1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Mol Biol. Author manuscript; available in PMC 2015 September 25.

-, HHS Public Access
«

Published in final edited form as:
J Mol Biol. 2012 April 13; 417(5): 387-394. doi:10.1016/j.jmb.2012.02.014.

Activator—-Mediator binding stabilizes RNA polymerase Il
orientation within the human Mediator—-RNA polymerase II-TFIIF
assembly

Carrie Bernecky!2 and Dylan J. Taatjes®”
1Dept. of Chemistry and Biochemistry, University of Colorado, Boulder, CO 80309 USA.

The human Mediator complex controls RNA polymerase Il (pol Il)function in ways that
remain incompletely understood. Activator—-Mediator binding alters Mediator structure, and
these activator-induced structural shifts appear to play key roles in regulating transcription.
A recent cryo-EM analysis revealed that pol Il adopted a stable orientation within a
Mediator—pol II-TFIIF assembly in which Mediator was bound to the activation domain of
VVP16. Whereas TFIIF was shown to be important for orienting pol 1l within this assembly,
the potential role of the activator was not assessed. To determine how activator binding
might affect pol Il orientation, we isolated human Mediator—pol 1I-TFIIF complexes in
which Mediator was not bound to an activator. Cryo-EM analysis of this assembly, coupled
with pol Il crystal structure docking, revealed that pol Il binds Mediator at the same general
location; however, in contrast to VP16-bound Mediator, pol 1l does not appear to stably
orient in the absence of an activator. Variability in pol Il orientation might be important
mechanistically, perhaps to enable sense and antisense transcription at human promoters.
Because Mediator interacts extensively with pol 11, these results suggest that Mediator
structural shifts induced by activator binding help stably orient pol Il prior to transcription
initiation.

The large size of the transcription initiation machinery and the inherent flexibility of its
components present formidable challenges for structural analysis. These challenges are
compounded by the fact that large-scale structural shifts are triggered upon activator binding
to human Mediator complexes.1=3 Electron microscopy is suited to study large,
conformationally flexible assemblies because it enables individual complexes to be grouped
into structurally distinct classes. This circumvents potential problems with structural
heterogeneity, provided the majority of complexes are structurally uniform.

Unlike other general transcription factors (e.g. TFIIA, TFIIB, TFIID, TFIE, TFIIF, TFIIH,
and pol 1) that comprise the Pre-Initiation Complex (PIC), human Mediator was discovered
in the late 1990s.4-13 As a consequence, Mediator has not been studied as extensively as

"Corresponding author. Taatjes@colorado.edu; Phone: 303 492-6929; Fax: 303 492-5894.

Present address: Ludwig-Maximilians University, Munich, Germany.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bernecky and Taatjes Page 2

other PIC factors, such as pol Il or even TFIID. Many fundamental questions regarding
Mediator function remain unknown, such as how it helps control pol 11 activity or how it
regulates PIC function. The 26-subunit, 1.2 MDa human Mediator complex interacts directly
with the pol 1l enzyme and is a general target for DNA-binding transcription factors (a.k.a.
activators). Thus, Mediator appears to function as a “molecular bridge” to allow activators to
communicate regulatory signals to the pol 1l enzyme.1415 Interestingly, activator-Mediator
binding appears to stabilize the PIC6 and triggers major structural shifts within the human
Mediator complex, including shifts within regions that bind the pol Il enzyme.1:2 These
activator-induced structural shifts appear to regulate pol 11 activity,317 but the precise
mechanisms involved remain unclear.

To address whether activator-Mediator binding might impact PIC structure, we initiated a
cryo-negative stain EM analysis (hereafter referred to as cryo-EM) of the Mediator—pol 11-
TFIIF assembly, which represents approximately half the protein density of the entire human
PIC. Because Mediator interacts extensively with the pol 11 enzyme and is generally
required for pol I1-dependent transcription, we hypothesized that activator-induced structural
shifts might serve to alter PIC structure at the promoter. We recently completed cryo-EM
analysis of Mediator—pol II-TFIIF, in which Mediator was bound to the activation domain
of viral protein 16 (VP16).18 Structural comparison of this \VP16-Mediator—pol 1I-TFIIF
assembly with an assembly that simply lacks the activation domain would help determine
whether activators might serve additional structural roles during PIC assembly and
transcription initiation.

