1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

s NIH Public Access
I‘Eé Author Manuscript

Rrens®

Published in final edited form as:
Nat Struct Mol Biol. 2010 March ; 17(3): 273-279. doi:10.1038/nsmhb.1757.

Mediator Head module structure and functional interactions

Gang Cail, Tsuyoshi ImasakiZ, Kentaro YamadaZ2, Francesco Cardelli2, Yuichiro Takagiz,
and Francisco J Asturiasl

1 Department of Cell Biology, The Scripps Research Institute, La Jolla, California, USA

2 Department of Biochemistry and Molecular Biology, Indiana University School of Medicine,
Indianapolis, Indiana, USA

Abstract

We used single-particle electron microscopy to characterize the structure and subunit organization
of the Mediator Head module that controls Mediator—-RNA polymerase Il (RNAPII) and Mediator-
promoter interactions. The Head module adopts several conformations differing in the position of
a movable jaw formed by the Med18-Med20 subcomplex. We also characterized, by structural,
biochemical and genetic means, the interactions of the Head module with TATA-binding protein
(TBP) and RNAPII subunits Rpb4 and Rpb7. TBP binds near the Med18—-Med20 attachment point
and stabilizes an open conformation of the Head module. Rpb4 and Rpb7 bind between the Head
jaws, establishing contacts essential for yeast-cell viability. These results, and consideration of the
structure of the Mediator—RNAPII holoenzyme, shed light on the stabilization of the pre-initiation
complex by Mediator and suggest how Mediator might influence initiation by modulating
polymerase conformation and interaction with promoter DNA.

Transcriptional regulation is focused on the initiation process, which entails recruitment of
RNAPII and the general transcription factors to a promoter. Both basal and activated
transcription are critically dependent on the Mediator complex! =2, which conveys regulatory
signals to RNAPII. Consistent with its essential role, the Mediator complex is conserved in
sequence and structure throughout the eukaryotes®=8. Unfortunately, despite the paramount
importance of Mediator, the mechanism of action of the complex remains unclear,
highlighting the significance of investigating its structure, subunit organization and
conformational variability.

Biochemical and structural analyses have shown that Mediator has a modular organization.
Biochemically defined subunit modules appear to correspond to structural modules
identified by structural studies. Recent cryo—electron microscopy (EM) analysis of Mediator
(Fig. 1a) identified rigid portions of the Mediator structure that undergo conserved large-
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scale rearrangements, which appear to be essential for the interaction of Mediator with
RNAPII and other components of the basal transcription machinery8.

Of all Mediator modules, the Head is perhaps the most critical, as evidenced by cessation of
MRNA synthesis at nearly all promoters in vivo when Head module function is
compromised in a Med17 temperature-sensitive Saccharomyces cerevisiae mutant strain®~
11 Consistent with this observation, all but two (Med18 and Med20) Head module subunits
are essential for cell viability. The Head module is involved in at least two critical steps in
the regulation of transcription initiation. First, chromatin immunoprecipitation analysis of
GAL4 promoter activation in S. cerevisiae showed that the Head module is required for
promoter recognition in vivo: compromised Head module function in the Med17
temperature-sensitive mutant results in impaired Mediator recruitment to the promoterl.
Second, the Head module is involved in the assembly and/or stabilization of the
transcription pre-initiation complex (PIC), most likely through direct interactions with
RNAPII and additional components of the basal transcription machinery8:11,

To understand how the Head module might carry out these essential functions, it is critical
to characterize the module’s structure and possible conformational rearrangements so as to
understand how Head module subunits are organized and how the Head module interacts
with PIC components to enable regulation of transcription initiation. Here we present the
results from single-particle EM, biochemical, genetic and functional analyses of
recombinant Head and Head subcomplexes that define the subunit organization of the
module; these analyses reveal a dynamic conformation that appears to be influenced by
interaction with the TATA-binding protein (TBP). We also document the significance of
essential contacts between the Head module and the Rpb4—Rpb7 RNAPII subunit complex,
and we consider possible implications for the mechanism of initiation regulation by
Mediator.

