C).
No binding was detected to a control resin formed with GST
alone.

DISCUSSION

Four lines of evidence identify the mouse multiprotein com-
plex isolated here as a mammalian counterpart of the yeast
Mediator of transcriptional regulation. First, homologs of the
yeast Mediator subunits Srb7 and Med7 copurify with the
multiprotein complex. Occurrence of the entire set of proteins
in a discrete entity was shown by coimmunoprecipitation with
anti-hSrb7 antibodies. Second, peptide sequence determina-
tion revealed homologs of the yeast Mediator subunits Rgrl
and Med6 in the multiprotein complex as well. Third, the
complex binds specifically to the RNA polymerase II CTD, as
does yeast Mediator. Finally, the complex stimulates TFITH
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F1G.5. Physical and functional interaction of mouse Mediator with
the RNA polymerase II CTD. (4) Stimulation by mouse Mediator of
CTD phosphorylation by TFIIH. Recombinant His-tagged yeast CTD
(50 ng) was incubated with rat TFIIH (15 ng) and mouse Mediator
(TSK-Heparin-5SPW fraction 25, 100 ng) in 15 ul of 20 mM Hepes, pH
7.6/110 mM potassium acetate/5 uM (0.3 uCi) [y-?P]JATP/7.5 mM
magnesium acetate/2 mM DTT for 30 min at 23°C, followed by
electrophoresis in an SDS-polyacrylamide gel and autoradiography.
(B) Profile of stimulatory activity shown in 4 across the TSK-Heparin-
SPW column (1 ul of each fraction, corresponding to 100 ng of fraction
25, or control without fraction, designated “w/0”), measured in the
presence (upper curve) or absence (lower curve) of added TFIIH.
Intensities of bands determined with a PhosphorImager are plotted in
arbitrary units on the abscissa. (C) Binding of mouse Mediator to
GST-CTD. Glutathione-agarose (30 ul of a 50% slurry, Sigma) was

Proc. Natl. Acad. Sci. USA 95 (1998)

phosphorylation of the CTD, a key functional characteristic of
yeast Mediator.

The differences between yeast and mammalian Mediators
also may be significant. Only four of nine mouse Mediator
subunits for which peptide sequence information is available
have homologs in yeast. Mouse Mediator appears to lack all
members of a set of proteins, Sin4, Med2, Pgdl, and Galll,
which form a discrete module of yeast Mediator (“Sin4
module”) (11, 30). Whereas databases contain multiple entries
of ESTs encoding the four mouse homologs of yeast Mediator
proteins so far identified, no ESTs encoding peptides homol-
ogous to members of the Sin4 module could be found. Mouse
Mediator also evidently lacks a point of attachment of the Sin4
module, which, in the yeast complex, is through the C-terminal
region of Rgrl (30). Although a full-length mammalian Rgrl
sequence has not yet been determined, the high degree of
similarity of the N-terminal region between yRgr1 and cRgrl
and lack of other homology in the sequence currently available
(Fig. 4B) suggest that homology between the two proteins is
restricted to the N-terminal region.

The discovery of a Ring-3-like protein as a subunit of
Mediator points to a role of the mouse complex in signal
transduction as well as in transcriptional regulation. Genetic
studies have suggested that a Drosophila homolog of Ring-3,
the female sterile homeotic (fsh) gene, is a transacting effector
of trithorax, another homeotic gene, whose sequence is indic-
ative of a role as a transcription factor. A human homolog of
trithorax, ALL-1 (also known as MLL, HRX, and HTRX-1)
(31-35), is altered by reciprocal chromosomal translocations in
certain leukemias. Human Ring-3 has been identified as a
nuclear kinase, which is activated by phosphorylation. The
kinase activity is elevated markedly in acute and chronic
lymphocytic leukemias. The genetic interaction between Dro-
sophila trithorax and fsh prompted the proposal that ALL-1 is
a target of the human Ring-3 kinase (36). The occurrence of
a Ring-3-like protein in mouse Mediator raises the possibility
that the Ring-3 target is a component of the RNA polymerase
IT transcription machinery. Regardless of the Ring-3 target,
the involvement of Mediator in signal transduction pathway(s)
affecting transcription calls for further investigation.

Besides Ring-3, a 90-kDa, Ring-3-like kinase has been
isolated from Hela nuclear extracts that is activated in response
to mitogens by phosphorylation, apparently as a result of
nuclear translocation of a cytosolic protein kinase (36). Al-
though others originally identified the protein as Ring-3, we
find a perfect match of published peptide sequences from the
90-kDa protein with the predicted product of the human orfx
gene, a Ring-3-like protein.

In addition to the regulation of human Ring-3 by phosphor-
ylation, the occurrence of multiple Ring-3-like proteins en-
coded by human ESTs raises the possibility of modulation of
mediator function by variation of the Ring-3 subunit. Multiple
Ring-3-like proteins also have been identified in the mouse,
and the peptide sequences we obtained for p96a are insuffi-

incubated with GST (50 ug) or GST-CTD (50 ug) for 1 h at 4°C with
gentle agitation. The beads were washed three times with buffer
E(600) (20 mM Tris-Cl, pH 7.9/1 mM MgCl»/10 uM ZnCl>/0.2 mM
EDTA/10% glycerol/protease inhibitors; mM potassium acetate in
parenthesis) containing 0.02% Nonidet P-40, and twice in buffer
E(200) containing 0.01% Nonidet P-40. The beads then were incu-
bated with Mediator (TSK-Heparin-5PW fraction 25, 1.5 ug) in 100 ul
of buffer E(200) containing 0.01% Nonidet P-40 for 2 h at 4°C with
gentle agitation, followed by three washes with buffer E(200) con-
taining 0.1% Nonidet P-40 and elution with 35 ul of 10 mM reduced
glutathione in 50 mM Tris acetate, pH 7.8, for 10 min at 4°C with gentle
agitation. The supernatants from the initial binding of Mediator,
concentrated by trichloroacetic acid precipitation (“GST supt,” “GST-
CTD supt”), and the entire eluates were analyzed by SDS/PAGE and
immunoblotting with anti-mMed7 antibodies.
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cient to correlate it more precisely with a particular human
protein. Studies of the mammalian Ring-3 family have revealed
both cell-type and functional specificity. A human family
member, BRDT, is expressed specifically in testis (37). Ex-
pression of a rat Ring-3-like gene, Mud6, is induced by
programmed cell death in cultured neuronal cells and devel-
oping sympathetic neurons (38). The Drosophila fsh gene also
displays specificity, functioning in embryogenesis and exhib-
iting a maternal effect (29).

The possible occurrence of multiple forms of Mediator also
could account for our failure to observe activity in transcrip-
tion in vitro. Our trials to date have been limited to the
activator Gal4-VP16 and the adenoviral major late promoter,
which may not respond to the Mediator we have isolated from
mouse hybridoma cells. Other possible reasons for inactivity of
the purified Mediator include the loss of an essential compo-
nent(s) during isolation, or a requirement for modification,
such as phosphorylation of the Ring-3-like protein (36).
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