Isolation of the Mediator—pol II-TFIIF assembly

Mediator, pol I, and TFIIF were each purified independently, as shown in Figure 1. Note
that Mediator was isolated without an activator bound, using a monoclonal MED26 antibody
column, followed by elution of the complex with peptide. To isolate the Mediator—pol I1—
TFIIF assembly, we used a strategy that was successful in purifying Mediator—pol II-TFIIF
assemblies bound to VVP16.18 We first ensured that the pol Il CTD was thoroughly de-
phosphorylated by incubating purified pol Il over a phosphatase resin. This de-
phosphorylated pol 1l sample was then mixed with TFIIF, followed by the addition of
Mediator (Fig. 2A). This sample was then separated over a glycerol gradient, which
effectively resolved free TFIIF and free pol Il from fully-assembled Mediator—pol 1I-TFIIF
complexes, which concentrate in the final fraction of the gradient (Fig. 2B). Western blot
analysis confirmed the presence of Mediator, pol Il and TFIIF in this final fraction (Fig. 2C).
These data suggested that a stable Mediator—pol 1I-TFIIF assembly could form in the
absence of an activator. To probe the molecular architecture of this assembly, we next
examined this Mediator—pol 1I-TFIIF fraction using electron microscopy (EM).

Cryo-EM analysis of Mediator—pol II-TFIIF

Although we recently completed a cryo-EM analysis of Mediator—pol 1I-TFIIF in which
Mediator was bound to the activation domain of \VP1618 (hereafter referred to as VP16-
Mediator—pol II-TFIIF), we wanted to independently evaluate the structure of activator-free
Mediator—pol II-TFIIF. Therefore, we did not use the VP16-Mediator—pol 1I-TFIIF
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structure as a starting model. Instead, we used an unbiased, reference-free approach that was
initiated by imaging complexes in negative stain (2% uranyl acetate) using random conical
tilt methods. Examination of individual micrographs revealed particles of a size and shape
consistent with Mediator—pol 1I-TFIIF (Supplemental Fig. 1A). Parallel data sets were
obtained in untilted and tilted (30° — 45°) stage orientations, resulting in a data set of 26,718
single-particle images (13,359 untilted and 13,359 tilted, from 146 micrograph pairs).
Alignment and 2D classification of the untilted images resulted in a majority of 2D
projection class averages that resembled Mediator—pol 1I-TFIIF, based upon our previous
work with VP16-Mediator—pol II-TFIIF. A fraction of the 2D classes correlated poorly with
Mediator—pol II-TFIIF assemblies and appeared to represent Mediator itself (i.e. not bound
to pol II-TFIIF). These classes were not included in the refinement of Mediator—pol 11-
TFIHF. Whereas a majority of 2D classes appeared to represent Mediator—pol II-TFIIF
assemblies, many of these classes, when grouped together in an angular refinement, resulted
in structures that were discontinuous within the body domain of Mediator (see
Supplementary Methods). This suggested structural variability within this region, perhaps
due to multiple distinct pol Il orientations within the assembly. Indeed, similar
discontinuous structures were observed in past studies of VP16-Mediator—pol Il in the
absence of TFIIF, a situation in which pol 11 does not adopt a stable orientation.18 A
structurally homogeneous data set, representing 16% of the negative-stain data, was
ultimately subjected to multiple angular refinement steps and resulted in a 3D reference
volume suitable for further refinement with cryo-EM data (Supplemental Fig. 1B, C, D).
Extra density was evident at the head domain of Mediator, indicative of pol 1I-TFIIF
binding. Pol I1I-TFIIF also binds this region in the presence of \VP16-Mediator.18 In
addition, yeast pol Il appears to bind the head domain of yeast Mediator, indicating some
structural similarity between yeast and human Mediator—pol 11 complexes.19:20

For cryo-EM analysis, we used the same Mediator—pol 1I-TFIIF sample (Fig. 2B) that was
used for analysis in negative stain. Micrographs were first screened for defocus and
astigmatism; a representative micrograph and power spectrum is shown in Supplemental
Figure 2A and 2B. Single-particle images (9,169) were then selected and windowed from
139 high-quality micrographs. The preliminary Mediator— pol II-TFIIF structure, generated
from negatively-stained samples (Supplemental Fig. 1B), was low-pass filtered to 57 A
resolution and used as a starting reference for angular refinement with cryo-EM data. The
refined 3D structure of the activator-free Mediator—pol 1I-TFIIF assembly is shown in
Figure 3A (see also Supplemental Fig. 2C and D). Whereas the structure generally
resembles that of the VP16-Mediator—pol 11— TFIIF assembly, notable differences are
apparent. These differences derive at least in part from varied pol Il orientations within the
activator-free assembly (see below).

A separate cryo-EM angular refinement was completed using a multi-reference
approach.2122 Because the random conical tilt, negative stain EM data (described above)
revealed free Mediator was present together with Mediator—pol 1I-TFIIF in the sample, we
utilized a multi-reference refinement strategy that separated particles corresponding to
Mediator alone from Mediator—pol 1I-TFIIF complexes. This analysis partitioned
approximately 19% of complexes to free Mediator and 60% of single-particle images to the
Mediator—pol II-TFIIF assembly, which was consistent with the single-reference angular
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refinement described above. Notably, the structure of the Mediator—pol II-TFIIF assembly
was essentially identical relative to the single-reference refinement; furthermore, similar pol
I docking results were obtained from this structure (see below).

