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Mediator plays an integral role in activation of RNA polymer-
ase II (Pol II) transcription. A key step in activation is binding of
Mediator to Pol II to form the Mediator-Pol II holoenzyme.
Here, we exploit a combination of biochemistry and macromo-
lecular EM to investigate holoenzyme assembly. We identify a
subset of human Mediator head module subunits that bind Pol
II independent of other subunits and thus probably contribute
to a major Pol II binding site. In addition, we show that binding
of human Mediator to Pol II depends on the integrity of a
conserved “hinge” in the middle module MED21-MED7 het-
erodimer. Point mutations in the hinge region leave core Medi-
ator intact but lead to increased disorder of the middle module
and markedly reduced affinity for Pol II. These findings high-
light the importance of Mediator conformation for holoenzyme
assembly.

The multisubunit Mediator complex is an evolutionarily
conserved RNA polymerase 1I (Pol II)* coregulator. Mediator
governs transcription at least in part by serving as a link
between Pol IT and transcription factors that regulate its activity
during both initiation and elongation (1-5). Striking features of
Mediator are its large size and architectural complexity. The
simplest form of Mediator is the “core” complex, which is com-
posed of more than 20 distinct polypeptides. Mediator core is
organized into three modules (head, middle, and tail) arranged
around MED14, which forms a central scaffold or stalk that
supports intermodule interactions (Fig. 1, A and B) (6-8). In
human cells, the Mediator head module includes seven highly
conserved subunits (MEDS, -8, -11, -17, -18, -20, and -22) as
well a number of additional metazoan-specific subunits. The
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middle module includes eight well conserved subunits (MED1,
-4, -7, -9, -19, -10, -21, and -31). Tail module subunits are the
most evolutionarily divergent, and their number varies across
species, perhaps reflecting their role as binding targets for acti-
vation domains of DNA binding transcription factors.

In addition to core Mediator, eukaryotes contain at least two
other higher order Mediator-containing complexes (3-5,
9-11). One is the Mediator-Pol II holoenzyme, a stable com-
plex of core Mediator and Pol II. The other is a complex com-
posed of core Mediator and a cyclin-dependent kinase module,
which in yeast is composed of CDKS, cyclin C, and two addi-
tional proteins designated MED12 and MED13. In metazoa, the
Mediator-Pol II holoenzyme includes an additional subunit
designated MED26, and the kinase module is assembled com-
binatorially from cyclin C, one of two cyclin-dependent kinases
CDK8 or CDK19, and one of two MED12 and MED13 paralogs.

Substantial evidence argues that a key step in Mediator-de-
pendent Pol II transcription is assembly of core Mediator with
Pol II to form the holoenzyme (1, 8, 11, 12). Although the pre-
cise mechanisms and roles of specific Mediator subunits in for-
mation of the holoenzyme are poorly understood, evidence
from a variety of biochemical and EM structural studies argues
that it involves binding of Pol II to specific surfaces on the
Mediator head and middle modules (Fig. 1C) (6, 8, 13-18). In
this report, we describe experiments investigating assembly of
the human holoenzyme. Our findings define a subset of human
Mediator head module subunits that contribute to formation of
a Pol Il binding surface. In addition, they bring to light a role for
the hinge region of the middle module MED21-MED7 het-
erodimer in establishing a Mediator conformation permissive
for Pol II binding.

Results

Identification of Mediator Head Module Subunits That Form
an Interface with Pol II—We observed that treatment of cells
with siRNA specific for MED21 led to disruption of the human
Mediator-Pol II holoenzyme. Integrity of the holoenzyme was
assessed following anti-FLAG immunopurification from
nuclear extracts of a HeLa cell line stably expressing Pol II sub-
unit RPB9 with an N-terminal FLAG epitope tag. In these
experiments, siRNA treatment reproducibly reduced MED21
levels by 70—80% as estimated by densitometry of X-ray films
exposed to chemiluminescent blots (Fig. 24); this reduction in
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FIGURE 1. A, comparison of yeast and human Mediator architecture. Left, ~18 A cryo-EM map of S. cerevisiae core Mediator; right, ~30 A map of human core
Mediator, calculated from images of single particles preserved in stain (6). Positions of the middle, head, and tail modules are shown in blue, red, and yellow,
respectively. B, yeast Mediator core complex; an X-ray structure of the yeast head module bound to CTD peptide (22) and a model of the middle module, based
on partial X-ray structures and protein cross-linking (34), docked into the yeast cryo-EM map. C, structural model of the yeast Mediator-Pol Il holoenzyme based
on cryo-EM maps of a Mediator-PIC complex (17) and of a core yeast Mediator-ITC (18). Pol Il subunits Rpb3/Rpb11 contact the movable jaw of Mediator, and
the CTD (CTD peptide in cyan) is expected to bind between the head and the knob.

MED21 levels results in substantial inhibition of transcription
of TNFa-induced activation of an NF-kB-driven reporter gene
(Fig. 2B), indicating that activation of Pol II transcription is
compromised under these conditions.

Representative subunits from the head, middle, and tail mod-
ules of human Mediator were detected by immunoblotting in
FLAG immunoprecipitates from cells stably expressing FLAG-
RPB9 (Fig. 2C). After MED21 depletion, there was a dramatic
reduction in association of Pol II with many Mediator subunits.
These included all middle and tail subunits tested as well as
head module subunits MED6, MEDS, and, to a lesser extent,
metazoan-specific MED29. However, MED21 depletion had
much less effect on binding of Pol II to a subset of head module
subunits. In particular, there was no detectable change in the
amount of MED17, MED18, and MED20 recovered in FLAG-
RPB9 immunoprecipitations from control or MED21-depleted
cells, whereas MED11 and MED22 were only modestly
reduced. These results indicate (i) that loss of MED21 leads to
dissociation of these subunits from the remainder of core Medi-
ator and (ii) that some or all of these Mediator subunits interact
directly with Pol II and contribute to a Pol II binding surface on
human Mediator.

