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The Cdk8 kinase module (CKM) in Mediator, comprising Med13, Med12, CycC, and Cdk8, regulates RNA polymerase Il
transcription through kinase-dependent and -independent functions. Numerous pathogenic mutations causative
for neurodevelopmental disorders and cancer congregate in CKM subunits. However, the structure of the intact
CKM and the mechanism by which Cdk8 is non-canonically activated and functionally affected by oncogenic CKM
alterations are poorly understood. Here, we report a cryo-electron microscopy structure of Saccharomyces cerevisiae
CKM that redefines prior CKM structural models and explains the mechanism of Med12-dependent Cdk8 activation.
Med12 interacts extensively with CycC and activates Cdk8 by stabilizing its activation (T-)loop through conserved
Med12 residues recurrently mutated in human tumors. Unexpectedly, Med13 has a characteristic Argonaute-like
bi-lobal architecture. These findings not only provide a structural basis for understanding CKM function and
pathological dysfunction, but also further impute a previously unknown regulatory mechanism of Mediator in
transcriptional modulation through its Med 13 Argonaute-like features.

INTRODUCTION

In eukaryotes, Mediator is a large, evolutionarily conserved, and
multisubunit (25 to 30 proteins) transcriptional coactivator com-
plex that conveys regulatory signals from activators and repressors
to the RNA polymerase II (RNAPII) transcription machinery (I, 2).
Structurally, Mediator proteins are assembled separately into a Core
Mediator (~1 MDa) and a dissociable subcomplex (~0.5 MDa), called
Cdk8 kinase module (CKM) (3-6). Biochemically, Core Mediator is
able to interact with the RNAPII machinery and initiate transcription
(7, 8), while the CKM can reversibly associate with Core Mediator to
preclude RNAPII binding (5, 6, 9, 10). The CKM was initially con-
sidered to play a repressive role in gene expression, but recent studies
have shown its roles in both context-specific activation and repres-
sion of transcription (11, 12).

The CKM, first identified in yeast, consists of Cdk8, CycC,
Med12, and Med13 subunits (Fig. 1A) (13). The CycC-dependent
CDKS kinase, a colorectal cancer oncoprotein in humans (14), be-
longs to a transcriptional CDK subbranch and phosphorylates the
C-terminal domain (CTD) of RNAPII Rpbl and many transcription-
associated proteins, including Transcription Factor IT H (TFIITH)
(15-18). Notably, CDKS8 lacks a canonical phosphorylation residue
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within its activation segment (T-loop), and this fact, coupled with
its incorporation into the large CKM complex essential for kinase
activity, renders CDK8 distinct among CDK family proteins with
an apparent unique and heretofore obscure activation mechanism.
Human MED12, required for CDK8/CDK19 kinase activity (6, 19-21),
has been found to associate with transcriptional activators/coactivators,
the REST corepressor G9a, and certain activating noncoding RNAs
(22-26). However, the molecular mechanism by which MED12
activates CycC-dependent CDK8/19 remains unclear. Med13, the
largest subunit in Mediator, enables association of the CKM with
Core Mediator (5, 6). On the basis of sequence alignment, Med13
was predicted to be a member of the PIWI protein family because of
the presence of an apparent PIWI module that contains MID
and PIWI [ribonuclease H (RNase H)-like] domain (27). The PIWI
module represents a functional unit within the Argonaute (Ago)/
PIWTI superfamily of proteins that play crucial roles in transcrip-
tional and posttranscriptional gene silencing (28). Ago proteins are
further characterized by the presence of N, L1, L2, and PAZ domains,
the latter of which contributes to binding of small interfering RNA/
microRNA (29, 30), but the previous alignment analysis identified
no such domains in Med13 (27). Therefore, obtaining structural in-
formation of Med13 is essential to understand its functional role in
Mediator-dependent transcription regulation.

Dysfunction or dysregulation of human CKM has been linked
with both germline and somatic developmental and age-associated
diseases. For example, mutations in MED12 are causative for several
X-linked intellectual disability disorders including Opitz-Kaveggia
(FG), Lujan-Fryns (Lujan), and Ohdo syndromes, and MED12 is also
recurrently mutated at high frequency in uterine leilomyomas (ULSs)
and breast fibroadenomas, as well as prostate and other cancers
(31-35). These findings suggest that delineation of the CKM structure,
including resolution of its constituent subunit interactions and mech-
anism of CDKS activation therein, will be essential to fully understand
the function and dysfunction of Mediator-dependent transcription
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Fig. 1. Kinase activation, cryo-EM map, structure, and XL-MS analysis of the yeast CKM. (A) Schematic diagram of CKM subunits. The functional domains are indicat-
ed. KA, kinase activation domain. (B) SDS-PAGE analysis of purified WT CKM and Cdk8/CycC (from a Med12A/Med13A/CycC-TAP-tagged yeast strain). The identities of
bands corresponding to Cdk8 and CycC were confirmed by MS. CBP, Calmodulin Binding Protein. (C) Kinase activity of purified CKM and Cdk8/CycC directed toward
the Ser’ residue of the RNAPII CTD (GST-CTD-6xHis). WB, Western blotting. (D) Left: Cryo-EM map of Kinase- and Central-lobes at 3.8-A resolution. Right: Cryo-EM map of the
H-lobe at 4.9-A resolution. (Cdk8 in blue, CycC in cyan, Med13 in green, and Med12 in orange). (E) Two helices of Med12 and Med13 subunits with their corresponding
electron densities. (F) Overall structure of the CKM. The Kinase-, Central-, and H-lobes are as indicated. (G) Cross-linking map of the CKM. In total, 80 intrasubunit and

29 intersubunit cross-links identified between lysine residues present in the CKM atomic model are shown by red and blue lines, respectively. The protein regions belong-
ing to the Kinase-, Central-, or H-lobes are as indicated.
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in development and disease. Although some structural information
of human and yeast CKMs were obtained by electron microscopy (EM)
and x-ray crystallography (5, 6, 9, 36-38), detailed molecular insight
into the entire CKM structure, subunit interactions, and mechanism
of CDKS8 kinase activation are heretofore still lacking.

Here, we report a cryo-EM structure of Saccharomyces cerevisiae
CKM complex that redefines prior human and yeast CKM subunit
organizational models. The structure, combined with cross-linking
mass spectrometry (XL-MS) and biochemical analyses, provides a
structural basis for large Med12 and Med13 subunits and reveals
critical contacts between Med12 and Cdk8/CycC essential for kinase
activity. The Med12 subunit functions as a scaffold within the CKM,
and its unique structure provides great potential for interactions
with regulators. The N-terminal region of Med12 stimulates Cdk8
kinase activity by a noncanonical mechanism that involves contacts
with both the T-loop and RHYT segment of the kinase. Mapping human
UL-linked MED12 driver mutations onto the CKM structure re-
vealed a cluster in the vicinity of the kinase T-loop/RHYT segment,
and functional analyses confirmed that these mutations disrupt CDK8
kinase activity. Notably, molecular dynamics simulations suggest a
model for mutation-induced disruption of Cdk8 kinase activity through
reconfiguration of the T-loop into a nonactivated conformation.
Unexpectedly, we found that Med13 not only has MID and PIWI
domains, as previously predicted, but also harbors N, L1, L2, and
PAZ domains that collectively conform to an Ago structure. Nota-
bly, the L2 domain of Med13 adopts a unique structure that mimics
Ago-bound RNA to occupy the central channel, resulting in an au-
toinhibited state. Last, we show that the CKM binding region on
Core Mediator is likely to overlap with those of both RNAPII and TFIIH,
revealing steric hindrance as the basis by which the CKM precludes
the interaction of Mediator with the transcription preinitiation com-
plex (PIC). Together, our findings markedly redefine the central ar-
chitecture of the Mediator kinase module, confirm the interface
between CDK8/CycC and MED12 as a potential therapeutic target
for Mediator-associated Cdk8-driven diseases, and shed new light
on the regulatory potential of Mediator in transcriptional modulation
mediated by its Med13 Ago-like features.

RESULTS

High-resolution structure of the CKM redefines previous
subunit organization

Wild-type (WT) yeast CKM for structure determination was purified
from S. cerevisiae through a tandem affinity purification (TAP)-tagged
CycC subunit and thereafter polished by ion exchange chromato-
graphy (table S1). Purified CKM subunit composition and kinase
activity were determined by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and phosphorylation assay against the RNAPII CTD,
respectively (Fig. 1, B and C). To compare the activity of Cdk8/
CycC with and without Med12/Med13, we also purified endogenous
yeast Cdk8/CycC from Med12/Med13 deletion strains. WT CKM
kinase activity was substantially higher than that of Cdk8/CycC
alone, suggesting that Cdk8/CycC activity was stimulated in the
presence of Med12 and Med13 (Fig. 1C).