In the absence of an activator, pol Il does not stably orient within Mediator—
pol lI-TFIF

To determine the orientation of pol Il within the Mediator—pol II-TFIIF assembly, we
performed independent docking calculations using several crystal structures of the yeast pol
Il enzyme (Supplemental Table 1). The structure corresponding to PDB 1Y 1V was initially
used for the docking calculations because this structure correlated best with a cryo-EM
reconstruction of human pol 11.23 Unlike pol I docking with the \VP16-Mediator—pol 11—
TFIIF cryo-EM structure, 8 a single, stable pol 11 orientation was not evident based upon pol
Il docking calculations. Whereas pol Il consistently localized to the head/body interface of
Mediator, its orientation was variable (Fig. 3B and Supplemental Table 1).

The major pol Il structural features include the cleft (ca. 30x30x80A long) and stalk (ca.
30x30x50A). At the resolution of the 3D reconstruction (32 A), these features drive the pol
I docking result. In contrast to the \VVP16-Mediator—pol 1I-TFIIF cryo-EM structure,18 the
pol Il stalk was not resolved in the activator-free structure (Fig. 3A). The absence of a
clearly defined pol Il stalk domain suggests variability in the pol Il orientation; indeed,
because single-particle reconstruction requires alignment and averaging of thousands of
individual images, alternate orientations of pol Il within the population of images would
yield a structure in which the pol Il stalk domain would average out during angular
refinement. The stalk domain was clearly resolved in the VP16-Mediator—pol II-TFIIF
assembly structure due to a single, stable pol 11 orientation.18 The silver-stained gel of
purified pol 11 (Fig. 1A) and mass spectrometry analysis!® indicates that RPB4 and RPB7
are present in this sample, as expected. The cryo-EM map indicates two putative regions of
RPB4/7 stalk protein density (asterisks, Fig. 3A) at higher molecular mass thresholds (data
not shown). These two pol Il orientations are also suggested by pol Il docking results,
summarized in Supplemental Table 1. However, many plausible pol Il docking results were
observed, likely because pol Il docking experiments were completed within a cryo-EM map
containing an ensemble of pol 11 orientations.

To determine whether the cryo-EM data could be sub-classified into distinct populations,
each representing a different pol |1 orientation, we completed a 3D variance analysis.?124
Interestingly, the 3D variance map for Mediator—pol II-TFIIF indicated that structural
variance concentrated mainly at the pol 11 binding site (Fig. 3C). Sub-classification of
single-particle images within areas of peak variance, however, did not improve the spatial
resolution and did not successfully resolve distinct pol 11 orientations within the population
of images. This likely reflects the high degree of structural plasticity within Mediator and
suggests that structural variability inherent within the entire assembly is more substantial in
scope than a shift in pol Il orientation. Such structural flexibility is well-documented for
both human and yeast Mediator,1425 and is also supported by peak variance regions outside
the pol I1-Mediator interface (Fig. 3C).With respect to cryo-EM analysis of activator-free
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Mediator—pol II-TFIIF, this structural variability precluded further sub-classification of the
data into populations containing only one pol Il orientation.

Structural comparison of VP16-bound vs. activator-free Mediator—pol -
TFIIF complexes

In contrast to the activator-free Mediator—pol II-TFIIF assembly described here, pol Il
adopted a stable orientation within the VVP16-Mediator—pol 1I-TFIIF complex.18 Whereas
different activators can induce different structural shifts upon binding human Mediator, the
structural shift at the Mediator—pol Il interface appears similar, regardless of the activator. In
particular, a large pocket domain forms at the pol 1 binding site upon Mediator binding to
the activation domains of several different transcription factors, including SREBP-1a, p53,
VDR, TR, and VP16.1-3 This suggests a common means by which activators might help
regulate pol 11 activity.14 Interestingly, the pol I1 orientation within VVP16-Mediator—pol I1-
TFIIF appears compatible with transcription initiation (Supplemental Fig. 3A). For example,
a complementary binding surface for the large, 1.1 MDa horseshoe-shaped TFIID complex
is evident.?8 TFIID assembly at this site is consistent with existing biochemical and
structural studies, and would appropriately position TFIID, TFIIB and TFIIA upstream from
the transcription start site.2”28 (TFIIB and TFIIA interact with the TBP subunit within
TF11D.29-31) Moreover, upstream and downstream promoter sequences are accessible to
DNA-binding transcription factors and/or TAF subunits within TFIID, which bind specific
regulatory elements at the promoter.27:28:32 An open site for the multi-subunit, 480 kDa
TFIIH complex is also apparent in the VP16-Mediator—pol II-TFIIF structure (Supplemental
Fig. 3A). TFIIH contains an ATPase activity required to melt promoter DNA,33 and a
helicase activity that facilitates pol 11 promoter clearance.3* The proposed location of TFIIH
is consistent with these activities, and is also in agreement with crosslinking studies that
positioned TFIIH at DNA sequences downstream from the transcription start site.3> Note
that TFIIH is also positioned to physically interact with the Mediator head domain in
Supplemental Figure 3A, in agreement with genetic and biochemical experiments.38
Furthermore, TFIIE physically interacts with TFIIH37:38 and helps regulate TFIIH function
within the P1C.33:3%-41 The model shown in Supplemental Figure 3A juxtaposes TFIIE and
TFIIH, which is consistent with these observations. The model is also consistent with
biophysical studies that localized the pol Il binding sites for TFIIB, TFIIE, and TFIIF.42-47

