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FIG. 2. Sequence alignment of Med10 homologs. Protein sequences of Med10 homologs from S. cerevisiae (GenBank accession no. U25840), S. pombe (2226420),
C. elegans (1176601), S. japonicum (AA661070), Arabidopsis thaliana (AA042215), and human (AA429956) are aligned. Identical amino acids (black boxes), similar

amino acids (shaded boxes), and gaps in the sequence (dashed line) are indicated.

thesis. This result suggests that different sets of Mediator pro-
teins may function in distinct transcriptional regulation path-
ways. In order to test this hypothesis, we compared the effects
of the transcriptional defects of Mediator mutants (med9 null,
med10 ts, medl1 ts, galll null, and med6 ts) on transcription of
the GALI, MFal, and HIS4 genes, which are regulated spe-
cifically by distinct groups of gene-specific transcriptional ac-
tivator proteins (Fig. 5). Transcription of GAL1 and MFal is
regulated by Gal4 and Mcml/Matal, respectively, whereas
regulation of HIS4 transcription requires the concerted partic-
ipation of Bas1/Bas2, Rapl, and Gen4 (6). In an amino acid-
rich environment, Bas1/Bas2 and Gen4 are required indepen-
dently for the basal expression of HIS4, and Rapl augments
DNA binding by Bas1/Bas2 and Gen4 (6). Upon amino acid
starvation, Gen4 is overproduced by a translational control
mechanism and drives Gend-mediated transcriptional activa-
tion (10).

Northern analysis revealed that the med9 and med!] muta-

tions reduced specifically basal transcription of H1S4 (an 8-fold
reduction) and activated transcription of MFal (a 2.3-fold re-
duction), respectively (Fig. 5, MED9 and MEDI11). The med10
mutation had no effect on GALI transcription but reduced the
levels of activated MFal transcription (9-fold), as well as basal
(5-fold) and activated (15-fold) HIS4 transcription (Fig. 5,
MEDI0). As shown previously (8, 24, 31), the galll null and
med6 ts mutations diminished severely transcription of GAL1
and MFal. However, these mutations affected HIS4 transcrip-
tion in distinct ways. Both basal and activated HIS4 transcrip-
tion were decreased slightly in the galll mutant but were
diminished severely in the med6 ts mutant (Fig. 5, GALI1 and
MED®6). Taken together, these results reveal several interesting
phenomena. First, each Mediator mutant exhibited a distinct
transcriptional defect pattern. Even the med9 and medI0 mu-
tants had completely different effects on HIS4 transcription
under amino acid starvation conditions. Second, the fact that
Med6 is absolutely required for most of the transcriptional
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FIG. 3. ts phenotypes of the newly identified Mediator mutants. Yeast strains
were spotted in duplicate on YPD agar plates, and each plate was incubated for
3 days at either the permissive (30°C) or nonpermissive (37°C) temperature. The
temperature sensitivities of the wild-type strains (W), Mediator mutant strains
(M), and mutant strains transformed with the corresponding wild-type Mediator
gene (rescued [R]) were compared for med9 null (A), med10 ts (B), and medI1
ts (C) mutants. At the bottom of each panel, the type of mutations and the
mutated amino acids and their positions are shown.

activation events tested suggests that Med6 may function down-
stream of the other Mediator proteins to modulate Pol II ac-
tivity.

Activator specificity of Mediator proteins. The observation
of distinct transcriptional defects for individual Mediator mu-
tants suggests that each gene-specific transcriptional activator
protein requires a certain Mediator protein(s) to accomplish
the transcriptional activation of a particular gene. Specifically,
the distinct requirements for Med9, Med10, and Galll in the
different types of HIS4 transcriptional regulation suggest that
each of these Mediator proteins may interact with one of the
three HIS4 transcriptional activators, Basl/Bas2, Gcn4, and
Rapl. Because Galll has been suggested to interact with
Rapl, we examined the effects of the med9, med10, and galll
mutations on transcriptional activation of ARG#4, which con-
tains only the Bas1/Bas2 and Gcen4 binding sites without the
Rapl binding site. The transcriptional defects of ARG4 in
med9 and med10 mutants were identical to those of HIS4
in the same mutants. However, ARG#4 transcription was not
compromised in the galll mutant (data not shown), con-
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firming that Galll mediates transcriptional stimulation by
Rapl.