Although detailed structural information about human
Mediator is not yet available, results of our previous EM analy-
ses and biochemical mapping of subunit-subunit interactions,
together with EM data presented below, argue that the overall
architectures of human and yeast Mediators are conserved (Fig.
1A) (6). The findings reported here are consistent with models
for yeast Mediator-Pol II interactions and provide biochemical
evidence supporting the proposal that there is substantial con-
servation of head module organization and the Pol II-Mediator
interaction throughout evolution (6, 18, 19). X-ray structures of
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the head module of yeast Mediator show that MED11, MED17,
and MED22 constitute the structural core of the Head, and
MED18 and MED20 form the moveable jaw (16, 20). Analyses
of yeast Mediator-Pol Il holoenzyme (17, 21), a yeast core Medi-
ator-minimal preinitiation complex (18), and the complete
Mediator-preinitiation complex (17) by cryo-EM and protein
cross-linking show interactions between the moveable jaw
(MED18-MED20) and RPB3-RPB11 and between MED17 and
RPB4-RPB7 (Fig. 1C). Our findings suggest that interaction of
Pol II with the moveable jaw and structural core of the head
module are preserved after disruption of the middle module in
MED21-depleted cells. However, head module subunits MED6
and MEDS, which along with MED17 contribute to a binding
surface for the C-terminal domain (CTD) of the largest Pol II
subunit on the head module neck (22), showed greatly reduced
association with intact Pol II in the absence of MED21. Thus,
contacts between MED6, MEDS, and the CTD are compro-
mised after disruption of the middle module by MED21 deple-
tion, and they are evidently dispensable for Pol II binding to
head module subunits.

Why little MED6 or MEDS binds Pol II after MED21 deple-
tion remains to be determined. Previous structural or protein
cross-linking studies of yeast or human Mediator and Mediator
modules provide little insight. Both yeast and human MED6
and MEDS can be assembled into recombinant head modules,
with no apparent dependence on interaction with MED21 or
other non-head subunits (7, 8, 16, 23). Neither MED6 nor
MEDS8 have been reported to cross-link to MED21 or other
middle module subunits; however, binding of yeast MED6 and
MED21 has been detected in split-ubiquitin and GST pull-
down assays (24). Yeast MED6 was found to cross-link to
MED14 in the core Mediator-minimal preinitiation complex
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FIGURE 2. MED21 depletion disrupts the interaction of Mediator complex
and RNA polymerase Il. A, anti-MED21 immunoblot of lysates from
untreated or siRNA-treated HeLa S3 cells from one of three biological repli-
cates. 200 ug of lysate protein from untreated cells (none) or cells treated with
non-targeting (NT) control or MED21 siRNA were applied to each lane. None,
no siRNA; NT, non-targeting control siRNA; MED21, MED21 siRNA. In this and
subsequent figures, positions of molecular mass markers (kDa) are indicated
at the side of each immunoblot. B, effect of MED21 depletion on gene activa-
tion. Firefly luciferase activity was measured in lysates from HeLa cells with a
stably integrated, NF-«B-responsive luciferase reporter, transfected with
non-targeting control siRNA or MED21 siRNA. @ and B, luciferase activity
detected in lysates of cells treated with non-targeting or MED21 siRNA,
respectively, from three independent experiments, each performed in dupli-
cate. Horizontal lines, median. C, effect of MED21 depletion on Mediator-Pol Il
interactions. Hela S3 cells stably expressing FLAG-RPB9 were transfected
with non-targeting or MED21 siRNA, and Pol ll-associated proteins were
detected by immunoblotting of anti-FLAG immunoprecipitates (/P) using the
indicated antibodies. Middle, Tail, and Head, Mediator modules to which indi-
vidual subunits have been assigned.

(18). Although not required for formation of recombinant head
module assemblies, it is conceivable that contacts between
MED6 and MED21 or MED14 could contribute to stable bind-
ing of MED6 and MEDS to Mediator in cells.

A Conserved MED21 N-terminal Region Needed for Binding
of Mediator to Pol Il and Kinase Module—MED21 is among the
Mediator subunits most conserved throughout evolution (25)
and is essential for cell viability in yeast and mice (26 -28). The
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MED21 N terminus is particularly well conserved. Highlighting
its importance for MED21 function, deletion of the first 15
amino acids from MED21 is lethal in Saccharomyces cerevisiae
(29), whereas deletion of the first 7 amino acids interferes with
both transcriptional activation and repression (24). Notably, a
chimeric MED21 in which the N-terminal 77 amino acids of
yeast MED21 are replaced with the corresponding region of
human MED21 is functional in S. cerevisiae (27).

A potential role for MED21 N-terminal sequences in assem-
bly of the Mediator-Pol II holoenzyme was initially brought to
light by our observation that an N-terminal FLAG tag on
MED?21 interferes with isolation of the holoenzyme. In these
experiments, nuclear extracts prepared from HelLa cell lines
stably expressing MED21 with either N-terminal or C-terminal
FLAG tags were subjected to anti-FLAG-agarose chromatogra-
phy, and MED21-associated proteins in anti-FLAG-agarose
eluates were identified by multidimensional protein identifica-
tion technology (MudPIT) mass spectrometry.

As shown in Fig. 34, both N- and C-terminally tagged
MED21 copurified with core Mediator, with subunits of the
kinase module, and with the metazoan-specific subunit
MED26. Whereas Pol Il was readily detected in association with
Mediator purified through C-terminally tagged MED21, little
or no Pol II copurified with N-terminally FLAG-tagged
MED21. These results indicate that the FLAG tag at the MED21
N terminus interferes with or is occluded by holoenzyme
assembly.

To explore the possibility that the conserved MED21 N ter-
minus plays a role in assembly of the Mediator-Pol II holoen-
zyme, we generated additional human cell lines expressing a
collection of N-terminal deletion mutants of MED21 with
C-terminal FLAG tags. For these and subsequent experiments,
wild type and mutant MED21 were expressed under control of
a doxycycline-inducible promoter because we found in prelim-
inary studies that constitutive expression of some of these
mutants was toxic to cells.