Recombinant Head module and its subcomplexes

A previously established robust expression system provided access to Mini, Core and full
Mediator Head module assemblies and made possible biochemical and structural studies!.
However, a drawback of this system was that it required repeated rounds of screening to
identify individual recombinant baculoviruses that would result in high levels of expression
of Mediator subunits. To overcome this problem, we prepared single baculoviruses bearing
all genes encoding the subunits of the full Mediator Head module (Med17, Med6, Med18,
Med8, Med20, Med11 and Med22) and of the Core (Med17, Med6, Med8, Med11 and
Med22) and Mini (Med17, Med11 and Med22) subcomplexes using the MultiBac system?2.
We recovered the three recombinant protein assemblies by cell breakage followed by
affinity purification on a nickel resin through a decahistidine (10xHis) tag on the Med17
subunit, and we characterized the assemblies by SDS-PAGE and Coomassie blue staining
(Supplementary Fig. 1). Expression levels with the MultiBac system were comparable to
those obtained with the previous system (data not shown).

Structure and variable conformation of the Head module

We imaged recombinant Head module particles in the electron microscope after preservation
in stain. The particles seemed well preserved and similar in size and overall shape (Fig. 1b).
Reference-free alignment and averaging of Head particle images generated two-dimensional
(2D) maps resembling those previously reported!!. Image classification revealed structural
variability resulting from large changes in the position of an extended domain at the distal
end (opposite its connection to the rest of Mediator) of the Head structure. Particles adopted
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three distinct conformations that differed in the angle « at which the movable domain
attached to the rest of the structure (collapsed, a < 90°; closed, « ~ 90°; open, a > 90°) (Fig.
1c). The collapsed and closed conformations were predominant and accounted for a majority
of particles, with only ~30% of particles adopting the open conformation. We obtained
three-dimensional (3D) structures of each Head module conformation (at 30- to 35-A
resolution; Fig. 1d: Supplementary Fig. 2) from images of tilted stained particles using the
random conical tilt (RCT) method!3. The Head portion of a recently published cryo-EM
reconstruction of the Mediator complex® most closely resembles the closed conformation of
the Head, and the comparison suggests that the Head module also adopts different
conformations in cryopreserved intact Mediator particles. We attempted cryo-EM analysis,
but the combination of conformational flexibility and relatively small size (MW ~230 kDa)
make the Head module a very challenging target for such analysis.

of Core and Mini Head module subcomplexes

Images of Core particles (missing subunits Med18 and Med20) preserved in stain generated
several different 2D averages corresponding to different orientations of Core particles in the
EM samples (Supplementary Fig. 3a). In all of these averages, the movable portion of the
Head module structure was entirely absent (Fig. 2a). Consistent with this result, EM analysis
of a Head module missing only the Med20 subunit (AMed20) resulted in 2D averages in
which the tip of the extended movable domain was missing (data not shown), implying that
Med18 forms the connection to the rest of the Head structure. We further validated the
localization of Med18-Med20 to the movable portion of the Head module structure by
difference mapping, a technique in which EM maps of a complex and a related stable
subcomplex are compared to obtain direct and accurate subunit localization information!4. A
2D class average of the Core could be matched to the corresponding portion of a 2D average
obtained from images of Head module particles in the collapsed conformation, and
difference mapping conclusively identified density corresponding to Med18-Med?20 (Fig.
2a). Finally, we fitted the X-ray crystal structure of the Med18-Med20 complex!® (PDB
2HZM) into the variable portion of the 3D EM structure of the Head module and found that
it corresponded in size and shape (Supplementary Fig. 3b). The peripheral position of the
Med18 and Med20 subunits is consistent with biochemical observations regarding Head
module subunit interactions!1:16, and their mobility must be at least partially related to
reported interaction with the C-terminal portion of Med8, which is in turn connected to a
globular Med8 N-terminal domain through an extended linker?®.