CKM cryo-EM specimens were prepared on holey carbon grids
and imaged on a 300-kV Titan Krios (FEI) microscope equipped
with a K2 Summit (Gatan) direct electron detector (fig. SIA and
table S2). Two-dimensional (2D) class averages showed various ori-
entations of the CKM that was preserved in ice (fig. S1B). Although
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the CKM in some averages appear to be symmetric, two distal ends
of the CKM are composed of different subunits. Analysis of the
CKM images resulted in an overall 4.4-A cryo-EM map (fig. S1C).
A local resolution map showed that the highest-resolution portions
of the map were the Kinase- and Central-lobes, whereas some
mobility resulted in blurring of the H-lobe map near the distal end
(fig. S1IC). Image processing that focused on the Kinase- and
Central-lobes was able to produce a final 3.8-A-resolution density
map (Fig. 1D, left, and fig. S1D). For the H-lobe of the CKM near
the distal terminus, local refinement was able to improve the map
quality to 4.9 A, in which secondary structure elements could be
resolved and the main chain could be traced (Fig. 1D, right, and fig.
S1E). We performed model building for Cdk8/CycC starting from
the crystal structure of human Cdk8/CycC complex (38) and built
Med12 and Med13 models ab initio on the basis of cryo-EM maps
and secondary structure prediction results (Fig. 1, E and F; fig. S2;
and table S2).

In the elongated CKM structure, two bent features, corresponding
to the Kinase- and H-lobes, protrude from the Central-lobe (Fig. 1F
and movie S1). In the Kinase-lobe, the Cdk8 subunit is connected to
the Central-lobe through CycC and a portion of Med12, which is
consistent with previous structural studies (5, 36). Unexpectedly,
however, we found that the H-lobe of the CKM is composed only of
Med12, whereas Med13 and a portion of Med12 together constitute
the Central-lobe (Fig. 1F). Notably, the relative position of Med13
and Med12 in our high-resolution structure of the CKM is reversed
compared to previously published EM studies (5, 6, 36), in which
Med13 was instead localized to the distal terminus of the CKM. It is
likely that conformational flexibility caused by the deletion of Med13
in prior low-resolution EM studies led to inaccurate interpretation
of the subunit organization.

To strengthen our structural findings, we performed XL-MS anal-
ysis on the purified CKM (fig. S3, A and B, and data S1). The identified
cross-links were selected on the basis of the presence of correspond-
ing lysine residues in our atomic model and then mapped onto the
CKM structure (Fig. 1G). Except for those regions missing in the
corresponding density map, the organization and interactions
among subunits revealed by the CKM atomic model agree with cross-
links detected by XL-MS analysis (fig. S3, C to G). Consistent with
our CKM structure, several cross-links identified between CycC
and Med13 occur at their interface, thus revealing CycC to be posi-
tioned next to Med13 in the Central-lobe (fig. S3D). The XL-MS
results that support the CKM structure are discussed separately in
the following sections. Because of sequence homologies within or-
thologous subunits and similarities in the CKM overall shape revealed
by EM, we suggest that the subunit organization of yeast CKM re-
defined by our high-resolution structure and XL-MS analysis can be
applied to those of higher eukaryotic CKMs.

Med12 comprises a HEAT core with N- and C-terminal
protrusions that extensively interact with Cdk8/CycC

and Med13, respectively

The elongated conformation of Med12 spans the entire CKM and
comprises two extended N- and C-terminal segments (Med12N and
Med12G, respectively), connected by a large horseshoe-shaped sole-
noid structure (Med12HEAT) that is mainly composed of o-helical
elements (Fig. 2, A and B, and fig. S4A). Med12N (residues 1 to 105)
starts as an extended polypeptide with two o helices (H1 and H2) that
wrap around the Kinase-lobe of the CKM (orange in Fig. 2C) and
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Fig. 2. Structure of Med12 and its interactions with Cdk8/CycC and Med13. (A) Structural organization of Med12. The first and second helices (orange ribbon) in
Med12N are labeled as H1 and H2, respectively. Five HEAT domains (Med12HEAT) are shown in transparent surface. (B) Domain organization of Med12. The N- and C-terminal
regions of Med12 (Med12N and Med12C) that form interactions with Cdk8/CycC and Med 13, respectively, are indicated. Colors are as in (A). (C) Interactions of Med 12 with
Cdk8, CycC, and Med13. Cdk8, CycC, and Med13 are shown in colored surface representations. (D) The Med12 N-terminal region (residues 1 to 105) associates with Cdk8/
CycC. GST-Med12 fragments in Escherichia coli lysates as indicated were immobilized on glutathione Sepharose beads and incubated with yeast cell lysate (CycC-TAP/
Med12A/Med13A) containing Cdk8/CycC. (E) Kinase activity of yeast Cdk8/CycC stimulated by GST-Med12-(1-105). Phosphorylation of GST-CTD-6xHis was detected by
the antibody that recognizes phosphorylated Ser® of CTD. For GST-Med12-(1-105), 250 ng (+) or 1 ug (++) of protein was used in the reactions. (F) Immunoprecipitation
(IP) assay. Deletion of the C-terminal region (residues 1346 to 1427) of Med12 caused loss of Med13 from CKM.

makes extensive contacts with both the Cdk8 and CycC subunits
(described below). This agrees with XL-MS results showing that H2
of Med12 (K88 and K91) cross-linked with CycC (K262) and Med13
(K1114) at their respective interfaces (fig. S3D). Consistent with
prior biochemical findings for the human CKM (19, 20), we found
that the yeast Med12 N-terminal region (residues 1 to 105) could
associate with Cdk8/CycC and stimulate its kinase activity (Fig. 2,
D and E), confirming an important role for the Med12 N-terminal
region in kinase activation. Med12HEAT (residues 106 to 1343),
encompassing the majority of Med12, comprises five HEAT domains,
each of which consists of 9 to 14 o helices (Fig. 2B and fig. S4B). The
first domain (HEAT 1) of Med12HEAT lies adjacent to Med13 in
the best-resolved portion of the cryo-EM map, and we were able
to assign protein residues for this domain in the atomic model
(Fig. 2C and fig. S2B). The remaining four domains (HEAT 2 to
HEAT 5) of Med12HEAT, which form the H-lobe, are tightly
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packed at one end of the CKM (Fig. 1F and fig. S2C). Despite de-
creased resolution (4.9 A) in this region caused by some mobility,
the main-chain trajectory of the H-lobe revealed by our model
agreed with cross-links detected by the XL-MS analysis of the CKM
(fig. S3E).

In the CKM structure, we found that Med12C (residues 1344 to
1427; green in Fig. 2C) adopts an extended conformation that runs
along the Med13 surface, overlaps with a linker region that connects
Med12N to HEAT 1, and ultimately contacts CycC by its C terminus
near the interface between Med13 and CycC (Fig. 2C and fig. $4, C
to E). Consistent with the localization of the Med12 C terminus,
XL-MS analysis revealed cross-links between K1392 and K1424 of
Med12 and some Lys residues of Med13 around the interface be-
tween Med13 and CycC (fig. S3F). In addition, the extensive inter-
actions between Med13 and Med12C described here are consistent with
our biochemical observation that Med13 is lost from a AMed12C
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CKM derivative (Fig. 2F). Moreover, the C-terminal region of human
MED12, including both PQL and OPA domains, has been reported
to interact with Med13 (20). Together, these results reveal that Med12
functions as a scaffold that connects Cdk8, CycC, and Med13, and
its elongated conformation could further provide a large surface
area for interactions with transcriptional regulators.

Structure of Cdk8/CycC within the CKM reveals a

stabilized T-loop

Structural studies of CDK2/CycA established the general principle
of kinase activation for the CDK family proteins (39). Activation
occurs through the binding of the Cyclin to the CDK followed by
phosphorylation of a conserved residue in the T-loop of the
CDK. The phosphorylated T-loop is extended to form a platform,
which relieves a blockade to the catalytic site present in free
CDK, leading to fully activated kinase. Notably, among all human
CDK proteins, CDK8 (and its close paralog CDK19) uniquely
lacks a canonical phosphorylation residue in the T-loop, suggest-
ing an activation mechanism distinct from the other classical CDK
proteins.