As shown by MudPIT and by immunoblotting with antibod-
ies directed against representative subunits of Pol II and each
of the Mediator modules, MED21 deletion mutants lacking
between 9 and 44 N-terminal amino acids were severely defec-
tive in assembly of both core Mediator and the Pol II holoen-
zyme (Figs. 3B and 4A). Although they were capable of inter-
acting stably with a subset of middle module subunits, MED21
Al1-44, MED21 A1-19, and MED21 A1-9 failed to assemble
with significant amounts of head or tail module subunits, Pol II
subunits, MED26, or the kinase module. In contrast, deletion of
the first 5 MED21 amino acids had no apparent effect on the
assembly of MED21 into core Mediator; however, it led to a
dramatic loss of binding to Pol II (RPB1), MED26, and kinase
module subunits (Figs. 3B and 4B), although expression of these
proteins was the same in parental 293 cells and cells expressing
wild type MED21 or MED21 N-terminal deletion mutants (Fig.
4C). Finally, a MED21 mutant lacking only the first 3 N-termi-
nal amino acids bound core Mediator and readily detectable
amounts of Pol II, MED26, and kinase module (Figs. 3B and 4B).
To explore the effects of MED21 N-terminal deletions on gene
expression in cells, we compared the extent of TNFa-induced
activation of the NF-«B-driven reporter gene after doxycycline
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FIGURE 3. Identification of Mediator and Pol Il subunits associated with full-length or mutant forms of MED21. Heat maps summarize estimates of
relative recovery of Mediator and Pol Il subunits after FLAG immunopurification through the indicated FLAG epitope-tagged MED21 protein from Hela S3 (A)
or FIpIN-TREx-293 (B) cell nuclear extracts, measured by MudPIT mass spectrometry and expressed as a normalized spectral abundance factor (dNSAF). In a
MudPIT data set, the number of spectra derived from peptides of most proteins is a function of the protein’s length and abundance. Thus, the relative amount
of a particular protein in different samples can be estimated from dNSAF. Supporting MudPIT information is provided in supplemental Table S1. F-WT,
N-terminally FLAG-tagged MED21; WT-F, C-terminally FLAG-tagged MED21. MED21-F, C-terminally FLAG-tagged WT MED21 or the indicated C-terminally
tagged MED21 mutants. Mediator subunits were assigned to head, middle, tail, or kinase modules based on previously defined interactions and sequence

similarity to yeast Mediator complex subunits (6, 25).

induction of wild type MED21, MED21 A1-3 (which assembles
into Mediator that binds Pol II and kinase module), or MED21
A1-5 (which assembles into Mediator that fails to bind Pol II
and kinase module). Suggesting that MED21 A1-5 acts as a
dominant negative mutant, TNFa-induced reporter activity
was substantially less in cells expressing MED21 A1-5 than in
cells expressing wild type MED21 or MED21 A1-3.

Point Mutations at the MED21-MED?7 Hinge Region Alter the
Interaction of Core Mediator with Pol [—MED21 is a subunit of
the Mediator middle module, where it forms a heterodimer
with the highly conserved MED7 subunit (6, 7, 30). Like
MED21, MED?7 is essential for viability in yeast and metazoa
(31, 32). Based on its X-ray structure, a heterodimer containing
S. cerevisiae MED21 and the C-terminal domain of MED7
(MED7C) adopts a highly elongated, almost entirely a-helical
structure (30). Although they have no sequence similarity,
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MED21 and MED7C are structurally similar, each being
composed of three extended a-helices (Fig. 5, A—C). The
MED21-MED7C heterodimer consists of two domains: a
four-helix bundle formed by the two N-terminal « helices of
each protein and a coiled-coil domain formed by their C-ter-
minal helices. In the MED21-MED7C structure, the MED21
N terminus is located immediately adjacent to a conserved
region of MED7 that contributes to a hinge-like structure
located between the four-helix bundle and coiled-coil
domains (30).

Comparison of two crystal forms of the yeast MED21-
MED?7C heterodimer indicates that differences in the position-
ing of the four-helix bundle relative to the coiled-coil domain
are accompanied by changes in a network of contacts between
residues in the MED21 N terminus and highly conserved MED7
residues that are located in the proposed hinge region (30).
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FIGURE 4. The MED21 N terminus contributes to Mediator assembly and is required for binding of Pol Il and kinase module to Mediator core. Nuclear
extracts from Hela S3 (A) or Flp-In T-REx HEK293 (B) cells expressing either no exogenously expressed MED21 (None) or C-terminally FLAG-tagged WT or the
indicated MED21 mutants were subjected to anti-FLAG M2 immunoaffinity purification and analyzed by immunoblotting using antibodies directed against
Mediator or Pol Il subunits. The first three lanes of A show 3-fold serial dilutions of immunopurified proteins from cells expressing wild type MED21-FLAG. C,
immunoblots of cell lysates (input) used for FLAG immunoaffinity purification in B. D, MED21 lacking the first 5 amino acids is defective in TNFa-induced gene

activation. Firefly luciferase activity was measured in lysates from Flp-In™ T-REx™-293 cells stably expressing wild type or mutant MED21.

Such contacts might be expected to contribute to rigidity of the
MED21-MED?7 heterodimer. Because of the extended length of
the MED21-MED?7 heterodimer and its central position in the
middle module, these contacts might also be important for
middle module conformation (6, 16, 30, 33, 34).

Consistent with the possibility that residues located in or
near the MED21-MED?7 hinge influence assembly of the Medi-
ator-Pol II holoenzyme, we identified specific MED21 and
MED7 point mutations that block or greatly diminish forma-
tion of the holoenzyme without disrupting core Mediator. As
shown by both MudPIT mass spectrometry (Fig. 3B) and
immunoblotting (Fig. 5D), mutation of MED21 Asp-3 to Lys
greatly reduced binding of core Mediator to Pol Il and MED26,
whereas mutation of MED21 Gln-7 to Ala or Asp-10 to Lys had
little effect on binding of core Mediator to Pol II, MED26, or the
kinase module. In addition, core Mediator containing a human
MED7 mutant in which two of the highly conserved hinge res-
idues, Arg-127 and His-129 (corresponding to Arg-166 and
His-168 of yeast MED7; Fig. 5, A—C), were mutated to alanine
also exhibited substantially reduced binding to Pol II and
MED?26 (Fig. 5, E and F). Interestingly, whereas the MED21
D3K mutation, like MED21 N-terminal deletion MED21 A1-5,
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led to a substantial reduction in binding of core Mediator to the
kinase module, the MED7 hinge mutation had only a minimal
effect on binding to the kinase module.