Further information about the arrangement of Head module subunits came from class
averages calculated from images of the Mini complex (Med11, Med17 and Med22).
Comparison of 2D maps of the Mini and Core complexes and difference mapping indicated
that subunits Med6 and Med8 form the proximal end (connected to the rest of the Mediator
complex) of the Head module structure (Fig. 2a). The boundaries between subunits in the
Core complex and Med18- Med20, and between subunits in the Mini complex and Med6-
Med8, can be delineated by comparing contour plots of the Head, Core and Mini 2D maps
(Fig. 2b, left). Orienting the 3D reconstruction of the Head module to generate views that
approximately correspond to the views in the Head and Core 2D maps (Fig. 2b, surface
representations in right column) reveals that the views represented by these 2D maps arise
from roughly perpendicular orientations of the Head and Core particles in the EM samples
(slight differences between the 2D and 3D maps are due to deformation in the 3D
reconstructions resulting from some stain-induced specimen deformation and limitations in
particle imaging).

To obtain further information about the organization of Med17, the largest Head module
subunit to which additional subunits are anchored!?, we analyzed EM images of a mutant
recombinant Head module with an ~200-residue Med17 N-terminal truncation and of an
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antibody-labeled mutant recombinant Head module with an engineered Med17 N-terminal
10xHis tag. We did not unequivocally detect either loss of density in the truncation mutant
when compared with the wild-type Head module or antibody density in the tagged mutant,
indicating that, in agreement with predictions based on sequence analysis!’, the N-terminal
portion of Med17 is poorly ordered.

Considering the 3D reconstructions of the Head module and the 2D maps of the Head, Core
and Mini complexes provides an overall description of the subunit organization of the Head
module. The Head structure is reminiscent of a wrench in which the handle is formed by
subunits Med6 and Med8, the fixed jaw is formed by the Med11, Med17 and Med22
subunits, and the movable jaw is formed by Med18-Med?20 (Fig. 2b). More detailed
information about the location and structure of individual subunits will require X-ray
crystallography analysis of the Head module.o?/oP

Subunits at the Head—Middle module interface

EM localization of Med6—-Med8 and information about Mediator subunit interactions from
biochemical studies makes possible the docking of the published X-ray structures of
Mediator subunit complexes Med7-Med21 (ref. 18) and Med7(N terminus)-Med31 (ref. 19)
into a previous 3D cryo-EM structure of Mediator8. The Med7-Med21 heterodimer is part
of the Mediator Middle module but has been shown to interact strongly with Head module
subunit Meds6 (ref. 18). The very elongated shape of the Med7-Med21 complex and the
localization of Med6 to the proximal end of the Head module define a unique docking
position for the Med7—-Med21 X-ray structure in the Mediator cryo-EM volume, and similar
considerations define the position of the Med7(N terminus)-Med31 complex
(Supplementary Fig. 4). In summary, our results allow mapping of the approximate position
of Head module subunits and of subunits forming the Head— Middle module interface (Fig.
2¢).