Whereas the cryo-EM data indicate that pol 11 does not adopt a stable orientation in the
absence of an activator, we did note in our docking experiments that two distinct pol 11
orientations were most consistently observed, based upon cross-correlation coefficients
across multiple different pol Il crystal structures (Supplemental Table 1). One of these pol 1l
orientations is similar to that stabilized by VP16-Mediator binding (compare Supplemental
Fig. 3A and B). This suggests that activator binding per seis not required for pol Il to adopt
this transcriptionally competent structural state, at least within this partial PIC assembly.
This result might reflect the ability of Mediator to stimulate basal (activator free)
transcription in vitro.48-50 A second putative pol Il orientation does not appear compatible
with transcription initiation (Supplemental Fig. 3C), but roughly resembles a Mediator—pol
1 orientation proposed with yeast factors in the absence of an activator.>!
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A means for variable pol Il orientation may have important regulatory consequences.
Previous structural studies with VVP16-Mediator—pol 1I-TFIIF, combined with the data
summarized here, indicate that TFIIF and activators are necessary to stabilize the pol 11—
Mediator interaction. The inability of pol Il to stably orient in the absence of an activator or
TFIHF may have implications for divergent (sense and anti-sense) transcription, which is
common at human promoters.52:53 Variable pol |1 orientation may allow transcription in the
sense or antisense direction in the absence of a key transcription factor and/or TFIIF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Purification of (A) pol I, (B) Mediator, and (C) TFIIF. In each case, a schematic of the
purification protocol is shown at left, with gels showing the purified complex at the right.

Pol Il and Mediator gels were stained with silver whereas TFIIF was stained with

coomassie. ldentities of subunits are shown at the right of each gel.
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Fig. 2.

Isglation of the Mediator—pol II-TFIIF assembly. (A) Schematic of the protocol. The
gradient was set up such that the complete Mediator—pol II-TFIIF assembly would migrate
and concentrate in the final fraction. Note that Mediator is not bound to an activator in these
experiments. (B) Silver-stained gel of the glycerol gradient fractions. Free TFIIF, free
Mediator, and free pol Il migrate earlier in the gradient, as indicated. Subunit identities
shown at the right. (C) Western blot analysis confirms the presence of Mediator, pol Il, and
TFIF in the final gradient fraction, as expected. The pol Il antibody was directed against
RPB1, the Mediator antibody targeted MED23, and the TFIIF antibody RAP74.

J Mol Biol. Author manuscript; available in PMC 2015 September 25.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Bernecky and Taatjes Page 12

A

70°

¥

front

.4 B
12"6 top
” side 1

926 bottom

180°

t

110°

t

front

Fig. 3.
Three-dimensional structure and pol Il docking results for the activator-free Mediator—pol

II-TFIIF assembly. (A) Different views of the cryo-EM reconstruction, rendered to 1.8
MDa. Rotation of the structure shown at left. The resolution of this structure is 32 A, based
upon both the Fourier Shell Correlation (0.5 cutoff) and the half-bit threshold.>455 Asterisks
for the “front” view represent sites where the pol Il stalk protrudes from the structure, based
upon 1) extra protein density observed at higher mass thresholds (not shown), and 2) the top
pol Il docking results based upon cross-correlation coefficients with 8 different pol 11 crystal
structures (see Supplemental Table 1). The absence of clear pol Il stalk density at 1.8MDa
rendering is consistent with multiple pol Il orientations within the sample (see text). The
cryo-EM map has been deposited in the EM Databank (http://www.ebi.ac.uk/pdbe/emdb/),
entry number 5344.(B) General location of pol Il, based upon the docking experiments. (C)
The 3D variance map for Mediator—pol II-TFIIF. The variance map is displayed in blue and
superimposed upon the Mediator—pol II-TFIIF cryo-EM map, which is shown in green
mesh. To enhance visualization, peaks in the 3D variance map are also marked with purple
spheres with a radius of 5 pixels (21 A).
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