EM Analysis of Mutant Mediator Complexes—We used elec-
tron microscopy to explore the effects of mutating residues
within the MED21-MED7 hinge region on the structure of
human Mediator. To do so, Mediator was immunopurified
from HeLa cell lines stably expressing FLAG-tagged versions of
either wild type MED7 or the MED7 hinge mutant (R127A/
H129A). Images of wild type and mutant Mediator complexes
recorded after particle preservation in stain were used to calcu-
late 2D image class averages showing the structure of the com-
plexes in projection. Wild type core Mediator 2D class averages
showed generally well ordered particles (Fig. 6, A and B, left)
that appeared similar to averages of human core Mediator puri-
fied through the metazoan-specific subunit MED26 (6) or
through a nuclear receptor bound to MED1 (35). Density
resembling in size, shape, and position the head and middle
modules, the MED19-containing “hook” region at the top of the
Middle module, and the MED14 stalk can be readily identified
by comparison with averages of Mediator from S. cerevisiae (6,
33) (Fig. 6A, right). Also, similar to previously published aver-
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map showing number of spectra detected for Mediator and Pol Il subunits after FLAG immunopurification through FLAG epitope-tagged wild type or mutant
MED?7 protein from HelLa S3 cell nuclear extracts, measured by MudPIT. Supporting MudPIT data are shown in supplemental Table S2. F,immunoblots showing
Mediator and Pol Il subunits that co-purified with FLAG-tagged wild type or mutant MED7. Immunoblots were visualized using an Odyssey infrared imaging
system (LI-COR). /P, immunoprecipitation.

ages of human Mediator (35), density below the head and mid-
dle modules, in the position of the yeast tail module, can be
seen; however, the human tail module appears larger and
appears to have more connections with the lower portions of
the middle and head modules than its yeast counterpart. Con-
sistent with the results of the biochemical assays shown in Fig.
5, particles of a size and shape consistent with free core Medi-
ator and core Mediator bound to the kinase module or to Pol II
were observed (Fig. 6B).

SASBMB

DECEMBER 23, 2016+VOLUME 291 -NUMBER 52

2D class averages calculated from images of human Mediator
containing the MED7 hinge mutant (R127A/H129A) showed
more heterogeneous particles. Nonetheless, clustering of
images of the best ordered mutant MED7-Mediator particles
resulted in averages that were generally similar to those
obtained from wild type MED7-Mediator except that the hook
and a structure resembling the S. cerevisiae Mediator knob,
which includes the N-terminal portion of MED7 (MED7N) and
MED31 (6), were not as well resolved as in wild-type human
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FIGURE 6. EM analysis of wild-type and MED7(R127A/H129A) human Mediators. A, a 2D class average obtained from stained particle images of wild-type
human Mediator and a corresponding diagram summarizing the organization of the head, middle, and tail modules, the hook, and MED14 (left), based on
comparison with wild-type yeast mediator (right). B, 2D class averages obtained after alignment and clustering of stained particle images from a wild-type
human Mediator preparation. Free Mediator (left) and Mediator associated with kinase module (Mediator-CKM, center) or Pol Il (Mediator-Pol Il right) were
observed. The head, middle, and tail modules and the MED19-containing “hook” region at top of the middle module can be readily identified. The arrowhead
marks the approximate position of the MED21-MED7 hinge region and the MED7(R127A-H129A) mutation, also inferred by comparison with the yeast
Mediator structure (6). The Mediator-Pol Il average is blurred by variability in the relative position of Mediator and Pol Il, exacerbated by disruption of the
complex after preservation in stain. C, class averages of free (left) and CKM-associated MED7(R127A/H129A) human Mediator. As illustrated in the diagrams, the

MED7(R127A/H129A) mutation increases mobility of the hook and knob portions of the Middle module.

Mediator, presumably due to decreased stability and/or higher
mobility. Interestingly, the hook and knob were well resolved in
MED7(R127A/H129A)-Mediator that was bound to the kinase
module, suggesting that these structures are stabilized upon
binding of core Mediator to the kinase module. However, con-
sistent with the biochemical results, no Pol II-bound Mediator
particles were detected in preparations of mutant MED7-Me-
diator (Fig. 6C).

As noted above, expression of MED21(D3K) or other
MED21 N-terminal mutants was quite toxic to human cells,
and we were unable to prepare Mediator containing these
mutants in sufficient quantity or quality for EM analysis. We
were able, however, to purify S. cerevisiae MED21(D3K)-Medi-
ator that was suitable for EM from a strain expressing C-termi-
nally FLAG-tagged MED21(D3K). EM analysis confirmed that
yeast Mediator containing wild type MED21-FLAG is indistin-
guishable from yeast Mediator purified through other subunits
(Fig. 7A). MudPIT mass spectrometry of yeast MED21(D3K)-
Mediator identified all core subunits but little Pol II or kinase
module (supplemental Table S3). As was the case for the human
Mediator containing the MED7 hinge mutant, EM analysis of
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yeast Mediator containing the MED21(D3K) mutant showed
more heterogeneous particles than wild type Mediator. How-
ever, clustering of images of the best ordered particles resulted
in 2D class averages in which the head, middle, and tail modules
retained their general shapes and relative arrangement but in
which the position of the middle module relative to the head
and tail modules appeared more variable than in wild type
Mediator (Fig. 7B). Whereas the apparent contact between the
center of the middle module and the top of the central MED14
stalk was maintained in all yeast MED21(D3K)-Mediator class
averages, contacts between the upper portion of the head mod-
ule, corresponding to the head’s neck, and the middle module
appeared to be substantially disrupted. Increased variability in
the position of the middle was also reflected by the appearance
of individual averages in which the middle appeared less
resolved than in wild type Mediator averages. In particular,
density corresponding to the MED7N-MED31 knob was
reduced or absent in most yeast MED21(D3K)-Mediator aver-
ages, although these subunits were still present in the mutant
Mediator preparations (Fig. 7C and supplemental Table S3).
This suggests that the interaction of the knob with the rest of
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FIGURE 7. EM analysis of wild-type and MED21(D3K) yeast Mediators. A, a 2D class average from stained images and corresponding diagram showing that
the structure and arrangement of head, middle, and tail modules is unaffected by introduction of a FLAG tag at the MED21 C terminus. The approximate
position of the D3K mutation is indicated. B, 2D image class averages and corresponding diagrams showing variability in the position of the middle module in
yeast Mediator containing MED21(D3K). C, a MED21(D3K) yeast Mediator class average in which the Middle module is well resolved shows that density
corresponding to the MED7N-MED31 “knob” is absent. This agrees with what seems to be comparatively weak MED7N-MED31 density in the averages shown

inB.

the middle module is destabilized by the MED21(D3K)
mutation.