Interaction with TBP and its effect on Head conformation

Reported interaction between the Med8 N terminus and TBP1® prompted us to test for TBP
binding to the Head, Core and Mini complexes and to investigate the effect of TBP on Head
module structure and function. First, we tested physical interaction with TBP in a pulldown
assay in which we immobilized GST-tagged Head, Core and Mini complexes on a
glutathione-agarose resin and mixed them with recombinant TBP. We probed GST-
pulldown fractions for TBP binding by immunoblotting. TBP bound to the immobilized
Head module (Fig. 3a, lane 4) but not to immobilized GST (Fig. 3a, lane 2) or glutathione-
agarose resin alone (Fig. 3a, lane 1). The Core subcomplex also showed robust (albeit
diminished at ~70%) interaction with TBP (Fig. 3a, lane 6), whereas the Mini sub-complex
showed a diminished (50%) interaction with TBP (Fig. 3a, lane 8). We did not observe
nonspecific cross-reactivity for any of the Head assemblies (Fig. 3a, lanes 3, 5 and 7). These
results are consistent with the EM observation of direct Head—TBP interaction and with the
idea that multiple Head module subunits contribute to the interaction with TBP. Finally, an
in vitro—reconstituted transcription assay with highly purified factors used to measure basal
transcription activity as a function of TBP concentration in the presence or absence of the
Head module revealed that the Head module has a marked effect on transcription levels,
which increased two- to three-fold depending on the TBP concentration (Supplementary Fig.
5), again consistent with the EM observation of Head—TBP interaction.

To investigate the effect of TBP on the structure of the Head module, we reference-free
aligned and classified images of Head module particles incubated with a four-fold molar
excess of TBP using hierarchical ascendant clusteringl4 into the minimal number of classes
(14 total) required to obtain clean class averages (Fig. 3b, top row). To quantify the effect of
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TBP interaction on Head module conformation, and to control for the possibility that
conformational changes might have resulted simply from a slightly different orientation of
particles on the EM grids or from better image alignment and classification, we matched
images of Head module alone to Head—TBP class averages and then reference-free aligned
them within each resulting class. This finer classification of Head module images showed
that incubation with TBP did not change the orientation of particles in the EM samples or
the range of conformations adopted by the Head module (Fig. 3b, bottom row). However,
incubation with TBP caused ~15% of Head module particles to shift toward the open
conformation (Fig. 3c).

Despite clear evidence for TBP binding and an effect of TBP on Head structure, TBP
density could not be conclusively identified in Head—TBP 2D class averages. To further
investigate this issue, we incubated TBP with the Core complex, which showed a different
orientation on EM samples that might facilitate detection of TBP density. Indeed, a class
average including ~10% of images in the Core-TBP data set clearly showed additional
density corresponding in size and shape to TBP (Fig. 3d). Limited binding of TBP to the
Head module in the EM experiments likely resulted from the need to use a comparatively
low protein concentration (~50 nM instead of the ~2.6 uM used for the pulldown assays) to
obtain a particle density adequate for EM image analysis. TBP binds to the Core across the
interface between Mini (Med11, Med17 and Med22) and other Core subunits (Med6 and
Med8) and near the Med18 attachment point to the Core (Fig. 3e). This is consistent with
previously reported binding of TBP to subunit Med8 (ref. 1°) and with the results from
pulldown analysis indicating comparable binding of TBP to the Head and Core and reduced
binding to the Mini complex. Failure to detect distinct TBP density in what we assume must
be a similarly small fraction of Head—TBP particle images (only ~15% of Head module
particles change conformation after incubation with TBP) is most likely explained by the
observation that TBP density would overlap with Core and Med18-Med?20 densities in the
orientation adopted by Head particles on the EM grids (see Fig. 2b).

Interaction of the Head module with Rpb4-Rpb7

A recent model of the Mediator—-RNAPII holoenzyme complex structure suggests that the
distal end of the Head module interacts closely with the Rpb4-Rpb7 subunit heterodimerS.
We investigated this by biochemical, genetic and EM analysis. First, we tested direct
physical interaction between the Head module and Rpb4-Rpb7 in a pulldown assay in which
we immobilized GST-tagged Head module or Head module subassemblies on a glutathione-
agarose resin and mixed them with recombinant Rpb4-Rpb7. We probed GST-pulldown
fractions for Rpb4—Rpb7 binding by immunoblotting. Rpb4-Rpb7 bound to the immobilized
Head module (Fig. 4a, lane 4) but not to immobilized GST (Fig. 4a, lane 2) or glutathione-
agarose resin alone (Fig. 4b, lane 1). The Core subcomplex also showed an appreciable
(albeit markedly diminished at ~57%) interaction with Rpb4-Rpb7 (Fig. 4a, lane 6),
whereas the Mini subcomplex only showed a residual (17%) interaction with Rpb4-Rpb7
(Fig. 4a, lane 8). We did not observe nonspecific cross-reactivity for any of the Head
assemblies (Fig. 4a, lanes 3, 5 and 7). These results are consistent with a direct physical
interaction between Rpb4—Rpb7 and different Head module subunits, notably Med18 and
Med20.