In order to demonstrate that the distinct requirements for
Med9 and Medl10 in HIS4 transcription resulted from their
specific interaction with the Bas1/Bas2 and Gcen4 activators, we
used lacZ reporter plasmids bearing either a Gen4 binding site
or multiple LexA binding sites upstream of the CYCI core
promoter. We cotransformed the LexA-driven reporter con-
struct and a multicopy LexA-Bas2 expression construct (43)
into wild-type and Mediator mutant strains and examined the
levels of lacZ expression at the nonpermissive temperature.
Bas2-mediated transcriptional activation was abolished com-
pletely in the med9 mutant (a 170-fold reduction) and dimin-
ished in the med10 mutant (a 7.5-fold reduction) (Fig. 6). On
the other hand, transcriptional activation of the lacZ reporter
gene containing the Gen4 binding site was severely defective
only in the medI0 mutant when cells were grown under amino
acid starvation conditions at the nonpermissive temperature
(Fig. 6) (a 10-fold reduction). These results demonstrate that
Med9 is required specifically for Bas2-mediated transcriptional
activation, whereas Med10 is required for Bas2- and Gcn4-
mediated transcriptional activation.

In vitro transcription of mutant holopolymerase. The in vivo
analysis described above showed that specific activator pro-
teins require a distinct Mediator protein(s) to regulate the Pol
II transcription machinery. In order to examine whether the
activator-specific properties of Mediator are present in the
absence of additional cofactors, we examined the effects of
Mediator mutations on basal and activated transcription in a
defined in vitro transcription system reconstituted with pure
basal transcription factors, activator protein, and holopolymer-
ase.

When equivalent amounts (based on nonspecific polymerase
activities) of the wild-type and med9 null holopolymerases
were tested for basal transcription, the wild-type holopolymer-
ase displayed an eightfold-higher level of basal transcription
than did the med9 null holopolymerase (Fig. 7A, lanes 1 to 3
versus lanes 4 to 6). Even when equivalent amounts of Medi-
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FIG. 4. Northern analysis of genes isolated from differential display of Me-
diator mutant mRNAs. Wild-type (W) and mutant (M) mRNAs for each of the
Mediator genes indicated at the top were prepared from yeast cells grown in
YPD at the nonpermissive temperature. Each mRNA blot was hybridized with
the probe indicated at the left. As an RNA loading control, actin transcript levels
are shown.
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FIG. 5. Activator-specific transcriptional defects of Mediator mutants. Poly(A)* RNA was isolated from wild-type strains (W), mutant strains (M), and mutant
strains transformed with the corresponding wild-type Mediator gene (rescued [R]) for each of the Mediator mutants (MED9, MED10, MEDI11, GAL11, and MED6)
noted at the top. In order to measure the levels of the transcripts indicated at the left, cells were grown under galactose induction (GAL1), amino acid-rich conditions
(HIS4 B), or amino acid starvation conditions (HIS4 A). All of the yeast cells used in this experiment are « mating type cells and thus display activated MFal
transcription (MFal). The levels of MFal transcripts in the med9 and med11 mutant strains containing then wild-type Mediator genes (MED9 R and MEDI11 R) and
in the galll mutant strain (GAL11 W and M) were not determined. Each blot was hybridized with the probes indicated at the left. For each Northern blot, the level
of actin mRNA was measured as an RNA loading control, and a typical result is shown.

ator proteins were present, the med9 mutant holopolymerase
displayed about 50% of the level of basal transcription activity
shown by the wild-type holopolymerase (Fig. 7A, lanes 7 to 9).
However, upon addition of the activators Gal4VP16 and Gcen4,
both the wild-type (20- to 27-fold activation) and med9 mutant
(20- to 28-fold activation) holopolymerases were able to acti-
vate transcription from specific enhancer-containing tem-
plates (Fig. 7A). This result indicates that Med9 is not re-
quired for Gal4VP16- and Gcen4-mediated transcriptional
activation.

In contrast, when equal amounts of wild-type, medI0 ts, and
medl] ts mutant holopolymerases were tested in vitro, an
equivalent level of basal and activated (25- to 30-fold) tran-
scription was observed at the permissive temperature (Fig. 7B,

lanes 1 to 9). However, under nonpermissive conditions, the
medl0 mutant holopolymerase was defective for activated
transcription (Fig. 7B, lanes 13 to 15). Although heat treat-
ment reduced significantly the basal activities of the holopoly-
merases, small amounts of transcripts were detected in the
transcription reactions of both wild-type and mutant holopoly-
merases. However, the robust transcriptional activation of the
medlI0 ts holopolymerase observed under permissive condi-
tions was abolished completely under nonpermissive condi-
tions (Fig. 7B, lanes 5 and 6 versus lanes 14 and 15). Therefore,
mediation of the transcriptional activator signals to Pol II was
inhibited specifically in the medl0 mutant. The fact that both
the in vivo and in vitro transcription assays displayed similar
defects suggests that Med10 is needed for direct regulation of