Discussion

In this report, we present findings that shed new light on the
mechanism of assembly of the human Mediator-Pol II holoen-
zyme. In particular, we identify a collection of human Mediator
subunits with roles in Pol II binding.

In one line of investigation, we identify a subset of human
Mediator head module subunits that bind Pol II in the absence
of other Mediator subunits and probably participate in the for-
mation of a Pol II binding site on the surface of human Media-
tor; these include the moveable jaw subunits MED18 and
MED?20 as well as MED17, MED11, and MED22, which form
the structural core of the head module. These observations
raise the possibility that these subunits form a subcomplex
within the human head module. As discussed earlier, these
findings are consistent with results of prior protein cross-link-
ing studies that identified contacts between yeast Pol II and
subunits in the moveable jaw and structural core of the yeast
head module (17, 18, 21), and they provide further evidence for
conservation of Mediator structure and function from yeast to
human.

Notably, we found that two additional head module subunits,
MED6 and MEDS, failed to bind Pol II under the same condi-
tions. This finding was somewhat unexpected, because (i) the
Pol II CTD is critical for binding of Pol II to Mediator (17) and
(ii) an X-ray crystal structure of the yeast head module in com-
plex with a peptide consisting of five copies of the CTD hepta-
peptide repeat demonstrated that CTD repeats contact four
CTD-interacting regions (CIRs) in the head module consisting
of portions of MED17, MED6, and MEDS (22). The first, CIR1,
is composed entirely of helices from MED17. CIR2 includes
surfaces from MED17 and MEDS, CIR3 from MEDS8 and
MEDSG6, and CIR4 from MEDG6 alone. Our evidence that MED6
and MEDS are dispensable for binding of Pol II to the moveable
jaw and structural core of the human head module suggests
either (i) that CIR1-CTD contacts are most critical for the inter-
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action of the Pol II CTD with human head module subunits or
(ii) that binding to the CTD is less crucial in the context of this
head module subcomplex than in the context of intact
Mediator.

In a second line of investigation, we demonstrate that point
mutations or small deletions in the vicinity of the evolutionarily
conserved hinge region of the MED21-MED7 heterodimer
have dramatic effects on the ability of Mediator to bind Pol II.
Previous EM and cross-linking studies of yeast and human
Mediator have established that the MED21-MED7 het-
erodimer is located in the middle module near the top of the
MED14 stalk (6, 17, 18, 21). Based on existing models of yeast
Mediator (6, 17, 18, 21), the MED21-MED7 hinge could,
because of its location, affect the orientation or conformation of
not only MED21-MED?7, but also the MED7N-MED31-con-
taining knob and the MED19-containing hook. As we have
shown by EM, mutant Mediators containing either MED21
(D3K) or MED7 (R127A/H129A) exhibit increased disorder
and/or flexibility of the knob and hook. We suggest that this
increased disorder is due to increased flexibility of the MED21-
MED?7 heterodimer in the vicinity of the hinge. The acidic D3
residue at the MED21 N terminus is predicted to be in close
proximity to Arg-127 of the MED?7 hinge region (30); thus, it is
reasonable to speculate that charge-charge repulsion between
the MED21 (D3K) mutant and Arg-129 of MED7 could desta-
bilize the hinge. Furthermore, the conserved histidine His-129
of the MED?7 hinge region could be expected to establish a
strong wr-stacking interaction with either of two MED7
tyrosines in a way that could restrict movements of the MED7
helix; thus, it is possible that, by breaking those m-stacking
interactions, mutation of MED7 His-129 to alanine could per-
mit greater movement about the hinge region of MED21-
MED?7 and hence allow increased mobility of the upper portion
of the middle module.

We found it surprising that mutant human Mediators con-
taining either MED21(D3K) or MED7(R127A/H129A) failed to
bind to Pol II, because they contained all Mediator subunits,

JOURNAL OF BIOLOGICAL CHEMISTRY 26893



Assembly of the Mediator-RNA Polymerase Il Holoenzyme

including those head module subunits that we found can bind
independently to Pol II when MED21 is depleted. These find-
ings point to a model in which integrity of the MED21-MED?7
hinge is required to establish a Mediator conformation permis-
sive for binding Pol II. Mutations in the MED21-MED?7 hinge
region could affect Pol Il binding by several, not mutually exclu-
sive, mechanisms.

First, Tsai et al. (6) have obtained EM evidence that binding
of Mediator to Pol II requires movement of Mediator modules
with respect to one another as Mediator transitions from the
core to holoenzyme form. Decreased rigidity of the middle
module could make it such that the Mediator head and middle
modules are most frequently oriented in a way that interferes
with access of Pol Il to the head’s neck and jaw regions. Notably,
MED?21 residues in its second and third helices, which fall
below and above the hinge, respectively, have been shown to
cross-link to a small region within the MED17 N terminus in
yeast Mediator (17, 18, 21). Increased movement about the
MED21-MED?7 hinge might weaken these contacts and thus
lead to increased variability in the relative orientation of the
middle and head modules.

Second, previous cross-linking studies have detected con-
tacts between Pol II and the yeast middle module both above
(MED19 and residues in MED21 helix 3) and below (MED4 and
MED9) the MED21-MED? hinge (17, 18, 21). Thus, it is possi-
ble that, in the context of the intact Mediator complex, a rigid
middle module is needed to maintain the proper spatial orien-
tation of these Pol II contact sites.

Finally, it has been proposed that interaction between core
Mediator and the Pol I CTD might help trigger Mediator inter-
module rearrangements necessary for holoenzyme formation
(6). It is possible that increased disorder/mobility of the
MED7N-MED31 knob caused by MED21-MED?7 hinge muta-
tions could affect Mediator CTD binding, because the knob is
located directly across from the CTD binding site in the Medi-
ator head module (Fig. 1, B and C) (6).