Second, we examined the interaction of the Head module with Rpb4-Rpb7 by EM. We
imaged Head module particles after incubation with purified recombinant Rpb4-Rpb7
subunit complex. Additional density was apparent between the jaws of the Head module in a
class average obtained from Head module particles in the closed conformation and in a 3D
reconstruction obtained using the RCT method on corresponding tilted particle images (Fig.
4b). It has been reported that recombinant Med18-Med20 and Rpb4-Rpb7 assemblies do
not show a stable interaction!®. Our biochemical and EM observations suggest that
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additional Head subunits might be required to stabilize interaction of the Head module with
Rpb4-Rpb7.

Finally, we investigated the in vivo relevance of the interaction between Rpb4-Rpb7 and
Med18-Med20 by assessing the viability of RPB4 and MED18 or MED20 synthetic double
mutants. We derived S. cerevisiae med18 and med20 deletion strains (4med18 and 4med?20,
respectively) by replacing the MED18 or MED20 gene locus with a LEU2 marker in a wild-
type strain in which a URA3 marker containing a plasmid-borne RBP4 gene rescued a
chromosomal RPB4 gene deletion. The 4Amed18 and Amed20 mutant strains grew slightly
more slowly than the isogenic wild-type strain in synthetic complete medium lacking
leucine and uracil (SC —Leu-Ura), but loss of the RPB4 gene—containing vector upon
exposure to 5-fluoroorotic acid (5-FOA) resulted in synthetic lethality, indicating a strong
genetic interaction between RPB4 and MED18 and/or MED20 (Fig. 4c). To control for the
possibility that simultaneous deletion of Rpb4 and any nonessential Mediator subunit might
lead to lethality, we carried out analogous double knockout experiments involving
nonessential Mediator subunits in the Middle (Med1, Med9 and Med31) and Tail (Med5 and
Med15) modules. Simultaneous deletion of Rpb4 and some Mediator subunits in the Middle
(Med1 and Med31) and Tail (Med5) modules did not result in lethality, but deletion of Rpb4
and Med9 (Middle) or Med16 (Tail) was lethal (Fig. 4c). These results indicate that lethality
in these synthetic double mutants is subunit-specific and not a general phenomenon.

The biochemical and genetic analyses of the interaction between Med18-Med20 and Rpb4—
Rpb7 are consistent with the direct physical interaction detected by EM analysis and suggest
that these proteins underpin a critical Mediator—-RNAPII contact. Although we cannot offer
direct evidence to explain the Med9-Rpb4 and Med16-Rpb4 genetic interactions, it is
interesting to consider that the Middle and Tail modules are also involved in mediating
important contacts with RNAPII8, It is conceivable that simultaneous deletion of Rpb4 and
Med9 or Med16 prevents formation of a stable holoenzyme complex by compromising too
many essential Mediator—-RNAPII contacts.

DISCUSSION

Subunit organization of the Head module

Single-particle EM analysis reveals that the Head module is organized around a relatively
compact core comprising subunits Med17, Med11 and Med22, which form the middle and
distal (opposite its connection to the rest of the Mediator structure) portions of the Head
module structure (Fig. 2b,c). Subunits Med6 and Med8 form the proximal end of the Head
module structure. The location of the highly conserved Med6 subunit indicates that it is
involved in connecting the Head and Middle modules through contacts with Middle module
subunits Med7, Med21 and Med31, whose X-ray structures could be docked into the cryo-
EM reconstruction of Mediator (Supplementary Fig. 4). The interface between the Head and
Middle modules is likely important in facilitating a reorganization of the Mediator structure
that results in a conformation competent for interaction with RNAPII8. Interestingly, a
similar conformational change in human Mediator takes place upon binding of a nuclear
receptor in an area corresponding to the location of the Med7-Med21-Med31 subunit
complex?0.