Reporter B-Galatosidase activity Fold
construct Strain (U +~ SD) reduction
wild type? 119.5 +- 3.2 1
1 [l medo" 0.7 + 0.1 170
8 Lex A binding med10’ 15.9 .- 0.6 7.5
sites
wild type? 598.4 +- 3.2 1
med9? 918.6 +- 6.0 0.7
Gcen4 binding med10? 56.6 +- 1.4 10.5
site

FIG. 6. Activator-specific requirement for Med9 and Med10. The structures of the lacZ reporter constructs containing a binding site(s) for one activator type are
shown along with the transcriptional activator used for the assay. The B-galactosidase activities from the averages of two triplicate assays are shown with standard
deviations (SD). The strains used were YPHBAS (wild type'), YSJ9BAS med9 null (med9"), and YSI10BAS med10 ts (med10") for the Bas2 assay, while YPHG4 (wild
type?), YSI9G4 med9 null (med9?), and YSI10G4 med10 ts (med10) were used for the Gen4 assay.
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FIG. 7. In vitro transcription activities of Mediator mutant holopolymerases. In vitro transcription reactions were reconstituted as described by Lee et al. (24).
Activators (Gal4VP16 [30 ng] and Gen4 [30 ng]) were added to the reaction mixtures as indicated. The reaction mixtures were incubated on ice (A) or at the indicated
temperature (B) for 10 min for initiation complex formation, and then [a-**P]JUTP (10 wCi) and 0.5 mM CTP were added and the reaction mixtures were incubated
further at 25°C for 30 min. Specifically initiated transcripts from a template containing either a Gen4 binding site (GCN4:G-) or a Gal4 binding site (GAL:G-) are
indicated. (A) Transcriptional activity of wild-type holopolymerase (lanes 1 to 3) and equivalent amounts of med9 null holopolymerase based on nonspecific RNA
polymerase activity (lanes 4 to 6) or based on Mediator content (lanes 7 to 9). (B) Transcriptional activity of wild-type (lanes 1 to 3 and 10 to 12), medI0 ts (lanes 4
to 6 and 13 to 15), and med11 ts (lanes 7 to 9 and 16 to 18) holopolymerases under permissive (25°C, lanes 1 to 9) or restrictive (37°C, lanes 10 to 18) conditions.

holopolymerase by specific activator proteins. However, wheth-
er Gen4 and Gal4 VP16 utilize identical activation mechanisms
or require additional cofactors for activator specificity in vivo is
not yet known.

DISCUSSION

Activator-specific subunits of Mediator. The modular orga-
nization of Mediator was first suggested by the identification of
the Galll module (26). Subsequently, differential salt dissoci-
ation experiments (23) and partial reconstitution of the Srb4
Mediator subcomplex with recombinant proteins (19) revealed

the presence of the Rgrl and Srb4 subcomplexes, which appear
to function at each end of the signal transfer between tran-
scriptional activators and Pol II (23). Recently, we found that
acidic activators bind strongly to the Galll protein of the Rgrl
subcomplex, demonstrating that the Galll module is an acti-
vator binding target (25). However, the galll mutation exerts
its effect on the transcription of only a limited number of genes
(8, 31). This observation suggests that multiple modules or
individual Mediator proteins with different activator specifici-
ties exist in the Mediator complex. Other Mediator compo-
nents associated with Rgrl are candidates for such a role, but
genetic evidence for these putative functional interactions was
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heretofore unavailable. Therefore, the identification of the ac-
tivator-specific requirements of Med9, Med10, and Med11
supports the hypothesis that the Mediator complex consists of
multiple activator-specific components.

It should be noted that the Med6 protein in the Srb4 sub-
complex is required for the transcriptional activation of a
broader range of genes than are the other Med proteins in the
Rgrl subcomplex. The med6 mutation caused defects in the
transcriptional activation of all genes whose transcription is
dependent on other specific Mediator proteins. This result
suggests that transcriptional activation signals targeted to a
specific subunit(s) of Mediator complex may all converge on
Med6 during the regulatory process. Med6 may then, in turn,
relay the signals to Pol II via the Srb proteins. The general
requirement of Srb4 for Pol II transcription suggests that Srb4
functions in the enhancement of basal transcription by Pol II
rather than in the mediation of gene-specific activator signals.
However, a weak binding affinity between Srb4 and gene-spe-
cific transcriptional activators was detected in an in vitro bio-
chemical assay (19). Determination of whether Srb4 consti-
tutes a major target of transcriptional activators in vivo and
forms an additional activator-specific module is left for more
rigorous examinations.