Within the CKM, the structure of yeast Cdk8 reveals a bilobed
architecture (N- and C-lobes) with a peptide substrate-binding site
located between the two lobes (Fig. 3A and fig. S5A, left). CycC con-
sists of two classical cyclin-box fold domains, N-CBF and C-CBF.
The N-CBF in CycC is bound by the N-lobe of Cdk8, including an
N-terminal helix (a1) present in Cdk8 that provides specificity for
CycC recognition. A conserved groove (yellow in fig. S5A) unique
to CycC (among all Cyclin family proteins) lies near the T-loop of
Cdk8. The overall structures of yeast and human Cdk8/CycC are
generally similar (fig. S5, A and B) (38). Compared to the human
CDKS8/CycC structure, the a1 of Cdk8 and the C-terminal helix of
CycC in yeast adopt slightly different orientations due to an addi-
tional B sheet (S1 and S2) in the latter formed by an insertion of
~30 amino acids between H2 and H3 (fig. S5C). All T-loops in the
structures of human CDK8/CycC alone, determined in the absence
of MED12/MED13, are mostly disordered (fig. S5D), suggesting that
these structures exhibit only partially active conformations. By con-
trast, the T-loop of yeast Cdk8 within the CKM is well defined in the
electron density map (fig. S5A, right). Furthermore, when compared
to the structure of human phosphorylated (activated) CDK2 (40),
yeast Cdk8 with the CKM shares notable structural similarities in its
peptide substrate-binding site. First, four highly conserved residues
in yeast Cdk8 important for coordinating the T-loop in an activated
conformation, including R206 (N-lobe), R285 (C-lobe), R309 (T-loop),
and Y342 (RHYT segment), all adopt similar side-chain orientations
as observed in the phosphorylated CDK2 (fig. S5E, left). Similarly,
the side chain of Y342 forms a hydrogen bond with the side chain of
R285 in Cdk8. Second, the VVT motif (V325-V326-T327) of CKM
Cdk8 reveals a “push-in” conformation, similar to that of phos-
phorylated Cdk2, resulting in a potential substrate-binding site. Third,
residues 304 to 306 next to the adenosine triphosphate (ATP)-binding
site, at the start of the T-loop in CKM Cdks8, adopts a “DLG-in”
(DMG motif in human CDKS8) conformation crucial for kinase ac-
tivity, which is similar to that of phosphorylated CDK?2 (fig. S5E, left
bottom). Together, these observations suggest that the T-loop of
Cdk8 within the CKM is poised in an activated conformation.
Because Med12 physically interacts and functionally stimulates CycC/
Cdk8 within the CKM, we examined whether and how Med12 con-
tributes to stabilization of the Cdk8 T-loop.

Lietal, Sci. Adv. 2021; 7 : eabd4484 15 January 2021

Med12 wraps around CycC and folds on the T-loop and RYHT
segment of Cdk8

The N-terminal region of Med12 (Med12N) adopts an extended con-
formation that encircles the C-CBF of CycC and contacts the C-lobe
of Cdk8, resulting in a total interaction area of ~3800 A* (Fig. 3A,
fig. S2D, and movie S2). We divided the overall interface between
Med12N and CycC into three regions. In the first, the N-terminal
coil region (I, residues 11 to 35) before H1 in Med12 contacts the
C-CBF near Cdk8 and the N terminus of CycC (Fig. 3A and fig.
S4F). Trp6, highly conserved in the CycC family, is buried almost
completely between hydrophobic residues in this area (fig. S4G). The
second interface involves a coil region (II, residues 59 to 73) followed
by H2 within Med12 and the conserved surface groove on CycC
that is formed between its two CBFs (Fig. 3B), including five resi-
dues (R92, Q93, W209, D214, and Y297) that are invariantly con-
served among CycC, but not other Cyclin family proteins. These
interactions are likely responsible for the specificity of CycC for
Med12. The third interface (III) corresponds to a composite binding
region involving the C-CBF of CycC and both H2 of Med12 and a
linker region from Med13 (Fig. 3A and fig. S4H). Med13 contacts in
this area could stabilize the interaction between Med12 and CycC,
which may explain our previous biochemical observation that the
presence of human MED13 could suppress dissociation of oncogenic
MEDI12 mutant derivatives from Cdk8/CycC (20).

Regarding the interface between Med12 and Cdk8, the N-terminal
portion of Med12 (residues 35 to 56) folds on the C-lobe of Cdk8
where it makes numerous interactions, primarily with the T-loop
and the a6-07 loop (RHYT segment) of Cdk8 (Fig. 3A). The residue
W36 of Med12, together with residues W281, 1283, and P344 of Cdks,
forms a hydrophobic core that buries residue F311 of the T-loop (Fig. 3C).
Med12 residues E42 and 146 within H1 (residues 40 to 49) along
with Med12 residues A51, K52, and G53 contact the RHYT segment.
Notably, residues 54 to 56, following H1 of Med12, form some con-
tacts with the tip of the T-loop (Fig. 3D). This interaction mode is
reminiscent of the unphosphorylated CDK6/Vcyclin complex, in which
the N terminus of Vcyclin forms a short B sheet with the CDK6
T-loop to activate the kinase (fig. S5F) (41).

To confirm the interaction mode between Med12N and Cdk8/
CycC revealed by structural analysis, we assessed the impact of both
interfacial and noninterfacial mutations in CycC and Cdk8 on
Med12 binding using immobilized protein affinity chromatography
(Fig. 3, E and F). Compared to WT Cdk8/CycC, mutant derivatives
S210E or F235E in CycC or I449E in Cdks, all of which alter residues
that interface with Med12N, were severely compromised in their
respective abilities to bind Med12N. As expected, mutant derivatives
A251R in CycC and D410R in Cdk8 that are not involved in Med12
interaction exhibited no reduction in Med12N binding.

Med12 binds to the Cdk8 RHYT segment, leading to

T-loop stabilization

Intriguingly, our structural analysis revealed that within the CKM,
the Cdk8 T-loop is nonetheless configured into an activated confor-
mation despite the fact that it lacks a canonical phosphorylation resi-
due (fig. S5E, left). Since Med12N contacts both the T-loop and RHYT
segment of Cdk8 and is important for kinase activity, we speculated
that Med12 H1 supersedes the requirement for T-loop phosphoryl-
ation by configuring the T-loop into an activated conformation. To
investigate this possibility, we assessed the structural features of the
Cdk8 RHYT and T-loop segments in the presence and absence of
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Fig. 3. Med12N bound to Cdk8/CycC. (A) Structure of Cdk8/CycC contacted by Med12N (orange) and a linker region of Med13 (green). The T-loop of Cdk8 is colored in
red and highlighted by the red surface. The highly conserved groove within the CycC family proteins is indicated. (B) Contacts between Med12N and the highly conserved
groove in CycC. The residues in CycC involved in Med12 binding are indicated. The highly conserved residues are colored in yellow. (C) Detailed view of the interface
between Cdk8 (light blue) and Med12 H1 (orange). The RHYT segment is colored in green. (D) The residues following Med12 H1 involved in interactions with the T-loop
and 06-07 loop (RHYT segment) of Cdk8 are indicated by orange circles. Three conserved arginine (R206, R285, and R309) and one tyrosine (Y342) residues in Cdk8 im-
portant for coordinating an active T-loop conformation are shown. (E) Surface representation of Cdk8/CycC/Med12N showing positions of mutations. (F) Pull-down

analysis for interaction of WT or mutant Cdk8/CycC with GST-Med12N-(1-105).

Med12. Notably, because the RHYT segment, similar to the T-loop,
is conserved and present in both yeast and human Cdk8 proteins,
we therefore compared the structure of yeast Cdk8 (bound by Med12
within the CKM) to that of human CDKS (absent MED12).

In our CKM structure, the Cdk8 RHYT segment, bound by MED12
residues E42, 146, A51, K52, and G53, adopts a conformation that
makes several contacts with the T-loop (Fig. 4A). Thus, Cdk8 resi-
dues R340 and Y342 from the RHYT segment contact residues Y319
(as well as residue T317) and L318, respectively, within the T-loop.

Lietal, Sci. Adv. 2021; 7 : eabd4484 15 January 2021

Notably, the side chain of Y342 interacts with R285 (C-lobe), one
of three highly conserved arginine residues in CDK family proteins
important for coordinating the T-loop in an activated conforma-
tion (Fig. 4A and fig. S5E, left). By contrast, in human CDKS struc-
tures (absent MED12), the RHYT segment adopts a different
conformation and is instead positioned such that it could potentially
overlap with the T-loop (Fig. 4B and fig. S5E, middle). In this re-
gard, the side chain of Y211 (Y342 in yeast Cdk8) does not engage
in hydrogen bonding with R150 (R285 in yeast Cdk8) but instead
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points to the VV'T motif. In addition, residue H210 (H341 in yeast
Cdk8) is positioned such that it likely impinges on the T-loop. These
factors might cause steric hindrance and T-loop destabilization. This
could explain why all T-loops in the structures of human CDKS8/
CycC (determined in the absence of MED12/MED13) are mostly
disordered (fig. S5D). To determine whether Med12 H1 is important
for kinase activation, we engineered mutations in RHYT-interacting
(E42A and L46R) or RHYT-noninteracting (I45R) residues (Fig. 4A)
and assessed their impact on the ability of MEDI12N to bind and
activate Cdk8/CycC. Compared to WT Med12N, mutant derivatives
E42A and L46R exhibited no apparent differences in Cdk8/CycC
binding activity (Fig. 4C) but markedly reduced Cdk8/CycC kinase
activity (Fig. 4D). As expected, mutant derivative I45R exhibited no
reduction, compared to WT Med12N, in Cdk8/CycC binding and
kinase stimulatory activities (Fig. 4, C and D), as our structure re-
vealed that I45 is not involved in RHYT binding. On the basis of these
collective observations, we hypothesize that Med12 binding can elicit
structural rearrangement of the Cdk8 RHYT segment, which, in turn,
triggers stabilization of the T-loop into an active conformation.