At the distal end of the Head module, the Med18-Med?20 subunit heterodimer forms an
extended structure that attaches near the intersection between the Med6—-Med8 and Med17-
Med11-Med22 subassemblies. Changes in the position of Med18-Med?20 result in different
overall conformations of the Head module. The EM results presented here provide a
description of the subunit organization of the Head module and its connection to the rest of
the Mediator complex (Fig. 2c).
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Head module conformation and its modulation by TBP

Biochemical and EM studies provided evidence for physical interaction between TBP and
various subunits in the Head module, with results from pulldown analysis suggesting
formation of a nearly stoichiometric Head—TBP complex (Fig. 3a). Furthermore, in vitro
transcription assay results revealed that the Head module causes a marked increase in
transcriptional activity at a given TBP concentration (Supplementary Fig. 5). The combined
effect of the Head module and TBP on basal transcription might be correlated with the effect
of TBP on Head module conformation. In the absence of additional factors, the Head
module tends to favor conformations in which the movable jaw formed by the Med18 and
Med20 subunits is relatively closed (Fig. 3c), perhaps due to a reported!® weak interaction
between the Med20 subunit at the distal end of Med18—-Med20 subassembly and the Med17
subunit in the opposite jaw (Fig. 2b). However, after incubation with TBP, the open
conformation of the Head module becomes prevalent (Fig. 3c). We do not have any
information about the mechanism that enables TBP to affect Head module conformation, but
our observations suggest that a shift to the open conformation of the Head module jaws upon
interaction with TBP could be important for Mediator interaction with RNAPII.

Head module interaction with RNAPII

The possible implications of Head module interaction with RNAPII can be better
appreciated by considering the structure of the Mediator— RNAPII holoenzyme. Fitting the
3D Head module reconstruction described here and the atomic-resolution structure of the
12-subunit initiation-competent form of RNAP1121:22 jnto the Mediator-RNAPI|
holoenzyme structure®:23 suggests how Mediator establishes a critical contact with RNAPII
and how Mediator might stabilize the PIC and influence transcriptional initiation.

The approximate position of TBP in the Mediator—RNAPII holoenzyme structure can be
deduced from the location of TBP binding to the recombinant Head Core assembly (Fig.
3d,e). Based on this result, in the holoenzyme complex, TBP would be located at the back of
the RNAPII, near the dock domain?* where, in agreement with current models for the
organization of a minimal PIC24=26, jt would be positioned to interact with TFI1B and
upstream promoter DNA. This arrangement could help explain the observed stabilization of
the PIC by Mediator (Fig. 5a).

The structure of the Mediator-RNAPII holoenzyme indicates that Rpb4—Rpb7 constitutes a
major contact between the Mediator Head module and RNAPI18. Accordingly, we have
documented a strong genetic and physical interaction between recombinant Head module
and recombinant Rpb4-Rpb7 (Fig. 4). The Rpb4-Rpb7 complex binds between the jaws of
the Head module, which adopt an open conformation to accommodate Rpb4—-Rpb7 binding.
This brings up the possibility that regulation of Head conformation by factors such as TBP
could directly influence interaction of Mediator with RNAPII.