Experimental Procedures

Cell Culture—HeLa (ATCC CCL-2), HeLa S3 (ATCC CCL-
2.2), and derivatives were maintained in adhesive culture in
DMEM with 4.5 g/liter glucose, 10% (v/v) fetal bovine serum, 2
mM GlutaMAX, 100 units/ml penicillin, and 100 ug/ml strep-
tomycin in a 37 °C humidified incubator with 5% CO,. Culture
medium for HeLa S3-mCAT1 derivatives expressing wild type
or mutant MED21-FLAG, FLAG-RPB9Y, and wild type or
mutant FLAG-MED7 was supplemented with 300 ug/ml
hygromycin B and 100 ug/ml G418 sulfate. Culture medium for
the HeLa-pGL4.32 reporter cell line (CCL2/4.32NF-«B-luc)
was supplemented with 100 ug/ml hygromycin B. For large
scale suspension cultures, HeLa S3 derivative cells were grown
in spinner flasks with Joklik’s modification of minimum essen-
tial medium Eagle (MEM) supplemented with 5% (v/v) calf
serum, 2 mM GlutaMAX, 100 units/ml penicillin, 100 ug/ml
streptomycin, and 1 X MEM non-essential amino acid solution
(Thermo Fisher Scientific).

Cell lines derived from Flp-In™ T-REx™ 293 (Thermo
Fisher Scientific) cells were cultured in the same medium as
HeLa derivatives, except that it contained 10% (v/v) Tet Sys-
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tem Approved fetal bovine serum (Clontech). Exogenously
expressed MED21 wild type or mutants were induced in the
Flp-In™ T-REx™ 293 stable cell lines by adding doxycy-
cline at a final concentration of 2 ug/ml to the culture
medium for 24 h.

All cells were confirmed to be free of mycoplasma contami-
nation using the Lookout Mycoplasma Kit (MP0035, Sigma-
Aldrich) or Universal Mycoplasma Detection Kit (30-1012K,
ATCCQ).

Plasmid Construction and Generation of Stable Cell Lines—
c¢DNAs encoding full-length human MED21 (AA449015) and
MED?7 (Al417176) were obtained as described (36). N-terminal
deletion mutants of MED21 residues 1—-44 (A1-44),1-19 (A1-
19),1-5 (A1-5), and 1-3 (A1-3) were generated by PCR-based
mutagenesis. MED7 double point mutation R127A/H129A and
MED21 point mutation D3K, Q7A, or D10K were introduced
by QuikChange II site-directed mutagenesis kit (Stratagene/
Agilent). ¢cDNAs encoding wild type and mutant human
MED21 and MED7 with a FLAG tag at either their N or C
termini were subcloned into pcDNA3.1/Hyg(—) (Thermo
Fisher Scientific), into the retroviral vector pQCXIH (Clon-
tech), or into pcDNA5/TO (Thermo Fisher Scientific) for
tetracycline-regulated expression.

HeLa CCL2 cells were stably transfected with pGL4.32
[[uc2P/NF-«kB-RE/Hygro] (Promega), which contains five
copies of an NF-kB response element driving transcription
of luc2P, to generate the NF-kB-responsive reporter cell
line CCL2/4.32NF-«kB-luc. pcDNA3.1/Hygro(—) derivatives
encoding N- or C-terminally FLAG-tagged, wild type human
MED21 were stably introduced into HeLa S3 cells using
FuGene 6 (Promega), and hygromycin-resistant clones were
isolated.

Clonal HeLa S3 cell lines stably transformed with mCAT-1
(murine cationic amino acids transporter), which functions as
an ecotropic retrovirus receptor protein (mCAT-1) (37) and
pQCXIH (Clontech) derivatives encoding N-terminally FLAG-
tagged human RPB9 or C-terminally FLAG-tagged human
MED21(A1-44), human MED7 wild type and double point
mutant R127A-H129A were generated using the Plat-E system
(38).

Tetracycline-inducible cell lines stably transfected with
pcDNA5/TO encoding C-terminally FLAG-tagged MED21;
MED21 point mutants D3K, Q7A, or D10K; and MED21 N-ter-
minal deletion mutants A1-44, A1-19, A1-5, and A1-3 were
generated in Flp-In™ T-REx™-293 cells (Thermo Fisher Sci-
entific) according to the manufacturer’s instructions.

siRNA-mediated Gene Knockdown—All siRNA transfections
were done using Lipofectamine RNAiMax (Thermo Fisher Sci-
entific) according to the manufacturer’s instructions. Exponen-
tially growing HeLa S3 cells or CCL2/4.32NF-«kB-luc reporter
cells were seeded into 10-cm cell culture dishes or 6-well plates
at a density of 3 X 10° cells/dish or 2.5 X 10° cells/well the day
before the transfection. Cells were transfected with final 12 nm
siRNA for human MED21 (J-016221-08), and control non-tar-
get pool (D-001810) obtained from GE Dharmacon.