To further investigate whether Med12N contributes to stabiliza-
tion of the Cdk8 T-loop, we performed molecular dynamics simu-
lations to assess flexibilities of the T-loop (residues 304 to 327) and
RHYT segment (residues 339 to 344) using models for Cdk8/CycC
or Cdk8/CycC/Med12N (residues 1 to 105) obtained from our CKM
structure. We calculated the root mean square deviation (RMSD)
values for small regions of interest to measure protein conforma-
tional stability over the course of their trajectories. Compared with
Cdk8 bound by Med12N, we found that the T-loop of Cdk8/CycC
alone exhibits higher averaged RMSD, indicating more flexibility in
this region when Med12 is absent (Fig. 4E). Similarly, the RMSD
of the RHYT region from Cdk8/CycC alone also becomes slightly
higher overall and fluctuates more, reflecting the more transient nature
of RHYT region to T-loop contacts when Med12N is not present to
stabilize the RHYT segment (Fig. 4F). Notably, on the basis of the
analysis of the root mean square fluctuation (RMSF) per residue,
amino acids A339, R340, and H341 of the RHYT region, as well as
Y319 of the T-loop, in Cdk8/CycC show higher RMSF, indicating
greater flexibility during the molecular dynamics simulation when
MedI2N is not bound (fig. S6, A and B). In the absence of Med12N,
the close interaction of Cdk8 residues Y319 (T-loop) and R340
(RHYT segment) is lost, and a region (residues 310 to 314) in the
T-loop around F311, which is buried by a hydrophobic core formed
in the presence of Med12, shows large structural changes (Fig. 4G,
left, and fig. S6A). On the basis of these results, we believe that
Med12, including H1 and its following residues (residues 51 to 53),
contributes to the stabilization of the Cdk8 T-loop through contacts
with the RHYT region, thereby enabling kinase function in the
absence of canonical phosphorylation.

UL-linked mutations in Med12 alter residues that stabilize
the Cdk8 T-loop

UL-linked alterations in human MED12, including missense muta-
tions and in-frame deletions/insertions, cluster exclusively within the
N-terminal portion of Med12, suggesting a deleterious impact on
Cdk8/CycC kinase activity (Fig. 4H). Prior biochemical studies have
shown that these mutations disrupt the ability of human MED12 to
activate CDK8/CycC (19, 20, 42). Nonetheless, the molecular basis
for these biochemical observations has remained obscure. In this
regard, we recently postulated that UL-linked mutations in MED12
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disrupt its ability to activate CDKS8 by disrupting its direct association
with CycC, leading to loss of allosteric activation. Notably, however,
our structural analysis reveals instead that UL-linked mutations
in human MED12, including hotspot mutations G44D, Q43P, and
L36R (corresponding to yeast Med12 residues G53, K52, and L46,
respectively), as well as in-frame insertions/deletions (variously spanning
human residues 26 to 55; corresponding to yeast residues 37 to 64),
map to a region next to the T-loop and RHYT segment of Cdk8 (Fig. 41).
For example, yeast Med12 G53 (corresponding to human MED12 G44,
the most frequently mutated residue in UL) is positioned next to the
interface between the T-loop and RHYT segment (Fig. 4I). Accordingly,
pathogenic mutations at G44, Q43, and L36 of human MED12 are
likely to alter interactions between MED12 and the CDK8 T-loop/
RHYT segment required for T-loop stability and kinase activity.

To examine this possibility, we first assessed the impact of or-
thologous pathogenic mutations in Med12N on its ability to bind and
activate Cdk8/CycC. To this end, we introduced into Med12N sub-
stitution mutations L46R, K52P, and G53D (corresponding to UL hotspot
mutations L36R, Q43P, and G44D in human MED12; Fig. 4]) and
thereafter examined these mutant derivatives for their respective
abilities to bind and stimulate Cdk8/CycC activity using an in vitro
pull-down assay. We also assessed three additional M12N mutant de-
rivatives, including E73A and I45R, which are not involved in Cdk8/
CycC binding, and 189D, which is involved in CycC binding (Fig. 4]).
Compared to WT Med12N, mutant derivatives L46R, K52P, and
G53D exhibited no apparent difference in Cdk8/CycC binding ac-
tivity (Fig. 4, C and K) but markedly reduced Cdk8/CycC kinase
activity (Fig. 4, D and L). This is consistent with our prior findings
that MED12 binding is necessary but not sufficient for CDK8/CycC
activation and suggests that mutations L46R, K52P, and G53D in
Med12 affect T-loop stability, resulting in decreased Cdk8 kinase
activity. As expected, mutant derivatives I45R and E73A exhibited
no reduction, compared to WT Med12N, in Cdk8/CycC binding
and kinase-stimulatory activities, as our structure revealed that they
are not involved in Cdk8/CycC binding. Notably, mutant derivative
189D compromised both the Cdk8/CycC binding and kinase stimulatory
activities of Med12N (Fig. 4, K and L), indicating that the Med12-CycC
interface is critical to anchor MED12N and thus facilitate Cdk8 ac-
tivation through direct Med12N-Cdk8 interactions.

To better understand how pathogenic mutations in Med12 dis-
rupt Cdk8 kinase activity, we introduced mutations K52P and G53D
(corresponding to human UL-linked mutations Q43P and G44D)
into the Cdk8/CycC/Med12N model structure and performed mo-
lecular dynamics simulations to assess flexibilities within the Cdk8
T-loop and RHYT regions as a function of these Med12N mutations.
We also included an additional Med12N mutation at residue E42
(E42A) since the corresponding residue (E33) in human MED12 is
a hotspot for mutation in chronic lymphocytic leukemia (43). The
RMSD data revealed similar stabilities for the T-loop and RHYT re-
gions in both WT and mutant Cdk8/CycC/Med12N (Fig. 4, E
and F). Notably, however, examination of the models showed that
that the conformation of the RHYT region is altered in the mutant
models (Fig. 4G, right). Furthermore, Cdk8 T-loop residues 313 to
315 and Y319 adopt altered conformations in the mutant compared
to the WT models (Fig. 4G, right). Accordingly, we speculate that
pathogenic mutations in Med12N stabilize the T-loop in a distinct
conformation that is unfavorable for substrate phosphorylation,
which could also explain why these mutations do not affect the bind-
ing of Med12N to Cdk8/CycC.
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Med13 has an Ago architecture with unique

structural features

In eukaryotes, Ago proteins (~100 kDa) play a central role in gene-
silencing processes guided by small RNAs (44). The structures of Ago
proteins reveal a common architecture composed of four globular
domains (N, PAZ, MID, and PIWI) and two linker domains (L1 and
L2), which form two lobes (N-PAZ and MID-PIWI) with a central
nucleic acid-binding cleft between them (45). The PIWI domain adopts
a typical RNase H fold with a set of catalytic residues in the active site,
while the MID and PAZ domains are involved in 5’ and 3’ guide
RNA binding, respectively (45). On the basis of our structural findings,
described below, we categorize Med13 as a new Ago subfamily.

Med13 is located at the middle of the CKM and interacts with
Med12 and CycC (Fig. 1F). Although Med13 is widely present
among eukaryotes, its physiological role nonetheless remains poorly
understood because of limited structural and functional information.
On the basis of sequence analysis, the N- and C-terminal regions in
Med13 are inferred to be connected by a large intrinsically disor-
dered region (IDR). Furthermore, the C-terminal region of Med13
was previously predicted to have Ago MID and PIWI domains, thus
classifying Med13 as a member of the PIWI protein family (27).
Unexpectedly, our structure herein reveals that Med13, in addition
to MID and PIWI domains, is composed of several additional do-
mains that define classical Argonaute (Ago) proteins (Fig. 5A and
movie S3) (28, 45). Thus, despite low overall sequence homology
between Med13 and Ago proteins, the structure of Med13 nonethe-
less revealed that four globular domains (N, PAZ, MID, and PIWT)
and two linker domains (L1 and L2) form two lobes with a narrow
central channel (Fig. 5B). The large IDR (residues 313 to 814) in-
ferred from sequence analysis, and absent in typical Ago proteins,
lies between the PAZ and L2 domains and is indeed disordered in
the density map. Although Med13 adopts the bilobal architecture
characteristic of ago proteins, no density corresponding to DNA or
RNA was found within its central channel. This contrasts with pre-
viously reported eukaryotic Ago structures wherein the 5" and 3’
guide RNA-binding sites and the central channel are typically oc-
cupied by cell-derived small RNAs following protein purification
(46-52), suggesting that the current Med13 structure within the CKM
represents a nucleic acid-free (apo) conformation.