Activator specificity of the Mediator modules. Our results
show that deletion of the med9 gene caused a specific defect in
Bas1/Bas2-dependent basal HIS4 transcription, while a med10
mutation yielded defects in Gen4-dependent basal and acti-
vated transcription of HIS4. Neither of these mutations had an
effect on the transcription of GALI, which is regulated by the
Gal4 protein. Genetic mutations in Galll module components
cause severe transcriptional defects of Gal4-dependent genes.
Thus, the Med9, Med10, and Galll modules appear to me-
diate transcriptional regulatory signals from the Bas1/Bas2,
Gcen4, and Gal4 transcriptional activators, respectively (Fig. 8).

Although Gal4 is not implicated in HIS4 transcription, the
level of HIS4 transcription in wild-type yeast strains is two- to
threefold higher than that in strains that carry a defective
Galll module component (galll or sin4) (16, 31). However,
the transcriptional defects of ga/l1 and sin4 mutants appear to
be related to Rapl rather than to Basl/Bas2 or Gen4. Rapl
binds to the HIS4 promoter and stimulates both Basl/Bas2-
and Gen4-dependent HIS4 transcription two- to threefold, es-
pecially under uninduced conditions (6). Although a direct
interaction between the Galll module and Rap1 has not been
established, sin4 and galll mutants have been shown to be
defective in the transcription of genes that contain a Rapl
binding site in their promoters (for example, HIS4, PYKI,
CTS1, MATa, and TyI) (16, 31). Genes whose transcription is
controlled by Basl/Bas2 and Gcen4 but which do not have a
Rapl binding site in their promoters (for example, the purine
biosynthetic genes and HIS3) are not affected by sin4 or galll
mutations. In particular, ARG4, which does not have a Rapl
binding site, displays a transcriptional requirement for Med9
and Med10 identical to that of HIS4. However, unlike HIS4,
ARG4 does not require the Galll module for full-level tran-
scription (data not shown). These observations are consistent
with the notion that each Mediator module has a distinct
activator specificity.

Future directions. The identification of the entire comple-
ment of Mediator proteins and their functional analyses pre-
sented here address one of the major questions with respect to
transcriptional activation mechanisms: how is the activator-
specific property of Mediator achieved? In addition to the
Galll module, which is required for Gal4-mediated transcrip-
tional activation, the identification of Med9, Med10, and
Med11, which are required for the transcription of distinct
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A Galactose induction conditions

B Amino acid rich conditions

HIS4

FIG. 8. A model for activator-specific modules of Mediator complex. Three
models for activator-specific interactions of the Mediator complex are shown.
Filled and linear arrows indicate the specific functional interactions revealed by
in vivo transcription assays. Shaded arrows represent transcription initiation. (A)
Galactose induction conditions. Gal4 bound to the enhancer interacts with the
Galll module of Mediator, which induces Pol II and the general transcription
factors (GTFs) to transcribe GALI at higher efficiency. (B) Amino acid-rich
conditions. Med9 and Med10 mediate specifically basal-level HIS4 transcription
via Basl/Bas2 and Gcen4, respectively. Stimulation of Basl/Bas2- and Gcnd4-
dependent transcription by Rapl through the Galll module is indicated by a
linear arrow. The putative requirement for Med10 in Bas2-mediated transcrip-
tion is indicated by a dotted arrow. (C) Amino acid starvation conditions. The
major transcriptional activation of HIS4 by the specific interaction of (overpro-
duced) Gen4 protein with Med10 is shown as a filled arrow, compared to the
relatively minor contribution from Rap1 to the Gen4-mediated transcriptional
activation via the Galll module (linear arrow).

groups of genes, clearly demonstrates the existence of activa-
tor-specific Mediator pathways. In addition, a group of Medi-
ator subunits, including Rgr1, Sin4, and Galll, is involved in
transcriptional repression as well as activation (8, 15, 16). The
observation that the various Mediator functions (activation,
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repression, and stimulated basal transcription) require differ-
ent sets of Mediator proteins further supports the notion of
multiple functional modules of the Mediator complex. The
reconstitution of activator- or repressor-specific Mediator
modules with recombinant proteins in vitro should provide a
complete biochemical description of the molecular interac-
tions among transcriptional activators and Mediator compo-
nents.
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