Human MED21 (J-016221-08) and control non-target pool
(D-001810) siRNAs (ON-TARGETplus, GE Dharmacon, final
concentration 12 nMm) were mixed with Opti-MEM I medium
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(Thermo Fisher Scientific) and transfected into HeLa S3 cells
stably expressing FLAG-RPBY or into the NF-kB-responsive
CCL2/4.32NF-kB-luc reporter cell line using Lipofectamine
RNAiMax (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. 24 h after transfection, the medium was
replaced by fresh culture medium without siRNA. 48 h after
siRNA transfection, cells were harvested, and whole cell
extracts were prepared for anti-FLAG immunoprecipitation or
reporter assay. We typically recovered 7—8 X 10° cells from
each 10-cm dish. To prepare whole cell extracts, cells were
resuspended in 400 wl of lysis buffer (50 mm HEPES-KOH (pH
7.9), 300 mm NaCl, 5 mm MgCl,, 0.2% Triton X-100, 20% glyc-
erol, 1:200 (v/v) proteinase inhibitor mixture (P-8340, Sigma-
Aldrich)) per 1.5 X 107 viable cells. Resuspended cells were
vortexed vigorously for 1 min. After incubation for 15 min at
4 °C on a nutating shaker, whole cell lysates were collected by
centrifugation at 20,817 relative centrifugal force for 20 min in
arefrigerated microcentrifuge (Eppendorf). Protein concentra-
tion of the resulting extract was typically ~15 mg/ml.
Reporter Assays—To assay the effect of siRNA-mediated
depletion of MED21, 3 X 10° CCL2/4.32NF-kB-luc cells were
plated in 6-well tissue culture plates the day before siRNA
transfection and cultured in DMEM with high glucose supple-
mented with 10% charcoal-stripped fetal bovine serum, 2 mm
GlutaMAX, and 1X MEM non-essential amino acids solution.
67 h after siRNA transfection, cells were treated with 20 nm
human recombinant TNF-a« (R&D Systems) or vehicle control
at 37 °Cfor 5 h. To assay the effects of overexpressing wild type
or mutant MED21 in cells, Flp-In™ T-REx"™-293 cells stably
transformed with wild type or mutant MED21 were induced
with tetracycline, plated in 6-well dishes as above, and tran-
siently transfected with pGL4.32NF-«B-luc plasmid DNA (Pro-
mega). 24 h after transfection, cells were treated with 20 nm
TNE-a or vehicle control for 5 h. Firefly luciferase activity was
detected using the Dual-Luciferase reporter assay system (cat-
alog no. E1910, Promega) with a VICTOR Light Luminescence
counter (PerkinElmer Life Sciences).
Immunoblotting—Whole cell extracts or immunoaffinity-
purified fractions were resolved in 4—12% gradient SDS-poly-
acrylamide NuPAGE gels (Thermo Fisher Scientific) or 8, 10, or
13% SDS-polyacrylamide gels and transferred onto a Hybond-P
(GE Healthcare) or Immobilon-FL (EMD Millipore) polyvi-
nylidene difluoride membrane using a Genie electrophoretic
transfer system (Idea Scientific Co.). The following antibodies
were used in Western blotting. Anti-FLAG M2 antibody
(F3165), HRP-conjugated anti-mouse IgG (A3673), and HRP-
conjugated anti-goat 1gG (A4174) were from Sigma-Aldrich;
HRP-conjugated anti-rabbit whole IgG (NA934) was from GE
Healthcare; anti-Rpb2 (A300-349A), anti-MED1 (A300-793A),
anti-CCNC (A301-989A), anti-MED12 (A300-774), anti-MED13
(A301-278A), anti-MED14 (A300-044A), anti-MED15 (A300-
422A), anti-MED23 (A300-425A), and anti-MED24 (A300-
472A) were from Bethyl Laboratories; anti-MED11 (ab79321),
anti-MED13L (ab89831), anti-MED16 (ab28520), anti-MED26
(ab50619), anti-MED31 (ab54761), and anti-nucleolin (ab13541)
were from AbCam; anti-RPB1 (N-20, sc-899), anti-CDKS8
(C-19, sc-1521), anti-MED6 (sc-9433), and anti-MEDS (sc-
81237) were from Santa Cruz Biotechnology; and anti-MED21

SASBMB

DECEMBER 23, 2016+VOLUME 291 -NUMBER 52

(H00009412-MO05) and anti-MED20 (H00009477-B01P) were
purchased from Novus Biologicals LLC. Anti-peptide antisera
against a peptide corresponding to human CDKS8 residues 397—
414 or CDK19 residues 377-399 and antisera against full-
length human MED4, MED7, MED9, MED17, MED1S,
MED?22, and MED29 and mouse MED19 were raised in rabbits
(Cocalico Biologicals, Inc.). IRDye800-conjugated anti-mouse
IgG (610-131-121) and anti-rabbit IgG (611-131-122) were
obtained from Rockland Immunochemicals Inc. Precision Plus
Protein™™ all blue prestained protein standards were obtained
from Bio-Rad. Protein signals were visualized either by chemi-
luminescent detection using SuperSignal West Dura extended
duration substrate (catalog no. 34075, Thermo Fisher Scien-
tific) or with an Odyssey fluorescence imaging system (LI-COR
Biosciences).

Immunoalffinity Purification of Human Protein Complexes—
Mediator or RNA polymerase II-associated protein complexes
were purified from nuclear extracts prepared from cell lines
stably expressing FLAG-tagged proteins using anti-FLAG
M2-agarose (A2220, Sigma-Aldrich) as described previously
(10, 39). Purified protein complexes were analyzed by immuno-
blotting and/or MudPIT (40).

Immunoaffinity purification from whole cell extracts of
siRNA-treated cells was performed as described previously (6)
with slight modifications. Briefly, based on total protein con-
centrations estimated using the Bradford protein assay (Bio-
Rad), aliquots of whole cell extracts containing 5 mg of protein
were precleared by incubating with 100 ul of packed Sepharose
4B for 15 min at 4 °C. To perform immunoaffinity purification,
extracts were incubated for 4 h at 4 °C with 25 ul of packed
anti-FLAG M2-agarose (A2220, Sigma-Aldrich). Beads were
collected by centrifugation at 135 X gand then washed a total of
five times by incubating for 5 min with 1 ml of FLAG washing
buffer (50 mm HEPES-KOH, pH 7.9, 0.3 M NaCl, 10 mm KCl, 1.5
mMm MgCl, with 1:100 (v/v) protease inhibitor mixture (P8340,
Sigma-Aldrich)) and collecting by centrifugation. Beads were
eluted with total 50 ul of buffer containing 500 ug/ml FLAG
peptide (F3290, Sigma-Aldrich), 50 mm HEPES-KOH, pH 7.9,
0.3 M NaCl, 10 mm KCI, 5% glycerol, with 1:100 (v/v) protease
inhibitor mixture by incubating at 4 °C for 30 min or longer on
the nutating mixer.