Notably, while Med13 has an overall Ago architecture, our struc-
tural analysis nonetheless reveals several unique structural features
that are not observed in typical Ago proteins. We identified four
unique insertions (ins)—two within the PAZ domain (PAZ-ins1 and
PAZ-ins2), one between the MID and PTWI domains (MID-PIWI-ins),
and one within the PIWI domain (PIWI-ins) (Fig. 5, A and B, and
fig. S7A). Among these four insertion segments, three (PAZ-ins2,
MID-PIWI-ins, and PIWI-ins) are involved in interactions with
Med12 and contribute to stabilizing the CKM (fig. S7B), whereas the
fourth (PAZ-insl) is positioned into and thereby narrows the central
cleft (fig. S7C). By comparing both the Med13 and human Ago 2
(hAgo2) structures, we found that all of their individual domains
can be superimposed very well (fig. S7, D and E). However, their re-
spective PAZ and PIWI domains, as well as their L2 domains, show
greater divergence due to Med13-specific insertions and conforma-
tional differences. In Med13, the N-terminal region of the L2 domain
(L2-N) adopts a hairpin structure, containing two o helices (07 and 08),
which extends from the rest of the domain, whereas the corresponding
region in hAgo2 forms two a helices in an L-shaped conformation
adjacent to the elongated C-terminal region of L2 (fig. S7E).
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The L2 domain occupies the central channel of Med13

In hAgo2, guide RNAs are threaded through the central channel,
and their 5" and 3’ ends are recognized by the MID and PAZ do-
mains, respectively (47, 48). However, in contrast to hAgo2 struc-
tures, the corresponding nucleic acid-binding regions in our Med13
structure show distinctive features. The L2-N in Med13, which is a
Med13-specific hairpin, starts by forming a short o helix (07) in the
PAZ domain, runs toward the MID domain across the central chan-
nel, and then inserts an o helix (a8) into the interface between the
MID and PIWI domains (Fig. 5C). In hAgo2, the L2 domain instead
adopts the typical conformation found in Ago proteins that does
not run across the central cleft (Fig. 5D). Furthermore, in Med13,
the central channel through which guide RNA would be threaded in
hAgo2 is instead bound by a linker region between the a7 and a8 of
L2-N (Fig. 5C). Last, in Med13, helix 07 and a coil fragment adja-
cent to helix a8 of L2N occupy the corresponding regions in hAgo2
that are bound by the 3’ and 5’ ends of the guide strand RNA, re-
spectively (Fig. 5, E and F). These observations led us to propose
that Med13 L2-N mimics Ago-bound guide RNA. Together, these
structural considerations indicate that Med13 is inaccessible to
nucleic acids because the central channel is occupied by L2-N. The
implications of these unique structural features will be discussed
subsequently.

DISCUSSION

In this study, we provide a near-atomic resolution structure of the
entire CKM, one that redefines prior subunit organization, explains
how Cdk8/CycC is recognized and activated by Med12, and newly
identifies Med13 as a novel member of the Ago protein family. The
fact that Cdks lacks a canonical phosphorylation residue in its T-loop
and also forms a large complex with CycC, Med12, and Med13 dis-
tinguishes its mechanism of activation from other CDK family pro-
teins. Our structural and biochemical studies reveal that Med12 forms
critical contacts with both Cdk8 and CycC and establish a novel
molecular mechanism for how Med12 activates Cdk8 kinase. The
observation that UL-linked MED12 mutations localize to the vicin-
ity of the Cdk8 T-loop and RHYT segment suggests that disruption
of Mediator kinase activity is a major biochemical defect arising
from these pathogenic mutations, providing new molecular insight
into disease etiology. Accordingly, our structure also provides fur-
ther rationale for targeting the MED12-CDK8/CycC interface for
treatment of diseases caused by dysregulation of Cdk8 kinase
activity.

Our structure shows that CycC, including its the conserved
groove, provides a large surface area for extensive interactions with
Med12. Biochemical analyses confirmed these interactions to be criti-
cal for the ability of Med12 to bind and activate Cdk8/CycC. Thus,
targeted mutations in residues identified by structural analysis to
comprise the CycC-Med12 interface were found to disrupt Med12
binding and Cdk8 activation. In addition, while clearly necessary,
Med12 binding is not sufficient for Cdk8/CycC activation since we
also show that mutations of Med12 residues (H1 and flanking resi-
dues) that are not involved in CycC interaction, including oncogen-
ic Med12 mutations L46R, K52P, and G53D, disrupt the ability of
Med12 to activate, but not to bind, Cdk8/CycC. These findings are
consistent with our prior biochemical observations using human
CKM proteins (19, 20) and indicate an additional step beyond CycC
binding that is required for Med12-dependent Cdk8 activation—one
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dependent on Med12 residues frequently mutated in UL and other ~ vealed that the interaction of Med12H1 and its flanking residues
tumors. Here, we identify this additional activation step to be the (51 to 53) with the Cdk8 RHYT segment directs the latter to engage
Med12-dependent stabilization of the Cdk8 T-loop with important  in a precise network of intramolecular interactions with the Cdk8
implications for Cdk8-driven disease. In this regard, our studies re-  T-loop, leading to its stabilization in an activated conformation

Lietal, Sci. Adv. 2021; 7 : eabd4484 15 January 2021 100f 18



SCIENCE ADVANCES | RESEARCH ARTICLE

(Fig. 6A). Thus, we observed the Cdk8 T-loop to be flexible in the
absence of Med12 (fig. S5D) and unfavorably poised for substrate
binding and phosphorylation. By contrast, in the presence of Med12,
the Cdk8 T-loop was found to be structured in an activated confor-
mation with space sufficient to accommodate target substrates
(Fig. 6A). Notably, the fully activated conformation of Cdks is real-
ized only upon stabilization of its T-loop through extensive interac-
tions occurring between the Cdk8 RHYT segment and Med12. Thus,
binding of Med12 H1 and its flanking residues (amino acids 51 to
53) to the RHYT segment triggers a structural rearrangement in the
latter; in turn, the rearranged RHYT segment, together with the
Med12 residues 54 to 56 following H1, contributes to stabilization
of the Cdk8 T-loop, thereby enabling kinase activity in the absence
of canonical T-loop phosphorylation. Although our findings estab-
lish a novel mechanism for Cdk8 activation requiring Med12, they
also raise an important question regarding whether and how the
kinase activity of Med12-bound Cdk8/CycC is regulated. In this re-
gard, it is notable that human MED12 has been shown to associate
with certain activating noncoding RNAs that are able to stimulate
the kinase activity of CDK8 toward histone H3 Ser'? (22, 25). Al-
though detailed mechanisms remain to be clarified, it is possible
that interactions of MED12 with other factors may affect the kinase
activity and substrate specificity of CDKS.

Our yeast CKM structure is not generally consistent with a
recently reported study on the human CDK8/CycC/MED12N
complex analyzed by XL-MS experiments, which concluded that
MED12 makes extensive contacts with both the N- and C-lobes
of CDK8 without substantially interacting with CycC (53). In our
CKM structure, however, Med12N interacts extensively with CycC
and contacts Cdk8 only at its C-lobe (Fig. 3A). We speculate that
this discrepancy could be attributed to Med13, which was present in
our CKM structure but absent in the prior XL-MS-based study. In
our yeast CKM structure, the Med13 MID-PIWI-ins makes several
contacts with the interface between Med12 H2 and CycC (Fig. 3A
and fig. S4H), suggesting that Med13 could stabilize the Med12-
CycC interaction. In the absence of MED13, it is likely that MED12N
may not be able to stably wrap around CDK8/CycC, leading to con-
formational flexibility that precluded detectable contacts between
MEDI12 and CycC in prior XL-MS experiments. Our findings
are supported by near-atomic level structural determination and
XL-MS-based confirmation carried out with the intact CKM. Con-
sidering significant protein sequence conservation between human
and yeast Cdk8, CycC, and Med12 (N-terminal region), we believe
that the interaction mode between Med12 and Cdk8/CycC is likely
conserved among species.

Our studies further clarify the molecular basis of MED12 in human
disease. In this regard, numerous pathogenic alterations, including
germline mutations causing the intellectual disability disorders FG,
Lujan, and Ohdo syndromes, as well as somatic driver mutations
leading to UL, breast fibroadenomas, and prostate cancer, have
been found in human MED12 (31-35, 42, 54, 55). In general, differ-
ent types of disease mutations are mapped on different regions of
Med12, indicating that disease type-specific mutations in MED12
may differentially affect its function (fig. S8A). To clarify molecular
mechanisms underlying disease type-specific mutations in MED12,
we mapped pathogenic MED12 mutations onto our yeast CKM
structure based on sequence alignment (fig. S8B). Although we did
not assign residues for the Med12 HEAT domains (2 to 5) within
the CKM, we found that MED12 mutations linked to FG, Lujan,
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and Ohdo syndromes, as well as prostate cancer, are nonetheless
localized in the H-lobe (fig. S8B). This suggests that these muta-
tions may influence interactions of MED12 with other factors but
not CDK8/CycC.

By contrast, UL-linked alterations in MED12 were mapped ex-
clusively within Med12 H1 and its flanking residues that critically
interface with the Cdk8 RHYT/T-loop region, suggesting a deleteri-
ous impact on MED12-dependent CycC/Cdk8 activation (fig. S8B).
Here, we confirm this prediction and, thus, clarify the mechanistic
basis by which pathogenic mutations in MED12 drive tumorigene-
sis through CKM dysfunction. Curiously, our molecular dynamics
simulations indicate that driver mutations in Med12, as opposed to
triggering T-loop destabilization, instead promote reconfiguration
of the Cdk8 T-loop into a stable conformation incompatible with
efficient substrate binding and/or phosphorylation. This could ef-
fectively disable Cdk8 kinase activity, and, thus, circumvent a critical
barrier to cellular transformation, while also preserving its structural
integrity and retention of a critical kinase-independent (scaffolding)
function required for cell viability (56, 57). Ongoing studies designed
to elucidate the structure and function of CKM varijants incorporating
oncogenic Med12 mutant derivatives should clarify these and other
pressing issues.