Implications of the interaction between Head and Rpb4—-Rpb7

Polymerase subunits Rpb4 and Rpb7 appear to be involved in a number of events, from
nascent RNA binding?’ to the stress response and recruitment of CTD-interacting
complexes?8. Notably, the subunits are essential for promoter-dependent initiation but not
for elongation?®, and they appear to be involved in a step of initiation subsequent to
recruitment of RNAPII to the PIC30. Recent analysis suggests that physical interaction with
RNAPII underlies the essential role of Rpb7 in the cell3L. The results presented here suggest
that this might at least in part be due to the critical role Rpb4 and Rpb7 play in enabling
interaction of Mediator with RNAPII.
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Conceivably, Rpb4—-Rpb7 could act as more than an attachment point for the Head module,
perhaps helping Mediator modulate access of promoter DNA to the RNAPII cleft. It has
been suggested?1:22 that interaction of the N terminus of Rpb7 with the switch domains at
the base of the RNAPII clamp would prevent the latter from adopting a more open
conformation that would be necessary to accommodate double-stranded DNA in the
RNAPII active site cleft. Rather than blocking clamp movement, the interaction of Rpb4 and
Rpb7 (the N terminus of Rpb4 also interacts with the clamp31:32) with the clamp might
allow the subunits to function as a ‘handle’ that could facilitate clamp movement in response
to interaction of RNAPII with Mediator and other components of the transcription
machinery (Fig. 5b). Further analysis of RNAPII clamp mobility and the way in which it is
affected by basal transcription factors and the Head module will be necessary to test this
hypothesis.

Methods and any associated references are available in the online version of the paper at
http://www.nature.com/nsmb/.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Collapsed Closed Open

Figure 1.

Mediator and Head module structure. (a) A cryo-EM reconstruction of Mediator shows the
overall structure of the complex at ~25-A resolution. Previous biochemical, functional and
structural analyses suggest a modular organization of Mediator. The Head, Middle/Arm and
Tail structural modules have been identified by comparing structures of Mediator in
different conformations. A portion of the structurally defined Head module (dashed in
green) comprises density corresponding to subunits biochemically identified with the
Middle module. (b) A micrograph showing single Head module particles preserved in uranyl
acetate. Scale bar, 200 A. (c) Three different conformations of the Head module were
identified through reference-free alignment and classification of EM images. Head module
particles were nearly evenly distributed among the three different conformations that differ
in the position of a smaller corner-shaped domain on the bottom-right of the structure. The
angle (a) between the larger and smaller portions of the Head module structure (see
diagram) is <90° in the collapsed conformation, ~90° in the closed conformation and >90°
in the open conformation. Information from images of tilted particles was used to obtain 3D
reconstruction of the Head module in all three different conformations. Scale bar, 100 A. (d)
Different views of Head module volumes in the collapsed (left column), closed (middle
column) and open (right column) conformations. Scale bar, 100 A.
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Figure 2.

EM analysis of Head module and subcomplexes. (a) Comparison of class averages obtained
from images of Head and Core subcomplexes (corresponding to approximately the same
projection direction) and difference mapping establishes that the extended domain flexibly
attached to the rest of the Head module corresponds to subunits Med18 and Med20, with
Med18 directly connected to the rest of the Head module structure and Med20 forming the
distal end of the mobile domain. The above-mentioned comparison also indicates that the
Mini complex corresponds to the left portion of the Core complex structure. All class
averages are also shown as contour plots to facilitate visual comparison. (b) Contour plots
calculated from 2D class averages of the Head and Core complexes were color-coded to
highlight the approximate boundaries between different sets of Head module subunits. Two
views (marked 1 and 2) of the 3D Head module structure matching the two projections of
the Core (also marked 1 and 2) used for difference mapping indicate that the two 2D maps
arise from roughly perpendicular orientations of the Head and Core particles in the EM
samples (the Med18-Med?20 portion of the Head structure is shown as a green mesh in
orientation 2). (c) The EM results can be used to derive a description of the overall
organization of subunits in the Head module and its interface to the rest of the Mediator
complex (see Supplementary Fig. 4 for docking of Med7-Med21 and Med31 into the
Mediator cryo-EM structure).
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Head-TBP interactions. (a) A GST pulldown assay was used to measure the interaction
between TBP and the Head, Core and Mini complexes. GST fusion complexes (as indicated)
were immobilized on a glutathione-agarose resin incubated in the presence (lanes 4, 6 and 8)
or absence (lanes 3, 5 and 7) of TBP. Controls are shown in lanes 1 and 2. Values for
relative TBP binding to the different complexes are represented by the bars below the
immunoblot. (b) Class averages obtained after incubation of the Head module with (top) and
without TBP (bottom). Interaction with TBP had no effect on the range of conformations
adopted by the Head module. (c) TBP interaction influences the distribution of particles
among the different conformations of the Head module. The order of groups in the
histogram is derived from the order of class averages in b. (d) Class averages calculated
from images of Core particles alone (middle) and after incubation with TBP (left), and the
difference between them (right). (e) An approximate 3D model of the Head—TBP complex
based on the Core + TBP 2D class average and the 3D structure of the Head module. The
Core portion of the Head module is shown in red, density corresponding to subunits Med18
and Med20 is represented as a gray mesh, and TBP is shown as a purple surface calculated
by low-pass filtering the X-ray structure of TBP33,
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Figure 4.