Yeast Mediator Purification—DNA encoding the yeast
MED21 or MED21(D3K) ORFs with C-terminal FLAG and
Protein A tags was introduced into the plasmid pRS305. Yeast
strains expressing MED21-FLAG-Protein A or MED21(D3K)-
FLAG-Protein A were established by recombination of the
resulting pRS305 derivatives into the LEU2 locus of S. cerevisiae
strain W303 (Table 1). Yeast were incubated overnight at 30 °C
in 100 ml of synthetic drop-out medium, transferred to 8 liters
of 2X YPD medium, and then grown to OD ~3.0. Yeast cells
were harvested, washed twice with double-deionized water,
and frozen in liquid nitrogen. Frozen cells were broken by
blending with dry ice and liquid nitrogen. Approximately 100 g
of broken yeast cell powder were resuspended in 100 ml of
buffer A (100 mm Tris-HCI, pH 8.0, 500 mm KOAc, 0.5 mMm
EDTA, 20% glycerol, 5 mm B-mercaptoethanol, and protease
inhibitors) containing protease inhibitors (Sigma-Aldrich) at a
final concentration of 20 wg/ml benzamidine hydrochloric
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TABLE 1
List of yeast strains used in this study
S. cerevisiae strain Description Reference/Source
W303 MATa/MATa {leu2-3,112 trp1-1 canl-100 ura3-1 ade2-1 his3-11,15} [phi*] Ref. 50
Med21-3F-ProtA leu2-3,112::LEU2-MED21(WT)-3XFLAG-ProteinA This work
Med21(D3K)-3F-ProtA leu2-3,112::LEU2-MED21 (D3K)-3XFLAG-ProteinA This work

hydrate (B6506), 1 ug/ml pepstatin A (P4265), 1 ug/ml leupep-
tin (L2884), and 1 mM phenylmethanesulfonyl fluoride (P7626).
The resulting lysate was cleared by centrifugation. The super-
natant was precipitated with 55% ammonium sulfate, and the
resulting pellet was resuspended in buffer B (20 mm HEPES, pH
7.6, 300 mMm KOAc, 0.5 mm EDTA, 10% glycerol, 0.05% Nonidet
P-40, 5 mm B-mercaptoethanol), including fresh protease
inhibitors. After the suspension was clarified by centrifugation,
the supernatant was incubated at 4 °C for 2 h with 0.4 ml
of IgG-Sepharose resin beads (GE Healthcare, catalog no.
17-0969). After incubation, the beads were washed extensively
with buffer B, followed by further washing with buffer B plus 1
mm DTT. After washing, 100 units of AcTEV™ protease
(Thermo Fisher Scientific, catalog no. 12575) were added to the
resin beads and incubated overnight at 4 °C. Mediator com-
plexes were eluted with three column volumes of buffer B plus
1 mm DTT.

MudPIT—Proteins were precipitated with TCA and solubi-
lized in Tris-HCI, pH 8.5, and 8 M urea. Tris(2-carboxylethyl)-
phosphine hydrochloride (Pierce) and chloroacetamide (Sigma)
were added to a final concentration of 5 and 10 mwmM, respec-
tively. Samples were digested overnight at 37 °C using endopro-
teinase Lys-C at 1:50 (w/w) (Roche Applied Science), brought
to a final concentration of 2 M urea and 2 mm CacCl,, and incu-
bated overnight at 37 °C with trypsin (Promega) at 1:100 (w/w).
Formic acid (5% final) was added to stop the reactions. Peptide
mixtures were loaded onto 100-um fused silica microcapillary
columns packed with 8 cm of Aqua C18 reverse phase resin
(Phenomenex), 3 cm of Partisphere SCX 5 resin (Whatman),
and 2 cm of Aqua C18 reverse phase resin (41). Loaded micro-
capillary columns were placed in-line with linear ion trap mass
spectrometers (LTQ, Thermo Scientific) coupled to quaternary
Agilent 1100 or 1200 series HPLCs, and fully automated 10-step
chromatography runs (40) with dynamic exclusion enabled for
120 s were performed. MS/MS data sets were searched using
SEQUEST (42). Samples from human cells were searched
against a database of 111,379 sequences, consisting of 55,508
Homo sapiens non-redundant proteins (downloaded from
NCBI on February 4, 2014): 9 MED21 mutant sequences; 177
common contaminants (including human keratins, IgGs, and
proteolytic enzymes); and, to estimate false discovery rates,
55,685 randomized amino acid sequences derived from each
non-redundant protein entry. Samples from S. cerevisiae
were searched against a database of 12,038 sequences, consist-
ing of 5843 S. cerevisiae non-redundant proteins (downloaded
from NCBI on February 26, 2013), 177 contaminants, and
6019 randomized amino acid sequences derived from non-
redundant protein entries. Peptide/spectrum matches were
sorted, selected, and compared using DTASelect/ CONTRAST
(43). Proteins had to be detected by at least two spectra; average
false discovery rates at the protein and spectral levels were 0.54
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and 0.17%, respectively. Normalized spectral abundance factors
(dANSAFs) were calculated as described (44).

Electron Microscopy—EM samples were prepared by apply-
ing purified Mediator particles (yeast wild type MED21-Medi-
ator, yeast MED21(D3K)-Mediator, human wild type MED7-
Mediator, or human MED7(R127A/H129A)-Mediator) to
continuous carbon grids and preserving them by staining with
0.75% (w/v) uranyl formate. Particle images (at 52,000X mag-
nification, 2.05 A/pixel) were automatically acquired on a Tec-
nai Spirit electron microscope (FEI) equipped with a LaB6 fila-
ment and operating at an acceleration voltage of 120 kV, using
the Leginon package (45). Images were recorded on a 4096 X
4096 TemCam F416 CMOS detector (Tietz, Inc.). Particle
images for yeast Mediator were picked manually and aligned
and classified after 2-fold pixel binning (final pixel size 4.1
A/pixel) using the Iterative Stable Alignment and Clustering
(ISAC) program implemented in the SPARX software package
(46). Particle images for human mediator were picked using the
Appion pipeline (47, 48), and the reference-free 2D class aver-
ages were calculated using RELION version 1.4 (49). A total of
7805 human MED7(WT)-Mediator images, 8582 human
MED7(R127A/H129A)-Mediator images, 5662 wild type yeast
Mediator images, and 3924 yeast MED21(D3K)-Mediator
images were included in the respective EM data sets.

Original Data—Original data underlying this paper can be
accessed from the Stowers Original Data Repository at http://
www.stowers.org/research/publications/LIBPB-1103.  Please
note that the JBC is not responsible for the long-term archiving
and maintenance of this site or any other third party hosted site.
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Note Added in Proof—There were several errors in the version of this
article that was published as a Paper in Press on November 7,2016. In
Fig. 2C, the marker labels for the MED29 immunoblot were incor-
rect. In Fig. 44, the wrong input blot for MED4 was used. These
errors have now been corrected. The corrections do not alter the
interpretation of the data.
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