We found that Med13 has an Ago-like bilobal architecture, which
implies an additional capability for CKM interaction with nucleic acid
duplexes. Since nucleic acids were not observed in the central chan-
nel, the conformation of the current Med13 structure is more simi-
lar to the closed form of prokaryotic apo-Ago proteins (29, 58-60). The
PIWI domains of Ago proteins adopt an RNase H fold (28), but
their slicing capability depends on the existence of the catalytic
DEDD or DEDH tetrad in the active site (46). For instance, eukaryotic
slicer Ago proteins, such as Kluyveromyces polysporus Ago, hAgo2,
and hAgo3, have the catalytic tetrad in the active site (fig. S7F, top)
(46, 51). Our structure described herein shows that the Med13 PIWI
domain retains none of the previously identified catalytic residues
(fig. S7F, bottom), suggesting that Med13 lacks endonucleolytic ac-
tivity. However, similar to other human and yeast Ago proteins, Med13
does carry some positively charged residues along the central channel
on the surface of the PIWI and MID domains (fig. S7G). These struc-
tural observations suggest that the channel of Med13 retains nucleic
acid-binding ability but is nonetheless occupied by L2-N (Fig. 5, C,
E, and F). This contradiction could be explained if the current struc-
ture reflects an autoinhibition state, one in which the central channel
cannot interact with nucleic acids that absent a regulated release of
the coil fragments of L2-N. Rearrangement of L2-N may enable the
central channel of Med13 to capture nucleic acid duplexes without
cleavage, given that the Med13 PIWI domain lacks a catalytic tetrad.
Supporting this, the CKM was found to preferentially associate with
highly transcribed genes in yeast (61, 62) that have the propensity to
generate DNA-small RNA hybrids. In this regard, it is perhaps notable
that deletion of Med13 in yeast has been implicated in R-loop formation
and genomic instability (63). On the basis of these observations, the
CKM might be involved in the modulation of high-level gene expression
through Med13. On the other hand, Med13 might bind to an RNA stem
region in long noncoding RNAs. This ability could correlate with the
observation that the CKM is located in enhancer elements genome wide
(64) and might also be involved in enhancer-promoter looping through
interactions with enhancer RNAs (22). Further studies will be required
to investigate whether and what type of nucleic acid duplex binds to
Med13 and how such a role regulates the transcription process.

110f 18



SCIENCE ADVANCES | RESEARCH ARTICLE

A Med12 binding
co;fg:\/;d Substrates
~
Cve€ /' Medi2 ,:/\/

Substrate-
binding site F_:_e.;ggle S Stabilized /, E Stabilized /’

P T-loop T-loop

= P
'gf w/Med12

/
ATP-" Cdks ﬁwr
binding site segment

Partially activted kinase

Rearrangement
of the RHYT segmen

£ Activation
helix
t

Fully activated kinase

Core Mediator—CKM

Core Mediator—RNAPII

Core Mediator—PIC—TFIIH

Fig. 6. Models for Med12-dependent Cdk8 activation and Core Mediator-CKM complex. (A) Model for Cdk8 kinase activated by Med12N. Left: In the absence of
Med12, CycC-bound Cdk8 is in a partially activated conformation. The T-loop (red) is disordered, thus hindering substrates from entering into the catalytic site (yellow). A
highly conserved region in CycC is highlighted in green. Middle: Binding of Med12 to the conserved groove in CycC allows its H1 to trigger rearrangements of the RHYT
segment, leading to stabilization of the Cdk8 T-loop. Right: Stabilized T-loop leads to formation of platform for substrate phosphorylation. (B) Model of the Core Mediator-
CKM complex. The subunits of Core Mediator are highlighted by surface representations. The CKM is highlighted by a dashed outline. (C) Location of the CKM (dashed
outline) on Core Mediator overlaps with RNAPIl and TFIIH. Left: Structure of the Core Mediator-RNAPII complex (PDB ID: 5U0S). Right: Structure of the Core Mediator-PIC-
TFIIH complex (PDB ID 50QM). RNAPII and TFIIH are colored in yellow and gray, respectively. The remaining subunits of the PIC are colored in pink.

Prior studies have reported that the CKM is able to suppress ac-
tivated transcription in vitro and precludes interaction of RNAPII
with the Mediator (5, 9, 21). To understand how the CKM forms a
complex with Core Mediator, we developed a model by fitting our
CKM and previously reported Core Mediator structures into a
negative-stain EM map of yeast Mediator-CKM complex (fig. S9)
(3,5). This model indicates that the CKM is localized to the top portion of
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Core Mediator at which Med12 and Med13 subunits are close to the
Hook and Neck regions (Fig. 6B). This is in agreement with previous
biochemical observations that human MED12 and MED13 are able
to associate with a part of Mediator Middle module subunits (5). No-
tably, when compared with cryo-EM structures of RNAPII-Core
Mediator and TFITH-PIC-Core Mediator (Fig. 6C) (3, 65), our
model reveals that the location of CKM on Core Mediator partially
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overlaps with those of both RNAPII and TFIIH, suggesting steric
hindrance as the basis by which the CKM precludes interactions of
Pol II and TFIIH with the Mediator and suppresses the activated
transcription. A high-resolution structure of the Mediator-CKM
complex will reveal more detailed information about how the CKM
interacts with Mediator and represses transcription.

The CKM constitutes a large sophisticated and multifunctional
macromolecular complex. Here, we have shown that in addition to
a noncanonically activated and oncogenic mutation-sensitive cyclin-
dependent kinase, the CKM comprises both an Ago-like Med13 and an
elongated Med12 subunit with a HEAT core that offers great poten-
tial for regulatory interactions. The capabilities of the CKM to
phosphorylate transcription factors, to associate with activating
noncoding RNAs, and to regulate Mediator-RNAPII interaction
demonstrate the broad influence of CKM on RNAPII gene tran-
scription. Further studies are warranted to determine how the struc-
tural and functional complexity of the CKM are exploited to expand
the regulatory potential of Mediator in transcriptional regulation.

MATERIALS AND METHODS

S. cerevisiae strains

All yeast strains used in this study were constructed from a protease-
deficient yeast strain BJ2168 (American Type Culture Collection,
208277). Yeast gene manipulations, including TAP, hemagglutinin
(HA), and Flag tagging, subunit deletion, and truncation, were carried
out by using a standard polymerase chain reaction (PCR)-based
transformation protocol (66). To generate a TAP-tagged strain of
CycC, the pBS1479 plasmid was used to introduce a TAP tag at the
C terminus of the targeted protein. The pFA6a-Flag-kanMX6 and
pHyg-AID-HA plasmids were used to introduce a 5xFLAG tag and
1x HA tagat the C terminus of Med12 and Med13, respectively. For
subunit deletion or truncation, a PCR-amplified KanMX6 or Hyg
cassette was used to replace either the entirety of an open reading
frame or a specific region. The tagged yeast strains were confirmed
by Western blot analysis. The strains with subunit deletion or trun-
cation were verified by DNA sequencing. Yeast strains used in this
study are listed in table S1.

Cloning, expression, and purification of recombinant

Med12 proteins

DNA fragments encoding residues 1 to 105, 106 to 419, 420 to 596,
597 to 789, 789 to 1335, and 1336 to 1427 of yeast Med12 were gen-
erated by PCR amplification using full-length Med12 DNA as a
template and ligated into pGEX6P-1. The I45R, K52P, G53D, E73A,
and I89D mutants were generated using the pGEX6P-1-Med12-
(1-105) WT plasmid as a template. All constructs were verified by
DNA sequencing. WT and mutants of Med12-(1-105), fused to the
C terminus of glutathione S-transferase (GST) protein, were ex-
pressed in Escherichia coli BL21(DE3) by addition of IPTG (isopropyl-
B-p-thiogalactopyranoside) at a final concentration of 1 mM for
3 hours at 37°C. After induction, E. coli cells were harvested and lysed
by sonication in buffer A [1x phosphate-buffered saline (PBS) (pH
7.4), 2 mM B-mercaptoethanol, 10% glycerol, and 0.1% NP-40]
containing protease inhibitors (Roche). The lysate was clarified by
high-speed centrifugation at 20,000 rpm for 30 min using a Beck-
man 45 Ti rotor, and the resulting supernatant was incubated with
glutathione Sepharose 4B beads (GE Healthcare) for 30 min at
4°C. Beads were washed three times using buffer A. Proteins were
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eluted by buffer A containing 10 mM glutathione and analyzed by
SDS-PAGE. Purified proteins were subjected to the following kinase assay
experiments. For GST pull-down assays, each of the Med12 fragments
or mutants, fused to the C terminus of GST protein, was expressed
in E. coli BL21(DE3) followed by the procedure as described below.