Head module-Rpb4-Rpb7 interaction. (a) A GST pulldown assay was used to measure the
interactions between Rpb4—-Rpb7 and the Head, Core and Mini complexes. GST fusion
complexes (as indicated) were immobilized on glutathione-agarose resin incubated in the
presence (lanes 4, 6 and 8) or absence (lanes 3, 5 and 7) of recombinant 6xHis—Rpb4—Rpb?7.
Controls are shown in lanes 1 and 2. Values for relative binding to the different complexes
are represented by the bars below the immunoblot. (b) Comparison of class averages
obtained after alignment of Head alone (left, 1,748 images) and Head—Rpb4—Rpb7 particles
(right, 1,332 images) shows the presence of additional density in the region corresponding to
the jaws of the Head module. A 3D reconstruction of the Head—Rpb4—-Rpb7 complex (solid
yellow surface, right panel top) shows density (semitransparent yellow surface, right panel
bottom) matching the size and shape of a low-resolution model calculated from the Rpb4—
Rpb7 X-ray structure32 (purple surface, right panel bottom). (c) Genetic interaction between
Rpb4 and Mediator subunits in the Head (Med18 and Med20), Middle (Med1, Med9 and
Med31) and Tail (Med16 and Med5) modules was tested by assessing the viability of the
synthetic double mutant strains as described in Online Methods. The wild-type (WT) and
mutant strains were grown in SC —Leu medium, spotted in five-fold dilutions onto SC —Ura-
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Leu and SC +5-FOA plates and incubated at 30 °C for 3 (SC —Ura-Leu plates) or 5d (SC
+5-FOA plates).
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Figure 5.

Interaction of the Head module with components of the mPIC and a possible mechanism for
initiation regulation. (a) Positioning TBP (shown as a purple surface calculated by low-pass
filtering the X-ray structure of TBP) in its approximate binding location to the Head module
(adjacent to the Med8 subunit) places the transcription factor in a position matching that
predicted by current models of the minimal preinitiation complex structure. This positioning
suggests how interaction of RNAPII (shown in orange) with Mediator in the Mediator—
RNAPII holoenzyme structure (shown in gray) might help stabilize the preinitiation
complex. The magenta circle denotes the approximate position of the RNAPII active site.
(b) Interaction of the Head module with the Rpb4-Rpb7 polymerase subunit complex
(shown in ruby) documented in this study could be important for enabling Mediator and the
general transcription factors to affect the conformation of the polymerase clamp domain
(shown in blue), possibly facilitating opening (as indicated by the yellow arrow) of the RNA
polymerase Il active-site cleft (outlined in black) to allow access of double-stranded
promoter DNA to the polymerase active site.
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