GST pull-down assay

Yeast cells of CycC-TAP/Med12A/Med13A from 20 liters of 2x YPD
(yeast extract, peptone, and dextrose) medium were used to obtain
cell extract that contains endogenous Cdk8/CycC proteins. To ex-
amine the interaction between Cdk8/CycC and Med12 fragments,
lysates of E. coli cells from 50 ml of LB medium expressing GST
alone, GST-Med12-(1-105), GST-Med12-(106-419), GST-Med12-
(420-596), GST-Med12-(597-789), GST-Med12-(789-1335), or GST-
Med12-(1336-1427) were clarified by high-speed centrifugation.
Each supernatant was incubated with 20 ul of glutathione Sephar-
ose 4B beads (GE Healthcare) in buffer A containing protease in-
hibitors for 30 min at 4°C. The bead resin was washed three times
with buffer A followed by the addition of 1 ml of yeast cell extract
(0.5 mg/ml; CycC-TAP/Med12A/Med13A) and then incubated for
30 min at 4°C. The resin was washed five times using buffer A and
then eluted using 50 pl of elution buffer A containing 10 mM gluta-
thione. The eluates were analyzed by SDS-PAGE and Western
blotting using anti-GST antibodies (GenScript, A0086640) and anti-
protein A antibodies (Sigma-Aldrich, P1291). The same procedure
was performed as described above to analyze the interaction be-
tween Cdk8/CycC and wild type or mutants (E42A, I45R, L46R,
K52P, G53D, E73A, or I89D) of GST-Med12-(1-105).

FLAG immunoprecipitation assays

pFastBac Dual plasmids carrying WT or mutant (S210E, A227R, or
F235E in CycC or D410R or 1449E in Cdk8) yeast Cdk8-FLAG/CycC-
6xHis were transformed into DH10Bac competent cells (Invitrogen).
The isolated recombinant bacmid DNAs from white colonies were
used for transfection of Sf9 insect cells. After three rounds of viral
amplification, high-titer baculoviruses (P3) were used for infec-
tion of High Five cells (Invitrogen). After 48 hours after infection,
50 ml of cells was harvested and lysed with binding buffer B [20 mM
Hepes (pH 7.5), 300 mM NaCl, 0.1% NP-40, 0.1 mM EDTA, 2 mM
B-mercaptoethanol, 10% glycerol, and cOmplete protease inhib-
itors (Roche)] using a dounce homogenizer at 4°C. Lysates were
clarified by high-speed centrifugation at 20,000 rpm for 30 min. Super-
natants containing WT or mutant yeast Cdk8-FLAG/CycC-6xHis
were subjected to FLAG immunoprecipitation (IP) for 1 hour at
4°C in buffer B. The FLAG bead resin was washed three times with
buffer B followed by the addition of 1 ml of E. coli cell extract [0.5 mg/ml;
GST or GST-Med12-(1-105)] and then incubated for 1 hour at 4°C.
The resin was washed five times using buffer B and then eluted using
50 ul of elution buffer B containing 1x FLAG peptide (200 ug/ml).
The eluates were analyzed by SDS-PAGE and Western blotting
using anti-GST antibodies (GenScript, A0086640), anti-FLAG M2
antibodies (Sigma-Aldrich, F1804), and anti-His antibodies (R&D
Systems, MAB050).

Kinase assay

The CTD of yeast RNAPII (residues 1535 to 1733) with a C-terminal
6x His-tag was fused to the C terminus of GST. GST-CTD-His6
was expressed in E. coli and purified using glutathione Sepharose
4B beads (GE Healthcare) following standard procedures. CKM and
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Cdk8/CycC proteins were purified from CycC-TAP and CycC-TAP/
Med12A/Med13A yeast cells, respectively, by ammonium sulfate
precipitation and TAP purification procedures, as described (7).
Purified Cdk8/CycC was confirmed by MS showing absence of
Med12 and Med13 (data S2). Purified CKM (100 ng) or Cdk8/CycC
(25 ng) was incubated at 30°C for 30 min in kinase buffer (100 pl)
containing 1x PBS (pH 7.4), 10 mM MgCl,, 1 mM ATP, and purified
GST-CTD-His6 substrate. Reactions were terminated by addition
of SDS sample buffer. The samples were processed by SDS-PAGE
and analyzed by Western blotting using anti-His antibodies (R&D
Systems, MAB050), anti-GST antibodies (GenScript, A0086640), and
anti-CBP (Calmodulin Binding Protein) antibodies (Sigma-Aldrich,
07482). The antibody that recognizes phosphorylated Ser’ of CTD
(GenScript, A10634) was used to detect CTD phosphorylation. To
assay effects of Med12N on kinase activity of Cdk8/CycC, reac-
tions were carried with 60 ng of purified Cdk8/CycC and 250 or
1 pg of purified GST-Med12-(1-105) at 30°C for 30 min in kinase
buffer (100 ul) containing 1x PBS (pH 7.4), 10 mM MgCl,, 1 mM
ATP, and purified GST-CTD-His6 substrate. To assay effects of
Med12 mutants on kinase activity of Cdk8/CycC, we incubated
60 ng of purified Cdk8/CycC with 600 ng of purified WT, I45R,
K52P, G53D, E73A, or I89D GST-Med12-(1-105) in the same ki-
nase reaction buffer (100 ul) for 30 min at 30°C. The reactions
were terminated and analyzed by the same procedure as described
above.

IP assay from yeast cells

Yeast cells of BJ2168, CycC-TAP/Med12-5FLAG/Med13-HA, and
CycC-TAP/Med12(1345-1427)A-5FLAG/Med13-HA from 50 ml
of cultures were harvested by centrifugation (4000g, 10 min, 4°C).
Harvested cells were washed twice with Milli-Q H,O, resuspended
in 1 ml of binding buffer [20 mM Hepes (pH 7.6), 500 mM NaCl,
0.1% NP-40, 5 mM B-mercaptoethanol, 10% glycerol, 0.5 mM
EDTA, and protease inhibitors], and lysed using BeadBeater for
5 min at 4°C. Cell lysates were then centrifuged at 38,000 rpm for
30 min using a Beckman SW60 Ti rotor. Supernatants were collected
and subjected to IP using 20 ul of IgG-Sepharose resin (GE Healthcare)
for 1 hour of binding at 4°C in the binding buffer. After binding,
reactions were washed five times using 0.5 ml of binding buffer
without protease inhibitors and followed by tobacco etch virus (TEV)
protease cleavage for 1 hour at 20°C. The elutes were processed
by SDS-PAGE and analyzed by Western blotting using anti-HA
antibodies (Sigma-Aldrich, 11867423001), anti-Flag M2 antibodies
(Sigma-Aldrich, F1804), and anti-CBP antibodies (Sigma-Aldrich,
07482).

Yeast CKM purification for structure determination

CycC-TAP-tagged yeast cells were grown in 50 liters of 2x YPD
medium. Cells were harvested, washed, and frozen using liquid ni-
trogen followed by a blending process. Whole-cell extract was pre-
pared starting from 800 g of broken-cell powder as described (5).
Briefly, lysed cells were resuspended in purification buffer [100 mM
tris-HCl (pH 7.8), 500 mM ammonium sulfate, 2 mM EDTA, 5 mM
B-mercaptoethanol, 10% glycerol, and protease inhibitors] followed
by ammonium sulfate precipitation. The pellet containing CKM was
dissolved using immunoglobulin G (IgG) binding buffer [25 mM Hepes
(pH 7.4),200 mM NaCl, 0.5 mM EDTA, 2 mM B-mercaptoethanol, 10%
glycerol, 0.01% NP-40, and protease inhibitors] followed by high-
speed centrifugation at 42,000 rpm for 30 min using a Beckman

Lietal, Sci. Adv. 2021; 7 : eabd4484 15 January 2021

50.2 Ti rotor. The supernatant was incubated with 4 ml of IgG-Sepharose
beads (GE Healthcare) for 4 hours at 4°C. After incubation, the column
was washed with buffer [25 mM Hepes (pH 7.4), 200 mM NaCl, 0.5 mM
EDTA, 2 mM B-mercaptoethanol, 10% glycerol, 0.01% NP-40,
and 1 mM dithiothreitol (DTT)] followed by the addition of TEV
protease incubated overnight at 4°C. The CKM was then eluted in
buffer [25 mM Hepes (pH 7.4), 200 mM NaCl, 0.5 mM EDTA, 2 mM
B-mercaptoethanol, 10% glycerol, and 0.01% NP-40] followed by
ion exchange Q chromatography. The peak fractions were collected
and concentrated (Vivaspin, 50 kDa, GE Healthcare) for prepara-
tion of cryo-EM specimens.

Cryo-EM data collection and image analysis

Briefly, 3.0 pl of WT CKM (~1 mg/ml) in buffer [25 mM Hepes
(pH 7.4), 200 mM NaCl, and 0.005% NP-40] were directly applied to
grow discharged 400-mesh C-flat holey carbon grids (EMS) with
2 um by 1 um holes. After incubation for 10 s, each grid was blotted for
3 to 4 s at 4°C with 100% humidity and vitrified in liquid ethane
using a Vitrobot Mark IV (FEI). The grids were imaged on a 300-kV
Titan Krios electron microscope (FEI) using a GIF Quantum K2 direct
electron detector (Gatan) operating in counting mode. Images were
automatically collected at 0.8- to 3.5-um underfocus values with a
nominal pixel size of 1.07 A per pixel using EPU (FEI). Each image
was exposed for 8 s with a total dose of approximately 65 electrons/A”,
which was fractioned into 40 frames. MotionCor2 was used to align
frames (67). The parameters of contrast transfer function (CTF) for
each image were estimated using the program Gctf (68). Images
with an estimated resolution better than 7 A and underfocus values
between 0.8 and 3.5 um were selected, resulting in 15,075 micro-
graphs (table S2). An initial particle picking was carried out using
template-free picking on ~1000 micrographs followed by 2D clus-
tering in RELION (69). Five of 2D class averages showing different
views of CKM were used as templates to perform template-based
picking on the 15,075 micrographs using Gautomatch (70), result-
ing in a total of 815,542 images. 2D clustering in cryoSPARC (71)
was carried out to obtain a stack of 230,748 images that was used to
generate initial 3D models of CKM. 3D classification was carried
out in RELION (69) to identify a set of 138,178 images that was run
through 3D refinement, Bayesian polishing, and CTF refinement to
obtain a 3D map of CKM at 4.4-A resolution. For Kinase- and
Central-lobes of the CKM, the 138,178 images were further 3D clas-
sified and refined with a focused mask that covered both lobes, re-
sulting in a final map of Kinase/Central-lobes at 3.8-A resolution.
For the H-lobe of CKM, we also started from the 138,178 images
and performed 3D classification with a mask that only covered
the H-lobe using cryoSPARC and RELION (69, 71). A final stack
of 36,691 images were selected to run 3D refinement with the same
mask, resulting in a final H-lobe map at 4.9-A resolution. The reso-
lutions of final 3D maps were estimated using gold-standard Fourier
shell correlation curves with 0.143 criteria (72). RELION was used
to calculate local resolutions. An image analysis procedure for the
cryo-EM data of CKM is shown in fig. S1.

CKM modeling and refinement

To build the CKM atomic model, we started by rigid-body fitting the
x-ray structure of human CDK8/CycC [Protein Data Bank (PDB ID):
3RGF] (38) into the cryo-EM map of Kinase/Central-lobes using
Chimera (73). The model building of yeast Cdk8/CycC was facilitat-
ed by sequence alignments of Cdk8/CycC between yeast and human.
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The rest portion of the Kinase/Central-lobes map was of sufficient
quality for ab initio model building for the N- and C-terminal re-
gions, and HEAT-1 domain of Med12, and Med13, facilitated by
secondary structure predictions from PHYRE2 web server (74). For
model building of the H-lobe, the main-chain trajectory of Med12
HEAT domains (2 to 5) was able to be traced in the map. Alanine
residues were assigned to this model. The model building and ad-
justments were done using Coot (75). Refinement of the Kinase/
Central and H models against their corresponding cryo-EM maps
were done by using the real-space refinement in Phenix (76). Both
models built from two cryo-EM maps were combined to obtain an
overall CKM model. In the final CKM model, amino acids for Cdk8
(1t0 47,97 to 173, 190 to 194, 372 to 374, and 490 to 555), CycC (1, 46 to
56, 245 to 260, and 319 to 323), Med12 (1 to 3, 297 to 308, 1026 to
1068, and 1327 to 1343), and Med13 (1 to 4, 313 to 813, 1123 to 1141,
and 1401 to 1420) were not built because of missing or poor densi-
ties. The connection that contains 17 missing residues (1327 to 1343)
between Med12 HEAT-5 and Med12C is disordered with a distance of
~20 A. The final overall model was validated using MolProbity
(table S2) (76). All molecular graphic figures, including overall and
local density maps, were made by Chimera or PyMOL.

XL-MS analysis of the CKM

The yeast CKM purified by ion exchange Q chromatography was
dialyzed into a buffer containing 50 mM Hepes (pH 7.9), 200 mM
NaCl, 2 mM B-mercaptoethanol, 0.01% NP-40, and 10% glycerol.
The protein sample was resuspended with a disuccinimidyl dibutyric
urea (DSBU) cross-linker (6 mM final, Thermo Fisher Scientific)
and incubated for 90 min on ice. The reaction was quenched with
ammonium bicarbonate and further incubated for 30 min on ice.
Cross-linked proteins were reduced with 10 mM DTT for 30 min at
30°C, followed by alkylation with iodoacetamide (50 mM final, Sigma-
Aldrich) for 30 min at 30°C. The proteins were processed by S-Trap
(ProtiFi) with its recommended protocol: with trypsin in 1:10 (w/w)
enzyme-to-protein ratio for an hour at 30°C. Eluted peptides were
dried under vacuum and resuspended with the peptide fraction-
ation elution buffer: LC-MS (liquid chromatography-MS)-grade
70% (v/v) water, 30% (v/v) acetonitrile (ACN), and 0.1% (v/v)
trifluoroacetic acid (TFA). Peptide fraction was performed on AKTA
pure 25 with Superdex 30 Increase 3.2/300 (GE Healthcare) at a
flow rate of 30 ul min~" of the elution buffer with a 100-pl fraction
volume. Fractions containing enriched cross-linked peptides, which
were empirically determined by the elution profile, were retained
and dried under vacuum and resuspended with 0.1% (v/v) TFA
containing LC-MS-grade water for MS analysis. Each fraction was
analyzed on a Q Exactive HF mass spectrometer (Thermo Fisher
Scientific) coupled with Dionex UltiMate 3000 UHPLC system
(Thermo Fischer Scientific) with an in-house C18 column. Half of
each sample amount was injected for the analysis and separated on
a 90-min gradient: mobile phase A [99.9% water with 0.1% formic
acid (Sigma- Aldrich)]; mobile phase B (80% ACN with 0.1% formic
acid); starting 5% B, increased to 45% B for 90 min, then kept B
constant at 90% for 5 min, and sharply decreased to 5% B for 5 min
for re-equilibration of the column with the constant flow rate set to
400 nl min~". The data-dependent acquisition method was set as fol-
lows: full MS resolution of 120,000; MS1 Automatic Gain Control
(AGC) target of 1 x 10% MS1 maximum injection time (IT) of 200 ms;
scan range of 300 to 1800; data-dependent tandem MS (MS/MS) reso-
lution of 30,000; MS/MS AGC target of 2 x 10 MS2 maximum IT
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of 300 ms; fragmentation was enforced by higher-energy collisional
dissociation with stepped collision energy with 25, 27, and 30; loop
count top of 12; isolation window of 1.5; fixed first mass of 130; MS2
minimum AGC target of 800; charge exclusion: unassigned,1, 2, 3,
8, and >8; peptide match off; exclude isotope on; dynamic exclusion of
45 s. Raw files were converted to mgf format with TurboRawToMGF
2.0.8 (77): Precursor mass weight range of 300 to 10,000 Da and all
default removal options were off. Searches for cross-linked peptides
were performed by MeroX 2.0.0.5 (78) with the default setting for
DSBU with the following minor modifications: mass limit from 300
to 10,000 Da, minimum charge (MS1) set to 4, apply prescore and
score cutoff to 10, and false discovery rate (FDR) cutoff set to 1%.
All search results from each fraction’s MS acquisition was combined
and filtered by recalculated FDR at 1%. Redundant cross-linked
pairs were sorted by the main score, and the top hit was chosen for
the final report table and mapping onto the structure in Chimera (73)
with Xlink Analyzer plugin (79).

Molecular dynamics simulation

Preparation of the model protein structure began with a cryo-EM
structure of yeast CDK8-CycC-Med12N that contained some dis-
connected outer-loop regions that were remote from our areas of
interest. To obtain an intact structure of the complex for molecular
dynamics simulation, we used the online homology model builder
SWISS-MODEL (80) with human CDK8-CycC structure (PDB ID: 5XS2
(81)] as a template. For the simulations of mutant Med12N, we used
the Swiss PDB Viewer program (82) to perform the mutations, which
selects the most energetically favorable rotamers of the mutated res-
idue side chains. Molecular dynamics simulations were prepared and
carried out by the Amber18 molecular dynamics package (83) using
the ff14SB force field for proteins (84). All systems were solvated
with a rectangular box of explicit TIP3P water extending 12 A be-
yond the solute edges. Explicit CI” ions were added only to neutralize
the overall system charge. Systems were minimized in three steps, start-
ing with hydrogen atoms only, then protein side chains, and, lastly,
the entire structure, for 500, 5000, and 5000 steps, respectively. This
was followed by isothermic-isobaric (NPT) ensemble equilibration
in 50-K increments from 100 to 298 K, first for water only and then
for the entire system, for 200 ps at each temperature. All production
molecular dynamics simulations were performed in the NPT ensem-
ble at 298 K using the Langevin thermostat for 500 ns with a 2-fs time
step. A 12-A cutoff distance was used for direct nonbonded energy
calculations, and long-range electrostatics were calculated by the par-
ticle mesh Ewald method. The SHAKE algorithm was used to constrain
water hydrogen atoms. Raw trajectories were saved every 2 ps and then pro-
cessed and resaved every 20 ps using Amber’s cpptraj (85) for analysis.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/3/eabd4484/DC1

View/request a protocol for this paper from Bio-protocol.
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